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Abstract

SiC nanowires-filled cellular SiCO ceramics were prepared using polyurethane sponge as a porous template infiltrated with silicone
resin by pyrolysis at 1400 °C under Ar atmosphere. The pyrolysis temperature was an important parameter affecting the formation of
SiC nanowires. The as-prepared sample obtained at 1000 °C was composed of SiCO glasses and turbostratic carbon. The SiCO ceramic
was further converted into SiO, crystals and amorphous carbon by pyrolysis at 1200 °C. With the increasing pyrolysis temperature, SiC
nanocrystals embedded in the non-crystalline SiCO matrix were observed. Furthermore, the SiC nanowires were formed in the pores of
the SiCO ceramic. The diameters of the SiC nanowires are in the range 80150 nm and the lengths are up to several tens of micrometers.
The growth mechanism of the nanowires was supported by the vapor-solid mechanism.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Porous ceramics have received wide attention due to their
excellent performances of high-temperature resistance, ther-
mal-shock resistance, high strength and chemical stability for
use in a wide range of applications including high-temperature
gas purifiers, filters, sensors, tail gas processors, heat-exchan-
gers, electrodes and catalyst carriers [1-6].

The manufactures of inorganic ceramics derived from
silicone-containing polymeric precursors have advantages
over the traditional methods of ceramic preparation due to
the low temperature processing, versatile shaping and
designable molecular structure [7,8]. Among the several
polymeric precursors available, polysiloxanes were studied
extensively due to their lower cost and commercial supply.
The polysiloxanes were transformed into amorphous silicon
oxycarbide ceramics, described as SiC,O4_, (0<x<4), or
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simply SiC,O, or SiCO, in an inert atmosphere above
1000 °C [9-11]. In the previous work, the replica technique
was widely used for preparing porous SiCO or SiC ceramics
from polymeric precursors [12-14]. For example, SiCO/C-
ceramic composites were prepared from chemically modified
wood templates infiltrated with polymethylhydrosiloxane
(PMHS) [15]. Polyurethane (PU) sponge was coated with
or immersed in a polymeric suspension or precursor solution
to produce porous ceramics [16—18]. Edirisinghe et al. [19-21]
developed a simple method to produce porous SiC ceramics
by immersing the PU foam in a polysilane precursor solution.
Vogt et al. [22] prepared macroporous nitrogen-based silicone
carbide (NBSiC) ceramics by immersing the PU sponge in a
polysiloxane (MK polymer) precursor slurry. It is well known
that SiC nanowires have the great properties such as high
temperature strength, chemical stability, thermal shock resis-
tance and field emission properties [23—-26]. Therefore, SiC
nanowires have a great potential to be used as reinforcing
element in ceramic, metal and polymer—matrix composites.
There are several routes to synthesize SiC nanowires, such as
chemical vapor deposition, through reaction of silica and
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carbon solid mixtures, by reduction of methyl trichlorosilane,
by reaction of SisN4 with carbon, and by thermal decom-
position of rice husk [27-30]. It can be concluded that the
porous bodies can provide enough growth space for nano-
wires [31,32]. However, little work has been reported on SiC
nanowires-filled porous ceramics using PU sponge as a
porous template in the literature.

In the present work, we attempted to fabricate SiC
nanowires-filled cellular SiCO ceramics without a metal
catalyst, using PU sponge as a template infiltrated with
silicone resin. The silicone resin was used as a source for
the growth of the SiC nanowires. The as-prepared samples
were characterized by TG, XRD, FTIR, SEM, and TEM.
The growth mechanism of the SiC nanowires has been
tentatively suggested.

2. Experimental procedure

Commercially available PU sponge with a size of
30 mm x 30 mm x 5 mm was used as a template. Commer-
cially available silicone resin (solid content: 48-52%, Tu-4 cup
viscosity at 25 °C: 18-35 s, Changzhou Jianuo Organosilicone
Co., Ltd., Jiangsu, China) was used as a polymeric precursor.
The mass ratio of the silicone resin and the PU sponge was
20:1. The silicone resin was adequately absorbed in the sponge,
and then was dried at 125 °C for 8 h under vacuum drying
oven. The above process was repeated three times. The
pyrolysis of the samples was carried out in a tube furnace
under a constant flow of argon gas at a rate of 0.2 L/min. The
green bodies were heated at a rate of 5 °C/min up to 150 °C
for 15min and a lower rate of 2 °C/min up to 400° C for
30 min, then at a rate of 5°C/min up to the desired
temperatures (1000 °C, 1200 °C and 1400 °C) for 3 h. The
specimens were cooled down to 400 °C with a rate of 3 °C/min
then down to room temperature.

