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Multi-functional carbon fiber (CF) based composites have great potential as new-type microwave
absorption materials (MAMs). However, it was still a huge challenge to integrate antioxidation and MA
properties into CF based composites. Herein, the SIOC ceramics coating modified carbon fibers (SIOC/
CFs) were prepared by a polymer precursor pyrolysis method. The X-ray photoelectron spectroscopy
(XPS) revealed that the SIOC coating was composed of SiOC, SiO,, and amorphous carbon phases. The
SiOC ceramics as dual-functional coating not only heightened the oxidation temperature from 415 °C to
890 °C, but also highly improved the microwave absorbing ability from —12.60 dB to —47.50 dB. The
enhanced MA performance could be attributed to multiple reflections in the cross-linked structure,
various polarization relaxation processes, and the favorable impedance matching effect. The SiOC
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MAMs. Additionally, in order to meet the requirements for practical

1. Introduction
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Microwave absorption materials (MAMs) have attracted consider-
able attention around the world for their extensive applications in
commercial and military domains.**® In general, MAMs could be
classified into magnetic and dielectric loss materials.* Although
magnetic loss materials as typical MAMs showed excellent MA
properties, their applications had been restricted by their high
density and poor oxidation resistance properties, such as Fe, Co, Ni,
and their oxides.>* While carbon materials as dielectric loss
absorbers were widely investigated for MA responses owing to their
light weight, excellent chemical stability, and high electronic
conductivity, such as carbon black, carbon fibers, carbon nano-
tubes, and graphene etc.>”° For example, Chen et al. reported that
graphene foam exhibited an optimal reflection loss (RL) of —33.2 dB
around 13 GHz and an effective absorption bandwidth (EAB, RL <
—10 dB) in the range of 4-18 GHz." Fu et al. presented that the
porous CFs showed a bandwidth of RL < —5 dB covering the whole
X-band (8.2-12.4 GHz).” Thus, it could be concluded that carbon
materials would be promising and lightweight candidates for
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applications, MAMs were also demanded to overcome the bottle-
necks of physical and chemical stability.”* However, the poor
oxidation resistance properties of carbon materials would severely
limit their universal applications, especially in high-speed aircraft.
Therefore, it would be expected to develop a lightweight, and stable
microwave absorbing candidate for practical applications.
Silicon-based ceramics had been widely studied as anti-oxidation
coating owing to their low density, good chemical stability, and
superior mechanical properties. For example, Rahul et al. deposited
a B-SiC coating on carbon fiber (CF) by a plasma enhanced chemical
vapor deposition (CVD) method.” S. Masoudifar et al. prepared
a SiC coating on graphite flakes through reacting graphite with Si
metal powder in molten salts.® Niu et al prepared the SiOC
modified carbon bonded with CFs by precursor impregnation and
pyrolysis method using dimethoxydimethylsilane and methyl-
trimethoxysilane as precursors.”* Zhou et al. reported that BN/SiC
coating modified CFs via dip-coating and CVD processes showed
an optimal RL value of —13.3 dB and a EAB of 2.6 GHz.* Cao et al.
prepared short CF/silica composites with an optimal RL value of
—10.22 dB at 9.9 GHz."* Among these silicon-based ceramics, SIOC
materials were considered as promising MA candidates owing to
their lightweight, oxidation resistance, chemical and physical
stability, and controllable structure.”® Particularly, relying on the
carbon component, the SiOC materials possessed a higher electrical
conductivity than that of SiC, thus resulting in a better electronic
dipole polarization loss performance.” However, those strategies
not only required complicated processes and conditions, but also
showed weak microwave absorbing capability. Above all, it was still
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a challenge to fabricate a dual-functional coating that possessed the
antioxidation and MA properties.

In this study, a polymer precursor pyrolysis method was
carried out to synthesis the SiOC ceramics coating modified CFs
(SiOC/CFs). The SiOC coating not only successfully protected
CFs from oxidizing but also improved the microwave absorbing
ability. The optimal RL value of SiOC/CFs was —47.50 dB at 2.64
GHz, which meant that 99.998% incident electromagnetic wave
could be consumed and converted to thermal energy. The SiOC
coating could suppress skin effect originated from cross-linked
CFs, which could effectively improve impedance matching
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behavior. Furthermore, the interfacial polarization between
SiOC coating and CFs played an important role in promoting
dielectric loss. This facile technique may present a new notion
for the refinement of carbon-based MAMs.

