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A B S T R A C T

Iron acetylacetonate (Fe(acac)3) modified polymethylsilsesquioxane (PMS), simplified as PMS(Fe), was firstly
obtained from PMS and Fe(acac)3 via the condensation reaction. Multi-walled carbon nanotubes (MWCNTs)
were then introduced to fabricate the corresponding MWCNTs/SiC nanocrystals/amorphous SiOC ceramic
composites via pyrolyzed process. Owing to the catalytic effect of iron and heterogeneous nucleation promoted
by MWCNTs, SiC nanocrystals were separated from SiOC amorphous ceramic matrix under 1400 °C. When the
mass fraction of MWCNTs was 9 wt%, the obtained MWCNTs/SiC nanocrystals/amorphous SiOC ceramic
composite (C9) demonstrated high microwave-absorbing properties. The minimum reflection loss (RLmin) and
effective absorption bandwidth (EBA) of the obtained C9 at X-band (8.2–12.4) reached −61.8 dB and 2.6 GHz (a
thickness of 2.19mm), respectively. Compared with other polymer-derived ceramics (PDCs), the RLmin was
higher and the required thickness was thinner. This excellent microwave-absorbing property was due to the
interfacial polarization relaxation generated between nanocrystals (MWCNTs & SiC) and amorphous SiOC, and
the formed complete conductive networks inside the ceramic composites.

1. Introduction

With the rapid development of science & technology, the electro-
magnetic technology has been utilized in many fields, such as data
transmission, satellite launch and radar technology, etc. In order to
eliminate the influence of electromagnetic interference (EMI) on the
electronics in our normal work and human life, and to satisfy the de-
velopment of stealth technology, high performance microwave-ab-
sorbing materials, presenting both low reflection loss (RL) and broad
effective absorbing bandwidth (EBA), are urgently required [1–8]. The
weather radar, Doppler, telephone microwave relay systems and mili-
tary applications all refer to the X-band (8.2–12.4 GHz), therefore, the
design and preparation of high performance microwave-absorbing
materials at X-band have attracted much attention [9,10]. To obtain
good impedance matching and strong microwave-absorbing capability,

microwave-absorbing materials should contain the electrically lossy
phase and electrically insulating phase. To the best our knowledge,
polymer-derived ceramics (PDCs) are promising candidates, due to
their semiconductor (SiC) and electrically conductive phase (graphite
carbon) scattered in amorphous matrix (amorphous SiC, SiOC, SiCN or
SiBCN) [11,12].

In the past recent years, PDCs technology has received considerable
concerns [13–15]. PDCs route mainly includes three steps: crosslinked
process of polymers, conversion from crosslinked polymers to amor-
phous ceramics, and the formation of crystalline ceramics by high
temperature annealing treatment. In contrast with traditional pro-
cesses, PDCs route presents the advantages of low processing tem-
perature and controlled ceramic shape [16–19]. Additionally, owing to
high strength & temperature resistance, excellent corrosion resistance
and good oxidation resistance of PDCs (PDC-SiC, PDC-SiCN, PDC-SiOC),
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PDCs are endowed with a broad application prospect (ceramic fiber,
ceramic matrix composite, ceramic film, etc) [13]. However, because of
high chemical and thermal stability of PDCs derived from pure poly-
mers, few conductive and semi-conductive materials are separated from
amorphous matrix, and the corresponding microwave-absorbing prop-
erties are very poor, even processed at a temperature up to 1400 °C. To
our knowledge, incorporating fillers into ceramic precursors can ef-
fectively improve their microwave-absorbing properties. The above
fillers can be divided into transition metals (iron, cobalt and nickel, etc)
and electrically conductive nano fillers (SiC, TiC and CNTs, etc)
[20–28].

