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Abstract The novel resorcinol-formaldehyde/SiO, (RF/
Si0,) hybrid aerogels were chosen to synthesize the cubic
silicon carbide (f-SiC) nanostructures via a carbothermal
reduction route. In this process, the in situ polymerized RF/
SiO, aerogels were used as both the silicon and carbon
sources. The morphologies and structures of SiC nano-
structures were characterized by X-ray diffraction (XRD),
scanning electron microscope (SEM), and high-resolution
transmission electron microscope (HRTEM) equipped with
EDS. The effects of C/Si atomic ratios in RF/SiO, aerogels
and heat treatment temperatures on the formation of SiC
nanomaterials were investigated in detail. It was shown that
p-SiC nanowhiskers with diameters of 50-150 nm and
high crystallinity were obtained at the temperatures from
1400 to 1500 °C. The role of the interpenetrating network
of RF/SiO; hybrid aerogels in the carbothermal reduction
was discussed and a possible mechanism was proposed.

Introduction

Silicon carbide (SiC) shows many unique mechanical and
thermal properties, such as high mechanical strength, high
thermal conductivity, wide energy band gap, resistance
toward oxidation, low thermal expansion coefficient, and
excellent thermal stability [1], and therefore is considered
as a promising material in many fields including biomate-
rials, high temperature semi-conducting devices [2], sor-
bent [3, 4], and membrane supports [5], and especially in
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catalysis [6—12] for many reactions in harsh environments.
SiC has various crystalline phases including «-SiC (such as
6H-SiC and 4H-SiC) and f-SiC (3C-SiC, cubic form).
Among these phases the -SiC possesses the highest sat-
urated electron drift velocity and is usually used as the
preferred material for the high temperature, high power,
and high frequency nanoelectronic devices [13]. As a
result, the synthesis of -SiC has attracted great attention
all over the world for decades.

To date, various synthesis routes of f-SiC have been
reported. For example, Sun et al. [14] prepared silicon
carbide nanotubes and nanowires by the disproportionation
of SiO using carbon nanotubes as both the template and the
carbon source. Pitcher et al. [15] fabricated a smooth,
continuous film of stoichiometric silicon carbide via the
direct pyrolysis of polymethylsilyne. Hu et al. [13] syn-
thesized nanocrystalline f-SiC from SiCl,—Na-C system
through a reduction—carbonization route. Shin et al. [16]
utilized the carbothermal reduction of mineralized wood
with silica at 1400 °C to synthesize SiC ceramics consist-
ing of crystalline SiC nanoparticles as well as some
whiskers. Pan et al. [17] succeeded in the preparation of
oriented SiC nanowires via the reaction of aligned carbon
nanotubes (as a template) with SiO at 1400 °C. Niu et al.
[18, 19] synthesized SiC nanowires by a thermal evapo-
ration of ferrocene or ZnS + carbon onto silicon wafers.
Among the various synthesis methods, the sol-gel route
has been a promising way to synthesize nanostructured SiC
materials. Li et al. [20] prepared the SiC whiskers by the
carbothermal reduction from aqua-mesophase and silica
sol. Guo et al. [21, 22] have explored the sol—gel route to
synthesize mesoporous SiC through the carbothermal
reduction of tetracthoxysilane (TEOS)-phenolic resin-
derived binary carbonaceous silicon xerogel containing
nickel nitrate at 1250 °C. Hao et al. [23] synthesized
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bamboo-like SiC nanofibers by the carbothermal reduction
of the phenolic resin/silicon xerogel containing lanthanum
nitrate. Zheng et al. [24] demonstrated the synthesis of
mesoporous SiC via the carbothermal reduction reaction of
saccharose-containing silicon xerogel at 1450 °C.

In this article, a sol-gel derived organic—inorganic
hybrid aerogel, resorcinol-formaldehyde/SiO, (RF/SiO,),
was firstly employed as the precursor to synthesize f-SiC
via the carbothermal reduction. In this study, the RF/SiO,
hybrid aerogels were in situ formed by the co-polymeri-
zation of RF sol and SiO, sol and the subsequent super-
critical drying. Aerogels are well-known to have high
surface area and abundant open pores, which are advan-
tageous for the mass transfer and the quick formation of
SiC during the carbothermal reduction. In addition, this
approach is a direct heat treatment process without any
templates and catalysts for the aid of the preparation of
B-SiC whiskers.