The thermogravimetric measurement was investigated using
thermogravimetry-differential scanning calorimetry (TG-DSC,
STA449C, Germany) in Ar with a heating rate of 10 °C/min.
The phase identification was measured by X-ray diffract-
ometer (XRD, D/max 2550 V, Japan) using a nickel filtered
CuKa radiation produced at 35 kV and 20 mA. The infrared
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absorption spectra were obtained using Fourier transform
infrared spectrometer (FTIR, Nicolet-460, America) in the
range 3200-500 cm~'. The morphological structures of the
samples were observed using scanning electron microscope
(SEM, JSM-7001 F, Japan). The elemental composition of the
samples was analyzed by energy-dispersive X-ray spectroscopy
(EDS) attached to SEM. The microstructure of the samples
was further characterized by a field emission transmission
electron microscope (TEM, H-800, Japan) and high resolution
TEM (HRTEM, JEM-2100, Japan). The specific surface area
measurements of the samples were carried out by degassing at
400 °C for 2 h, followed by N, adsorption at 77 K, using an
automatic apparatus (NOVA2000, USA), and the specific
surface areas were calculated from the isotherms by the
Brunauer-Emmett-Teller (BET) method. The volume resistiv-

ities of the samples were measured by the four-probe method
(RTS-9, China).

3. Results and discussion

3.1. Decomposition behavior of the PU sponge and
polymeric precursor

The decomposition behavior of the silicone resin and the
PU sponge in argon atmosphere was examined by TG-DSC,
as shown in Fig. 1. It is noteworthy that the thermal
decomposition of the PU sponge starts at about 230 °C and
nearly 85 wt% of the material is lost by 400 °C. It can be
found that the PU sponge is almost fully pyrolyzed at 510 °C.
The silicone resin presents an initial weight loss of about
40 wt% probably due to the volatilization of the physically
adsorbed water and the curing of the silicone resin at a lower
temperature. DSC curve shows an endothermic peak at 92 °C.
The second weight loss of about 11 wt% of the silicone resin
(from 160 °C up to 520 °C) presents a gentle sloping baseline.
This weight loss is due to the degradation reactions of the Si—
O polymer chain and redistribution reactions of different
silicon sites. The third weight loss of approximately 8 wt% is
related to the polymer-to-ceramic conversion corresponding to

an exothermic peak which appeared at 805 °C in the DSC
curve.
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Fig. 1. TG-DSC curves of the PU sponge and silicone resin in Ar atmosphere.
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3.2. Sample characterization

Fig. 2 shows the XRD patterns of the as-prepared
samples obtained at different temperatures. X-ray pattern
of the sample obtained at 1000 °C displays the character-
istic of an amorphous material. The broad diffraction peak
at 20 ~ 22° of the samples corresponds to the amorphous
SiOC glasses [33]. Furthermore, the turbostratic graphite-
like phase was found to be present in the sample, with a
discernible broad diffraction reflex at 20 ~43°. With a
further increase in temperature, the diffraction peaks at 20
of 20.8° and 26.6° appear, indicating that the SiO, crystals
were formed (JCPDS Card no. 65-0466). XRD pattern of
the sample obtained at 1400 °C shows the crystalline peaks
at 20 of 35.6°, 60.0° and 71.8° corresponding to the
diffraction from the (111), (220) and (311) lattice planes
of B-SiC, respectively (JCPDS Card no. 29-1129).

Fig. 3 shows the FTIR spectra of the samples prepared
at different temperatures. The spectrum of the sample
treated at 1000 °C indicates that the typical vibration
bands at 2930-2850 cm ~ ' are assigned to the C—H absorp-
tions. In addition, the bands located at 1680-1620 cm !
are due to the vibration of the C=C bonds. The weak
bands at 1120-1030 cm ™! are assigned to the typical Si-O
absorptions. The spectrum of the sample obtained at
1200 °C shows a strong absorption band at 1063 cm ™',
which is assigned to the Si-O bonds. The band from
690 cm ! to 890 cm ™!, characteristic of Si—C sites, could
be observed. The spectrum of the sample prepared at
1400 °C shows a band centered at 843 cm ™' due to the
Si—C vibration. The absorption peak of the Si—C bonds
displays a higher intensity at 1400 °C, and Si-O bonds
disappear gradually with the increasing temperature,
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Fig. 2. XRD patterns of the as-prepared samples obtained at different
temperatures.
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Fig. 3. FTIR spectra of the as-prepared samples obtained at different
temperatures.

indicating that the Si—O bonds were transformed into Si—C
bonds during the pyrolysis process.