For example, Luo et al. [21] prepared microwave-absorbing PDCs
through pyrolysis of cobalt coordinated poly(dimethylsilylene)diace-
tylenes, the minimum RL and corresponding EBA could reach
−42.78 dB and 2.37 GHz, respectively (a thickness of 2.65mm). Duan
et al. [22] fabricated SiC nanowires reinforced SiOC ceramics by pyr-
olysis of polysiloxane containing ferrocene. With the increase of SiC
nanowires content, the real permittivity and the imaginary permittivity
could reach 10.12 and 12.17, respectively, and the minimum RL could
reach −20.01 dB at a thickness of 3.3mm. Zhang et al. [23] fabricated
polymer-derived siliconboron carbonitride ceramics (PDC-SiBCN) con-
taining multi-walled carbon nanotubes (MWCNTs). When the annealing
temperature was 1350 °C, the minimum RL and EBA reached −13 dB
and 1.5 GHz, respectively at a thickness of 2.8 mm. Ye et al. [24] fab-
ricated PDC-SiBCN doped nano SiC having enhanced permittivity and
low RL. The SiC/SiBCN ceramics were composed of SiC nanoparticles
and amorphous SiBCN, and the minimum RL could reach −19.7 dB at a
thickness of 7mm. To summarize, the current researches mainly focus
on the introduction of single fillers. It is obvious that the introduction of
transition metals will increase the density of materials and the in-
troduction of electrically conductive nano fillers will need the con-
sideration about dispersibility of nanomaterials. However, strong mi-
crowave-absorbing properties require the introduction of a certain
amount of single fillers. Based on above problems, combining transition
metals and electrically conductive nano fillers would be a facile and
efficient method to achieve excellent microwave-absorbing properties
under the premise of less consumption for each filler.

In the present work, iron acetylacetonate (Fe(acac)3) modified
polymethylsilsesquioxane (PMS), simplified as PMS(Fe), was firstly
obtained from PMS and Fe(acac)3 via the condensation reaction and the
MWCNTs/SiC nanocrystals/amorphous SiOC ceramic microwave-ab-
sorbing materials were then fabricated via pyrolysis of PMS(Fe) con-
taining MWCNTs. Herein, the microstructures, phase compositions,
electromagnetic properties and microwave-absorbing properties of the
obtained MWCNTs/SiC nanocrystals/amorphous SiOC ceramic com-
posites were investigated and the enhanced microwave absorption was
analyzed in detail.

2. Experimental

2.1. Materials

Polymethylsilsesquioxane (PMS) was supplied by Shanghai Soft
Chemical Co., Ltd. Iron acetylacetonate (Fe(acac)3) was purchased from
Strem Chemicals Co., Ltd. Multi-walled carbon nanotubes (MWCNTs,
OD:8–15 nm, Length: 10–50 μm) were provided by Chengdu Organic
Chemicals Co., Ltd.

2.2. Fabrication of MWCNTs/SiC nanocrystals/amorphous SiOC ceramic
composites

Firstly, PMS and Fe(acac)3 were used to fabricate PMS(Fe) (mass
ratio of Fe was 3 wt%) via the condensation reaction, schematically
presented in Fig. 1. Herein, PMS and Fe(acac)3 were mixed using al-
cohol as solvent and stirred for 4 h. Then, the solvent was naturally
evaporated under stirring followed by drying in a vacuum oven.

Afterward, MWCNTs were dispersed in alcohol under ultrasonication,
and PMS(Fe) was then added into the above dispersion liquid and
maintained stirring for another 12 h. After the removal of alcohol, the
PMS(Fe) containing MWCNTs was crosslinked at argon atmosphere at
400 °C for 3 h. The crosslinked products were ball milled for 4 h and
then were pressed into bulk ceramics under 20MPa. The bulk ceramic
was pyrolyzed at 1400 °C for another 2 h, finally to obtain the
MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites. The
preparation process was shown in Fig. 2.

To investigate the effects of MWCNTs content on the microwave-
absorbing properties of the obtained ceramic composites, a series of
MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites with
different MWCNTs content were fabricated (as shown in Table 1). The
MWCNTs content was 0%, 3%, 5%, 7% and 9%, the corresponding
ceramic composite was labeled as C0, C3, C5, C7 and C9, respectively.
For comparison, the ceramic derived from pure PMS was abbreviated as
Cp.