2. Experimental

The SiOC coating studied in this paper was fabricated from
a commercial liquid-phase polysilazane (PSN, Institute of
Chemistry, Chinese Academy of Sciences). The carbon fibers
(CFs) were obtained by carbonization of electrospun poly-
acrylonitrile (PAN) fibers precursor. PAN (Sigma-Aldrich)

Fig. 1
CFs at different magnification of (d) x1.5k and (e) x5.0k.

30686 | RSC Adv., 2019, 9, 30685-30692

(a) The schematic representation of the preparation route of SIOC/CFs. The SEM images of (b) PAN fibers, (c) PAN-derived CFs, and SiOC/
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powder was dissolved in N,N-dimethylformamide (DMF, AR,
99.5%, Aladdin) to obtain a 10 wt% electrospinning solution,
and then PAN fibers were prepared by electrospinning at
a voltage of 18 kV, at last, PAN fibers fabric was collected on an
aluminum foil. To stabilize the fiber morphology, pre-oxidation
was carried out at 280 °C under air atmosphere. The precursor
PSN and PAN fibers were placed into two Al,O; boats respec-
tively and then delivered inside a quartz tube furnace. The
temperature of the furnace was ramped to 1000 °C at a heating
rate of 5°C min~" for 2 h under a flowing argon (Ar) atmosphere
(purity 99.99%, flowing rate 2 L min~"), and then cooled to the
room temperature naturally with flowing Ar atmosphere.
Finally, the black products were collected without any further
purification. As a comparison, CFs were prepared using the
same heating procedure without PSN.

The morphology of the products was observed using a field
emission scanning electron microscopy (SEM, MX2600FE). The
structures were examined using Raman spectroscopy (RM-1000,
Renishaw) and X-ray photoelectron spectroscopy (XPS, VG
Multilab 2000, Thermo Electron Corporation). Thermogravi-
metric and differential thermal analysis (TG-DTA) was recorded
on a NETZSCH STA 449 C under ambient atmosphere. The
electromagnetic parameters of samples were measured at 2-18
GHz using Vector network analyzer (N5245A, Agilent) in a wax
matrix with 50% loading. The products were homogeneously
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mixed with wax, and then the products/wax composites were
pressed into a toroidal mold (inner diameter of 3.04 mm, outer
diameter of 7 mm). After mold release, the measured toroidal-
shaped samples were obtained. The reflection loss, RL (dB) of
the samples were calculated by our self-programmed software
using the data of complex permeability and permittivity.

3. Results and discussion

Fig. 1a depicted the synthesis process of CFs coated by SiOC
ceramics. The organic functional groups of PSN were interac-
tion, rearrangement, and recombination occurred in the
pyrolysis process from 200 to 700 °C.?° The ammonia (NH;) was
released because of the transamination reaction at a tempera-
ture from 200 to 400 °C.”* With the increase of temperature,
hydrogen (H,), silane (SiH,), methane (CH,) and a small
quantity of ethylene (C,H,) and acetylene (C,H,) were liberated
due to the scissions of C-C, Si-C, Si-H, and C-H bonds at 400-
700 °C.”” Furthermore, a small fraction of SiH,, CH,4, C,H,, and
C,H, could be pyrolyzed, and then deposited on PAN fibers.> It
was notable that C-O-C, C=O0 could be formed within cyclized
PAN in the oxidative stabilization process. At the same time,
PAN-derived CFs were carbonized under Ar, SiH,, and CH,
atmosphere. Therefore, the interactions and reactions of Si-H,
C-H, C-C bonds, and oxygen functional groups could form C-
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Fig. 2 XPS spectra of full range scanning for SIOC/CFs composites: (a) survey spectrum; (b) Si 2p peak; (c) C 1s peak; and (d) O 1s peak.
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Si-O, O-Si-0O and C-C bonds on the surface of CFs. Finally, the
SiOC/CFs composites were developed after the stabilization and
ceramization of SiOC, SiO, and amorphous carbon. The prob-
able reactions were proposed in eqn (S1)-(S4) (ESIt).