Fig. 4a shows the SEM image of the PU sponge with pore
sizes in the range 200—500 um. The sample obtained at
1200 °C reserves the cellular feature of the PU sponge, as
shown in Fig. 4b.Fig. 4c shows the high-magnification SEM
image. The SEM image displays two distinct regions. The first
one is the black region, The EDS analysis indicates that the
surface is composed of Si, O and C, which is in agreement
with SiCO ceramic. The second one shows the particles with
different morphologies dispersed on the surface of the SiCO
ceramic. The EDS analysis indicates that the particle contains
Si and O. The O/Si atomic ratio within the particles is higher
than that in the bulk SiOC ceramic. Usually, the increase of
the pyrolysis temperature above 1200 °C results in a phase
separation of the SiCO amorphous network into SiO, and
nanocrystalline f-SiC [9,34]. It can be assumed that the
particles are SiO, crystals derived from redistribution reac-
tions of different silicon sites. These results agree well with the
above XRD analysis.

Fig. 5 shows the SEM images of the as-prepared sample
obtained at 1400 °C. The net-like structural feature of the
sponge is not changed with the increasing temperature, as
shown in Fig. 5a. The EDS analysis corresponding to the
selected area in Fig. 5a indicates that the surface of the
sample is composed of Si, O and C, as shown in Fig. 5b.
However, the irregularly shaped particles were not observed
on the surface of the SiCO ceramic. It is a reasonable
assumption that the particles can react with residual carbon
or CO. Zhong et al. reported different reaction pathways of
carbothermic reduction from silica [35]. It is well accepted
that SiC formation from carbothermic reduction occurs
through the following overall reaction (1). When SiO» is in
direct contact with C, reaction (2) occurs. When SiO, is not
in contact with C, reaction (3) is written as follows.
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Fig. 4. SEM image of the PU sponge (a), SEM image of the fracture surface of ceramic product obtained at 1200 °C (b), SEM image of the particles on
the surface of the ceramic product (c), and EDS spectra corresponding to the selected areas (d).

Furthermore, an alternative reaction pathway in the absence
of direct SiO, and C contact has also been proposed. The
SiO, is dissociated according to reaction (4).

SiOz(S) + 3C(S) - SiC(S) + ZCO(g) (1)

SiOx(y) + Ciy) = SiO(g) + COyy) ()

SiOx(s) + COyy) = SiO(y) + COyyy) (3)
. . 1

$i02(9 = 8i0g) +5029) 4)

However, a white felt layer was produced in the pores of
the SiCO ceramic matrix, as can be seen in Fig. Sc. Fig. 5d
shows that the white felt layer was a high amount of
nanowires. It can be found that the lengths of these
nanowires are up to several tens of micrometers. The
high-magnification image confirms that the nanowires
display different features with curved or straight struc-
tures, as shown in Fig. 5e. Fig. 5f shows the SEM image of
a single nanowire with an interesting chain-like structure.
The diameters of the nanowire are in the range 80—150 nm.
The EDS analysis in Fig. 5g indicates that the nanowire
contains Si and C. According to the above analysis, it is
proposed that the products are SiC nanowires.

Further characterization of the synthesized nanowires
was carried out using TEM and HRTEM. Fig. 6a displays
a typical TEM image of the nanowire with chain-like

structure. The diameter of the nanowire is about 85 nm
and the length is up to 8§ um. The corresponding selected-
area clectron diffraction (SAED) pattern indicates that the
nanowire is a single crystal of cubic SiC. As shown in
Fig. 6b, a representative HRTEM image indicates that the
interplanar spacing is about 0.25 nm, corresponding to the
separation between the (111) adjacent lattice planes of
p-SiC. It can be concluded that the growth of these SiC
nanowire is along the [111] direction. HRTEM image of
the SiCO ceramic pyrolyzed at 1400 °C can be seen in
Fig. 6¢c. The crystalline planes with d-spacing of 0.25 nm
corresponding to the (111) planes of 5-SiC and turbostratic
graphite-like phase, with spacing of 0.35 nm assigned to
their (002) planes, embedded in a non-crystalline SiCO
matrix, were observed. The orientation of the graphite
basal planes is indicated by white guidelines.