2.3. Characterization

Fourier transform infrared (FTIR) spectra of the samples were ob-
tained on a Bruker Tensor 27 equipment (Bruker Co., Germany) with
thin films on KBr [29]. Thermogravimetric analysis (TGA) of the sam-
ples were performed by a thermal gravimetric analyzer (SDT Q600, TA
Corp., America) at 10 °C/min (argon atmosphere, 25–1400 °C or air
condition, 50–900 °C). X-ray diffraction (XRD) analyses of the samples
were carried out on an X-ray diffractometer (Bruker AXS, Germany)
with Cu Ka radiation (λ=0.154 nm). Raman spectra measurements of
the samples were conducted by a Raman spectrometer (Renishaw 2000)
with λ=514.5 nm. Transmission electron microscope (TEM)
morphologies of the samples were implemented by a field emission high
resolution transmission electron microscopy (FEI Talos F200X) at
200 kV. The samples for analysis were dispersed in alcohol and de-
posited on a holey Cu/carbon grid.

The complex permittivity (εr = ε′- jε”) and complex permeability
(μr = μ’ - jμ”) for the samples (dimension of
22.86mm×10.16mm×2.2mm) were measured using a vector net-
work analyzer (VNA, Agilent Technologies E8362B) at X-band
(8.2–12.4 GHz) by wave-guide method. Direct current (DC) con-
ductivities were tested using four point probe method.

3. Results and discussion

3.1. Characterization of Fe(acac)3 modified PMS

Fig. 3(a) shows the FTIR curves of PMS and Fe(acac)3 modified PMS
(PMS(Fe)). For pure PMS, the vibration absorption peak at 768/
1274 cm−1, 1121 cm−1 and 1032 cm−1 is assigned to the SieCH3,
SieOeSi and SieOeC, respectively [30–32]. Owing to the acet-
ylacetonate ligands of Fe(acac)3, some new vibration absorption bands
at 1572 cm−1 (C]O), 1526 cm−1 (C]C), and 667 cm−1 (FeeO) are
observed in PMS(Fe) [33,34]. In addition, the vibration absorption
band at 930 cm−1 for SieOeFe also reveals the condensation reaction
between Fe(acac)3 and SieOH of PMS [35].

Fig. 3(b) shows the XRD patterns of Cp derived from pure PMS and
C0 derived from PMS(Fe). The observed broad peak at 2θ=20–30° for
the Cp indicates that the ceramics derived from pure PMS are SiOC
amorphous phase. For the C0 derived from PMS(Fe), the observed
diffraction peaks at 21.8°, 35.6°, 41.3°, 45.3°, 59.9° and 71.8° corre-
spond to the 101 lattice plane of SiO2, 111 lattice plane of β-SiC, 200
lattice plane of β-SiC, 211 lattice plane of Fe5Si3, 220 lattice plane of β-
SiC, and 311 lattice plane of β-SiC, respectively [20,36]. The formation
of β-SiC is due to the carbothermal reduction (SiO2(s) + 3C(s) →
SiC(s) + 2CO(g)) [37–39]. And the existence of iron not only improves
the reactive activity of SiO2, but also forms the FeeSi melt, finally
promotes the formation of β-SiC [40].
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3.2. Pyrolysis processes of Fe(acac)3 modified PMS containing MWCNTs in
Ar atmosphere

The pyrolysis processes of Fe(acac)3 modified PMS (PMS(Fe)) con-
taining MWCNTs are investigated. Fig. 4 shows the TGA curves of PMS
(Fe) containing MWCNTs in Ar atmosphere. The corresponding pyr-
olysis processes are divided into three steps. The weight loss of the first
stage (25–600 °C) is near 2%, mainly ascribed to the released non-
crosslinked small molecules. At the second stage (600–800 °C), the
weight loss corresponds to the breakage and rearrangement of mole-
cular chains. At the third stage (800–1400 °C), the corresponding
weight loss reaches 17%, attributed to the carbothermal reduction