As shown in Fig. 1b, PAN fiber exhibited a typical circular
morphology. The crude surface was owing to the evaporation of
DMF solvent. These PAN fibers showed inhomogeneous size
with a diameter in the range of 320-600 nm. The damp air
induced static would deteriorate unstable voltage in the elec-
trospinning process, so PAN fibers may become inhomoge-
neous because of the mutative and erratic electric force. In
addition, these fibers lied randomly and formed a cross-linked
network structure. Fig. 1c displayed PAN-derived CFs with the
diameter of 220-600 nm corresponding to the volume
shrinkage of PAN during carbonization process.** The contin-
uous CFs coated by SiOC ceramics were shown in Fig. 1d. The
high magnification given in Fig. 1e displayed smooth fibers with
the diameter of 0.8-1.7 pm.

The XPS spectra (Fig. 2) were carried out to ascertain the
composition of SiOC/CFs products. As shown in Fig. 2a, the
survey spectrum revealed that the SiOC coating was composed
of Si, O, and C elements with a ratio of 1:1.2:1.7. Fig. 2b
displayed the broad Si band (for Si 2p) and revealed the pres-
ence of different valence around Si atom arising from bonding
with other elements, it could be deconvoluted into three bands
around at 101.98, 102.88 and 103.48 eV, corresponding to C-Si-
O, Si-O and O-Si-O bonds respectively.”> The analysis of the
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fitted C 1s band (Fig. 2c) suggested the emergence of peaks
located at C-C (284.48 eV) and C-Si-O (284.88 eV) bonds.>® The
chemical shift toward to a higher bonding energy of 284.88 eV
responded a bonding configuration of C-Si-O, this was because
the electronegative of O atom was higher than those of C and Si
atoms. The spectrum of O 1s given in Fig. 2d showed two fitting
peaks at 532.38 and 533.08 eV related to Si-O and SiO, bonds.

The Raman spectra of SiOC/CFs and CFs given in Fig. 3a were
performed to confirm the existence of carbon. Two obvious
peaks observed at 1340 and 1580 cm ™" were corresponding to D
and G bands, indicating the graphitic structure. The G band
originated from in-plane stretching of sp> bonds, such as C-C
bonds, and the D band was contributed to disorder graphite
phase.?® It could be observed that the Raman shift of G band of
SiOC/CFs was higher than that of CFs, this was because that G
band of SiOC/CFs composites could be divided into G, D, and
D; bands (Fig. 3b). The fitted G band of SiOC/CFs composites
was located at 1577 cm ™', which was close to that of CFs. The D
or D;, D, bands were ascribed to disorder graphite lattice (A4
symmetry and E,, symmetry respectively), while D; band origi-
nated from amorphous soot.””

The TG-DTA were performed to investigate the thermal stability
of SiOC/CFs and test the antioxidation function of SiOC coating.
Fig. 3c showed the TG-DTA curves of SiOC/CFs products heated
from room temperature to 1100 °C with a rate of 10 °C min under
flowing air. The broad endothermic peak in the range of 30-350 °C
showed that a weight loss about 7% was corresponding to the

200 600
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800

Fig. 3 (a) The Raman spectra of SIOC/CFs and CFs, and (b) Raman spectrum of SIOC/CFs from 1100 to 1700 cm™*. The TG-DTA curves of (c)

SiOC/CFs composites and (d) CFs under air.
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removal of water, and it was considered as a physical process. The
exothermic peak occurred at 890 °C illustrated that a weight loss
was about 15% in the temperature from 620 to 920 °C. And this
weight loss was attributed to the oxidation of bulk amorphous
carbon in the coating and exposed CFs (exothermic reactions). The
weight increased a little starting at 920 °C, because the oxidation of
C-Si phase could form SiO, with a heavier molecular mass. Fig. 3d
displayed the TG curve of CFs. It could be observed that CFs
delivered the starting oxidation temperature at 415 °C and had been
totally combusted at 600 °C. Based on the result of TG-DTA data, it
revealed that the SiOC/CFs composites presented a better anti-
oxidation property, moreover, and the SiOC coating could availably
protect CFs from oxidizing at 415 °C and make CFs attractive for use
in the high-temperature field.