3.3. Formation mechanism of SiC nanowires

A scheme of processing strategies for the preparation of
SiC nanowires-filled cellular SiCO ceramics is shown in
Fig. 7. The formation and evolution process can be divided
into three stages as follows: (1) the template impregnated
with silicone resin solution, (2) curing of the template, and
(3) pyrolysis at 1400 °C. In the first stage, the PU sponge
was absorbed in the silicone resin. The silicone resin was
used to reinforce the wall of the pores, and also used as a
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Fig. 5. SEM image of the fracture surface of the as-prepared sample obtained at 1400 °C (a), (b) EDS spectrum corresponding to the selected area in
(a), SEM images of the nanowires at various magnifications (c—f), (g) EDS spectrum corresponding to the selected area in (e).

source for the growth of SiC nanowires. As a result, it is
predicted that the silicone resin plays a key role on the
growth of SiC nanowires. In the second stage, the template
was cured via the silanol condensation. Finally, the green
bodies were sintered at a high temperature to synthesize
SiC nanowires.

The main explanations for the growth of the SiC
nanowires are the vapor-liquid-solid (VLS) and vapor—
solid (VS) mechanisms [36]. In this study, no droplets were
found on the tips of the nanowires. On the basis of the
above discussion, a more important contribution for the
formation of the nanowires can be attributed to reactions
(5) and (6):

Si0¢g) +3COy) — SiCy +2CO0xy) (5)
C)+COxzy) = 2COy, (6)

The overall reaction (7) can be written as follows:
SiOy) + Cis) — SiCy) +CO(y @)

The whole reaction was related to the SiO vapor and
carbon without a metal catalyst. The diffusion in the vapor—
solid phase or the vapor—vapor phase is sufficiently faster than
that of the solid—solid (SiO, and C) phase. Furthermore, the
cellular template has enough flow space for the mass transport
of the gaseous species (SiO and CO). Therefore, it can be
concluded that the VS mechanism is supposed to govern the
growth of the nanowires.

In order to evaluate the possible applications of the
samples, the open porosities, specific surface areas and
volume resistivities of the as-prepared samples were mea-
sured and summarized in Table 1. The highest porosity of
the sample obtained at 1400 °C was related to a higher
pyrolysis degree and the reaction of carbon with SiO gases.
The specific surface area was remarkably increased from
0.5 m?/g to 45 m?/g due to the formation of SiC nanowires.
It can be found that the volume resistivity of the as-
prepared samples had a great change with the increasing
temperature. The sample obtained at 1400 °C presents the
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Fig. 6. TEM image of the nanowire and the corresponding SAED pattern (a), HRTEM image of the nanowire (b), and HRTEM image from the ceramic

product obtained at 1400 °C (c).
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Fig. 7. Schematic illustration for preparing SiC nanowires-filled cellular SiCO ceramics.

Table 1
Porosities, specific surface areas and volume resistivities of the samples at
different temperatures.

Temperature Porosity Specific surface  Volume resistivity
O (o) area (m’/g) (Qcm)

1000 76.8 0.5 0.785

1200 81.5 0.8 0.432

1400 85.4 45 0.065

lowest volume resistivity due to the conversion of amor-
phous SiCO ceramic into crystalline SiC ceramic and the
formation of the SiC nanowires.

4. Conclusions

SiC nanowires-filled cellular SiCO ceramics were pre-
pared at 1400 °C using PU sponge as a porous template
through a precursor infiltration and pyrolysis route. The
sample obtained at 1000 °C was amorphous. SiO, particles
with different morphologies were observed on the surface
of the SiCO ceramic at 1200 °C. With a further increase in
temperature, the Si—O bonds of the samples gradually
transformed into Si—C bonds during the pyrolysis process.
SiC nanowires with curved or straight or chain structures
were observed in the pores of the SiCO ceramic. SiC
nanowires are up to several tens of micrometers in length
and the diameters are in the range 80-150 nm. The VS
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mechanism is used to explain the growth process of the
nanowires. The presence of SiC nanowires in the porous
ceramics caused the increase considerably in the specific
surface area and decrease in the volume resistivity.
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