[22,36]. With increasing the addition of MWCNTs, the yields of the
MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites at
1400 °C are decreased gradually, mainly attributed to the accelerated
heterogeneous nucleation of SiC nanocrystals by introducing MWCNTs
[23,41]. Specifically, a large number of heterogeneous interfaces be-
tween MWCNTs and SiOC amorphous phase would be in favor of car-
bothermal reduction. Even so, the yield of the above ceramic compo-
sites with 9 wt% MWCNTs is as high as 72.9%. To exclude the influence
of mass loss for MWCNTs during pyrolysis process, TGA curve of
MWCNTs in Ar atmosphere is also supplied in Fig. 4. It can be seen that
there is no obvious weight loss before 800 °C and the weight loss
(2.42%) between 800 and 1400 °C is smaller than that (7.6%) of PMS
(Fe). This result further indicates the accelerated heterogeneous nu-
cleation of SiC nanocrystals by introducing MWCNTs.

3.3. Microstructures and thermal stabilities of the MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic composites

Fig. 5(a) shows the XRD patterns of MWCNTs/SiC nanocrystals/
amorphous SiOC ceramic composites. All the samples exhibit diffrac-
tion peaks of SiO2 (2θ=21.6°), β-SiC (2θ=35.5°, 41.4°, 59.9°, 71.7°)
and Fe5Si3 (2θ=45.3°). Herein, the wide peak between 20° and 30°
represents the SiOC amorphous phase. With the introduction of
MWCNTs, an additional diffraction peak at 2θ= 26.4° appears, and the
corresponding intensity is also increased gradually with increasing the
addition of MWCNTs. In addition, the corresponding diffraction peak
intensity for SiO2 presents a decreasing trend and all diffraction peaks
for SiC present an increasing trend, mainly ascribed to the improvement
effect of MWCNTs on the heterogeneous nucleation of SiC.

Fig. 5(b) shows the Raman spectra of MWCNTs/SiC nanocrystals/
amorphous SiOC ceramic composites. Both D band near 1350 cm−1

representing the defects in the lattice of carbon atoms and the G band
near 1590 cm−1 representing in-plane stretching vibration of sp2

carbon atoms are observed. The corresponding ID/IG ratio values are

Fig. 1. Schematic diagram of synthesis process for Fe(acac)3-modified PMS.

Fig. 2. Schematic diagram of preparation process for MWCNTs/SiC nanocrys-
tals/amorphous SiOC ceramic composites.

Table 1
Experiment design of ceramics derived from polymeric precursors.

Ceramics Precursors Temperature (oC)

Cp PMS 1400
C0 PMS(Fe)+0%MWCNTs 1400
C3 PMS(Fe)+3%MWCNTs 1400
C5 PMS(Fe)+5%MWCNTs 1400
C7 PMS(Fe)+7%MWCNTs 1400
C9 PMS(Fe)+9%MWCNTs 1400
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calculated and obtained by Gaussian-Lorentzian fitting [42–46]. In this
work, ID/IG ratio value of MWCNTs and C0 is 0.31 and 2.21, respec-
tively. With increasing the addition of MWCNTs, the corresponding ID/
IG ratio values present a decreasing trend, indicating the increased
MWCNTs content in the ceramic composites, consistent with the above
XRD analyses.

The thermal stabilities of the MWCNTs/SiC nanocrystals/amor-
phous SiOC ceramic composites in air atmosphere are studied. Fig. 5(c)
shows the TGA curves in air atmosphere of the MWCNTs/SiC nano-
crystals/amorphous SiOC ceramic composites. No obvious weight loss
for SiC nanocrystals/amorphous SiOC ceramic composites (C0) in-
dicates that the obtained ceramic composites maintain high stability in
air atmosphere even at 900 °C. After adding MWCNTs, MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic composites also have no ob-
vious weight loss before 600 °C, and the weight loss (600–900 °C) cor-
responds to the oxidation of MWCNTs in the high temperature. The
residual content at 900 °C for all MWCNTs/SiC nanocrystals/amor-
phous SiOC ceramic composites is over 90%, illustrating excellent
thermal stabilities of the MWCNTs/SiC nanocrystals/amorphous SiOC
ceramic composites in air atmosphere.