To evaluate the microwave absorbing efficiency of SiOC/CFs
composites, the reflection loss (RL) of the electromagnetic wave
was calculated by the following eqn (1) and (2).

Zin = ZO(,U'r/‘?r)I/2 tanh[]'(27'cfd/c)(/.¢r/er)”2] (1)

RL =20 log[(Zin — Zo/(Zin + Zo)| ©)

& was the relative complex permittivity, u, was the complex
permeability, f was the frequency of microwave, d was the
thickness of the absorber, ¢ was the velocity of the electro-
magnetic wave in free space, Z;, was the input impedance of the

absorber, and Z, was the impedance of air.?®
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According to the eqn (2), the RL value below —10 dB revealed
that 90% EM energy was attenuated and absorbed, furthermore,
it was an effective and important parameter for evaluating the
microwave absorption properties. As shown in Fig. 4a, the
optimal RL of SiOC/CFs could reach —47.50 dB at 2.64 GHz with
a thickness of 5.1 mm, and the EAB was obtained in the
frequency of 2.2-3.4 GHz with a thickness of 3.7-6.0 mm and
6.8-14.8 GHz with a thickness of 1.3-3.0 mm. In Fig. 4b, the
optimal RL of —12.60 dB for CFs was observed at 13.8 GHz with
a thickness of 1.0 mm, and the EAB was from 13.1 to 14.3 GHz in
the range of thickness from 0.9 to 1.1 mm. There was no doubt
that the optimal RL value and effective bandwidth of compos-
ites had evidently improved a lot compared to those of CFs,
especially in S-band (2-4 GHz). It was apparent that the RL
values of SiOC/CFs were much lower than those of CFs in
various layer thicknesses (Fig. 4c). Fig. 4d compared the MA
performance between the SiOC/CFs and other Si-based CFs
composites.*>***** The SiOC/CFs delivered an excellent MA
performance among these composites. The detailed data of
related references were listed in Table S1.1 Above all, the ob-
tained SiOC/CFs composites possessed an enhanced MA ability
and would be a promising candidate for high-temperature
MAMs.