According to the above analyses, the schematic diagram of forma-
tion mechanism for MWCNTs/SiC nanocrystals/amorphous SiOC
ceramic composite is shown in Fig. 6. Amorphous SiOC ceramic is de-
rived from pure PMS. For Fe(acac)3 modified PMS (PMS(Fe)), the SiC
nanocrystals are separated from amorphous SiOC ceramics matrix
owing to the catalytic effect of iron on the carbothermal reduction
during pyrolysis process. After adding MWCNTs into Fe(acac)3 mod-
ified PMS, a number of heterogeneous interfaces between MWCNTs and

amorphous SiOC are formed in the corresponding ceramic composites.
These heterogeneous interfaces can promote the heterogeneous nu-
cleation of SiC and achieve further formation of SiC nanocrystals [23].
Therefore, more SiC nanocrystals and introduced MWCNTs are scat-
tered in the amorphous SiOC ceramic matrix to form MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic composites.

3.4. Electromagnetic and microwave-absorbing properties of amorphous
SiOC ceramics and MWCNTs/SiC nanocrystals/amorphous SiOC ceramic
composites

The complex permittivity (εr = ε′-jε”), complex permeability
(μr = μ′-jμ”), dielectric loss tangent (tanδε= ε”/ε′) and magnetic loss
tangent (tanδμ= μ”/μ′) are the important parameters to characterize
and predict the microwave-absorbing properties of the materials. Fig. 7
shows the complex permeability of the amorphous SiOC ceramics de-
rived from pure PMS and MWCNTs/SiC nanocrystals/amorphous SiOC
ceramic composites. For all samples, the real permeability is close to 1.
The imaginary permeability and magnetic loss tangent are close to 0,
which indicates that magnetic losses of the amorphous SiOC ceramics
and MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites
are too small to be ignored. For amorphous SiOC ceramics derived from
pure PMS, negative values appearing in the imaginary permeability and
magnetic loss tangent are ascribed to no magnetic materials. For
MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites, ne-
gative values appearing in the imaginary permeability and magnetic
loss tangent are due to the fact that few iron is introduced (3%) [20,22].
In addition, the permeability of magnetic materials mainly was re-
flected in the low frequency band. However, X-band belongs to high
frequency range [47].

Fig. 8(a) shows the DC conductivity of the amorphous SiOC cera-
mics derived from pure PMS and MWCNTs/SiC nanocrystals/amor-
phous SiOC ceramic composites. Owing to SiC nanocrystals separated
from amorphous SiOC, the DC conductivity of C0 is slightly higher than
Cp. And the DC conductivity shows an increasing tendency with in-
creasing the addition of MWCNTs. The MWCNTs/SiC nanocrystals/
amorphous SiOC ceramic composite (C9) possesses the maximum DC
conductivity of 0.46 S/m. It is ascribed to the introduction of more
MWCNTs and further formation of the SiC nanocrystals. The MWCNTs
and SiC semiconductor can form the conductive networks, beneficial for
the current flowing.

Fig. 8(b)-(d) shows the complex permittivity and loss tangent of the
amorphous SiOC ceramics derived from pure PMS and MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic composites. The average value
of dielectric loss tangent of amorphous SiOC ceramics (Cp) is 0.04. And
for the SiC nanocrystals/amorphous SiOC ceramic composite (C0), the
dielectric loss tangent increases to 0.11 owing to the formation of SiC
nonacrystals in C0. The real permittivity, imaginary permittivity and

Fig. 3. FTIR curves (a) of PMS and Fe(acac)3 modified PMS; XRD patterns (b) of amorphous SiOC ceramics (sample Cp) derived from pure PMS and SiC nanocrystals/
amorphous SiOC ceramic composite (sample C0) derived from Fe(acac)3 modified PMS.