The complex permittivity was regarded as an important
parameter to investigate the MA properties of SiOC/CFs
composites, the relative complex permittivity of composites
and CFs were given in Fig. 5a. The values of real (¢/) and
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Fig.4 The three-dimensional microwave RL curves of (a) SIiOC/CFs composites and (b) CFs in the frequency range of 2—-18 GHz, (c) the optimal
RL values at different layer thicknesses, and (d) the comparison of MA performance of Si-based CFs composites.
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imaginary (¢”) parts of CFs were higher than those of SiOC/CFs
composites. The ¢’ value was relevant to energy loss because of
the rearrangement of electric dipole moment in electromag-
netic filed,** the ¢” value for two samples showed a decreased
trend in the frequency of 2-18 GHz. Fig. S1{ showed the sketch
of band gaps of CFs (conductor) and SiOC composites (semi-
conductor). The value of the band gap for the conductor was
zero, and the SiC had a wide bandgap (2.3-3.4 eV).*® On one
hand, the smaller band gap would give rise to decreasing Fermi
energy, thus electrons at the valence band would be easier to
jump into the conduction band, and then be polarization. On
the other hand, the cross-linked CFs network formed a good
galvanic circle, exacerbating the movement of electrons. The
SiOC coating as a semiconductor formed a potential energy
barrier between the cross-linked CFs, and the barrier could
effectively prevent electrons jumping and migrating.** Conse-
quently, the complex permittivity of SiOC composites was lower
than those of CFs. Fig. S21 exhibited the tangent loss (tan de =
¢"[¢') curves of SIOC/CFs and CFs. The tan d¢ values of CFs were
higher than those of SiOC products, it meant that CFs created
stronger attenuation ability for incident microwave than that of
SiOC/CFs products. According to Debye theory, Cole-Cole
semicircles (¢” versus ¢') of SiOC/CFs composites and CFs were
plotted in Fig. S3t to discuss diversified dielectric loss
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mechanism, and one semicircle generally implied one relaxa-
tion process.*® There were seven continuous semicircles
appeared for composites as presented in Fig. S3a.t And four
semicircles were found for CFs in Fig. S3b.f On the one hand,
SiOC coating could absorb microwave because of the polariza-
tion relaxation originated from defects, electrons, and dipoles.
Especially, SiOC, SiO, and free carbon in amorphous SiOC
coating would result in dipolar polarization.” On the other
hand, the existence of interfaces between SiOC coating and CFs
brought about interfacial polarization, which could boost the
consumption of electromagnetic energy.***” The amorphous
SiOC coating was consisted of SiOC, SiO, and free carbon
components. Therefore, a large number of grain boundaries
within SiOC coating also made great contributions to improving
interfacial polarization.*® Besides, the inner CFs of composites
constructed a good galvanic circle, thus leading to a favorable
conduction loss.***® Thus, there were much more polarization
processes within SiOC/CFs composites. Meanwhile, an excellent
candidate of MAMs not only possessed high attenuation effi-
ciency but also had good impedance matching.** As shown in
Fig. 5b, the value of normalized input impedance (|Z;,/Z,|) for
composites was much higher than CFs. When the value of |Z;,/
Z,| was equal to 1, it meant the best impedance matching. As
mentioned above, the cross-linked CFs network was propitious
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Fig. 5 The measured (a) real and imaginary permittivity, (b) the curves of normalized input impedance (|Z,,/Zo|) of SIOC/CFs and CFs. (c) The
schematic representation of loss mechanism of the SIOC/CFs composites.
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to the movement of electrons, while the SiOC coating as
a barrier suppressed electrons jumping and migrating. Thus, an
undesirable reflection occurred onto the surface of CFs due to
the skin effect, and the SiOC coating could restrain skin effect
originated from CFs, resulting in more microwave propagating
into absorber.*> Although the tan 3¢ of CFs was higher than that
of SiOC/CFs, the MA performance of SiOC/CFs was much better
than that of CFs owing to its better impedance matching.

The schematic representation of microwave absorption
mechanism for SiOC/CFs was proposed in Fig. 5c. When inci-
dent microwave propagated on SiOC/CFs composites backed
with a reflective metal, the incident microwave power (Pi,)
would be consisted of two parts, reflected (P;) and absorbed (P,)
microwave power.' P, was related to the double microwave
absorption by SiOC and CFs. P, was determined by interfacial
impedance gap between air and absorber. The loss mechanism
of composites was contributed to three parts. Initially, the
multiple reflections occurred on fibers could extend routes of
electromagnetic wave propagation in the absorber, which was
propitious to the loss of microwave. Secondly, the diversified
polarization relaxation processes would boost the dielectric
loss. Thirdly, the favorable impedance matching would make
more microwave propagate into absorber, leading to an
enhanced MA performance.

4. Conclusions

In summary, the SiOC ceramics coating modified CFs had been
successfully synthesized using a one-step precursor pyrolysis
technique. The XPS results revealed that the SiOC coating was
composed of SiOC, SiO, and amorphous carbon phases. The
SiOC ceramics coating not only effectively protected CFs from
oxidizing, but also improved microwave absorbing ability. The
optimal RL of composites was —47.50 dB at 2.64 GHz with
a thickness of 5.1 mm, and the EAB was in the range of 6.8-14.8
GHz with the thin thickness of 1.3-3.0 mm. The enhanced MA
performance could be attributed to multiple reflections in the
cross-linked  structure, polarization  relaxation
processes, especially interfacial polarization, and the enhanced
impedance matching effect. The fine antioxidation and MA
performance of SiOC/CFs would make it attractive for applying
in the high-temperature MA field.
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