Fig. 4. TGA curves of the Fe(acac)3 modified PMS containing MWCNTs and
pristine MWCNTs in Ar atmosphere.
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dielectric loss tangent all show an increasing trend with the increasing
addition of MWCNTs (C0eC9). The average value of ε’ increases from
6.11 to 13.01, ε” increases from 0.68 to 4.33, and tanδ increases from
0.11 to 0.33. The improvement of permittivity is attributed to the in-
creasing addition of MWCNTs and the further formation of SiC non-
acrystals in the ceramic composites.

According to Maxwell-Wagner effect, the charges are accumulated
at interfaces, and interfacial polarization relaxation is generated under
external electromagnetic field and can improve the dielectric loss,
helpful for the improvement of microwave-absorbing properties
[48,49]. In this experiment, SiC nanocrystals/amorphous SiOC ceramic

composite (C0) has a higher dielectric loss than amorphous SiOC
ceramics (Cp) owing to the interfacial polarization caused by SiC na-
nocrystals in C0. For MWCNTs/SiC nanocrystals/amorphous SiOC
ceramic composites (C3eC9), more SiC nanocrystals and introduced
MWCNTs in ceramic composites can generate more interfacial polar-
ization relaxation between nanocrystal phase and amorphous SiOC
phase under external electromagnetic field, which can produce higher
dielectric loss to absorb microwave. Additionally, the conductive net-
work formed by SiC nanocrystals and MWCNTs in ceramic composites
is also beneficial to the improvement of dielectric property.

Reflection loss (RL) can be calculated according to Equation (1&2):

Fig. 5. XRD patterns (a), Raman spectra (b) and TGA curves in Air atmosphere (c) of the MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites (C0eC9).

Fig. 6. Schematic diagram of generation mechanism for MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites.

L. Chen, et al. Ceramics International 45 (2019) 11756–11764

11760



= − +RL Z Z20 log ( 1)/( 1)in in10 (1)

⎜ ⎟= ⎛
⎝

⎞
⎠

Z μ
ε ε μ fdπj ctanh 2 /in γ

γ γ γ
(2)

where f, d and c represents microwave frequency, thickness and light
velocity in vacuum, respectively. Zin represents the normalized input
impedance, εr and μr represent the complex permittivity and complex
permeability, respectively [11,20].

Fig. 9(a) shows the RL values of the amorphous SiOC ceramics de-
rived from pure PMS and MWCNTs/SiC nanocrystals/amorphous SiOC

ceramic composites (a thickness of 2.2 mm). Cp is amorphous and its
conductivity is very low according to above analyses, leading to the
poor microwave-absorbing property. After the formation of SiC nano-
crystals in C0, there is a certain improvement for microwave-absorbing
property [12,20,22]. This phenomenon is ascribed to two aspects [23]:
(i) The interfaces between SiC nanocrystals and amorphous SiOC can
generate interface polarization, which can consume electromagnetic
wave under external electromagnetic field. (ii) As shown in Fig. 8(a),
the formation of semiconductor SiC can increase the conductivity of the
ceramic composites, which can also generate electric conductive loss to
absorb electromagnetic wave. The microwave-absorbing properties of

Fig. 7. Complex permeability (a) and magnetic loss tangent (b) of the pure amorphous SiOC ceramics (Cp) and MWCNTs/SiC nanocrystals/amorphous SiOC ceramic
composites (C0eC9).

Fig. 8. DC conductivity (a), real permittivity (b), imaginary permittivity (c) and loss tangent (d) of the pure amorphous SiOC ceramics (Cp) and MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic composites (C0eC9).
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the MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites
are increased with increasing the addition of MWCNTs (C0eC9). C9
exhibits the optimal microwave-absorbing property, i.e., the corre-
sponding minimum RL and EBA reach −46.45 dB and 2.56 GHz, re-
spectively, mainly ascribed to the enhanced dielectric loss caused by
further formation of SiC and introduction of MWCNTs. Moreover, the
sample's thickness plays an important role in the microwave-absorbing
properties. When the thickness of sample is at odd times of a quarter
wavelength, the resonance of electromagnetic waves will occur on the
surface of materials, to cause the absorption of electromagnetic waves
[50]. Fig. 9(b) shows the RL of the MWCNTs/SiC nanocrystals/amor-
phous SiOC ceramic composite (C9) with different thicknesses. For a
satisfied thickness (2.19mm), the obtained ceramic composites exhibit
the optimal microwave-absorbing property considering the minimum
RL (−61.8 dB) and EBA (2.6 GHz).

Fig. 10 shows the corresponding TEM images of the MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic composite (C9). The MWCNTs
and SiC nanocrystals are scattered uniformly inner C9. Thus, a large
number of nanograin boundaries between MWCNTs/amorphous SiOC
or SiC nanograins/amorphous SiOC are formed, and can generate in-
terfacial polarization relaxation under external electromagnetic field.
Additionally, the conductive network formed by SiC nanocrystals and
MWCNTs in the C9 can also generate dielectric loss. Therefore, mi-
crowave can be absorbed and transformed into heat energy in the C9.

Based on the previous literature works, the relevant research data
on microwave-absorbing properties of the ceramic composites are
summarized in Table 2. The MWCNTs/SiC nanocrystals/amorphous
SiOC ceramic composites produced in this work possess a very low RL

(−61.8 dB) and broad EBA (2.6 GHz) at X-band. The RLmin (−61.8 dB)
is better than that of most polymer-derived ceramics (PDCs). Most
importantly, there are few papers to achieve strong absorption under
the condition with the thickness being less than 2.5 mm for ceramic
composites. Therefore, the obtained ceramic composites have pro-
mising potential in the field of electromagnetic interference (EMI)
protection. It is attributed to the fact that MWCNTs and SiC nanocrys-
tals in ceramic composites not only generate many interfacial polar-
ization relaxation, but also form relatively complete conductive net-
works.

4. Conclusions

MWNTs/SiC nanocrystals/amorphous SiOC microwave-absorbing
ceramic composites were successfully prepared using Fe(acac)3 mod-
ified PMS containing MWCNTs as ceramic precursors by polymer-de-
rived ceramics route. Owing to catalytic effect of iron and hetero-
geneous nucleation promoted by MWCNTs, the SiC nanocrystals were
separated from SiOC amorphous ceramic matrix under 1400 °C. The
increasing addition of MWCNTs was not only helpful for the formation
of conductive networks, but also beneficial for the formation of more
heterogeneous interfaces between nanocrystals and amorphous SiOC in
the ceramic composites, which promoted the DC conductivities and
dielectric properties of the ceramic composites. When the mass fraction
of MWCNTs was 9 wt%, the obtained MWCNTs/SiC nanocrystals/
amorphous SiOC ceramic composites (C9) exhibited a great microwave-
absorbing behavior with the minimum reflection loss (RL) of −61.8 dB
and effective absorption bandwidth (EBA) of 2.6 GHz (a thickness of

Fig. 9. RL values (a) of the pure amorphous SiOC ceramics (Cp) and MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composites (C0eC9) (a thickness of
2.2 mm); RL values (b) of the MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composite (C9) with different thickness.

Fig. 10. TEM images of the MWCNTs/SiC nanocrystals/amorphous SiOC ceramic composite (C9).
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2.19mm) at X-band. Compared with other polymer-derived ceramics
(PDCs), the RLmin was higher and the thickness was thinner. The en-
hanced microwave-absorbing performance was due to interfacial po-
larization relaxation caused by the MWCNTs and SiC nanocrystals in
the ceramic composites and the formed relatively complete conductive
networks.
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