Experimental section
Preparation

All the reagents applied in this research are of analytical
grade. The precursors, RF/SiO, hybrid aerogels, were
prepared from RF sol and SiO, sol by the co-polymeriza-
tion and the subsequent supercritical drying process. In a
typical synthesis, firstly, 26.9 mL of TEOS, 28.0 mL of
ethanol, 2.2 mL of water, and 0.96 mL of HCI1 (0.1 M) (to
accelerate the hydrolysis of TEOS) were mixed together
under magnetic stirring at 40 °C for 2 h to get the SiO, sol.
Then 0.69 mL of ammonia (NH3-H,O, 1 M) and 6.48 mL
of water were added into the SiO, sol and maintained
continuously by magnetic stirring for 10 min. The RF sol
was synthesized as follows: 6.606 g of resorcinol (R) and
0.0636 g of sodium carbonate (NaCOs3) were dissolved in
10.8 g of water, followed by addition of 8.8 mL of 37%
formaldehyde (F) under magnetic stirring at room tem-
perature until the solution became light yellow. Further, by
blending the prepared RF sol and SiO, sol under magnetic
stirring at room temperature, a kind of hybrid sol was
formed. The mixed sol was cured at 358 K for 72 h to form
the wet hybrid gels. Then the obtained gels were dipped in
acetone to exchange the containing water and dried by
supercritical drying using petroleum ether as the extraction
solvent (T, = 250 °C, P, = 7 MPa) for 2 h. Consequently,
the dark red, transparent, and monolithic RF/SiO, hybrid
aerogels were successfully obtained. The molar ratio of
R:F:TEOS in this RF/SiO, was equal to 1:2:2, and thus the
atomic ratio of C/Si in this precursor was 3, which actually
accords with the desired stoichiometric ratio of C/Si when
they are reacted into SiC as the following formula (I). In
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order to compare the effect of carbon content in the hybrid
aerogels on the formation of SiC nanostructure, other
RF/SiO, aerogels with the C/Si atomic ratios of 1 and 2
were also prepared, respectively.

SiO,(s) + 3C(s) — SiC(s) +2CO(g) (1)

Heat treatment and purification

The as-prepared hybrid aerogels were heated to 1200-
1500 °C at the heating rate of 5 °C min~' in a flow of
argon gas and kept for 1-2 h at the final temperatures.
Then the system was cooled down to room temperature at a
rate of 5 °C min~'. In order to remove the unreacted car-
bon and SiO,, the as-prepared products were heated in air
at 600 °C for 5 h and then were treated with a dilute
mixture of nitric acid (65% HNOs3) and hydrofluoric acid
(40% HF) (HNOs/HF = 1:3, v/v) (Caution! This mixture is
corrosive and hazardous!) for 72 h to get the purified SiC
products. The yield of SiC was defined as the ratio of the
amount of SiC formed to the theoretical amount deduced
from complete conversion of carbon according to reaction
(D. In addition, the RF/SiO, (C/Si = 3) was carbonized at
900 °C for 1 h to form C/SiO, composite in order to ana-
lyze the effect of the structure of the precursor on synthesis
process.

Characterization

The X-ray diffraction (XRD) measurement was performed
at a Rigaku D/max-2500B24-/PCX system using Cuk,
radiation (4 = 1.5406 A) over the range of 10-90° (20) at
room temperature. Fourier transform infrared absorption
(FTIR) was recorded on samples embedded in KBr pellets
with a NICOLET NEXUS 870 FTIR spectrophotometer.
The high-resolution scanning electron microscope (SEM)
images of the products were obtained with a field-emission
scanning electron microscope (FE-SEM, Hitachi S-4700)
using an accelerating voltage of 20 kV. The transmission
electron microscope (TEM) images were taken with a
Hitachi-800 microscope. The high-resolution transmission
microscope (HRTEM) images and EDS patterns were
obtained with a JEOL JEM-3010 microscope equipped with
EDS facilities. The samples for TEM and HRTEM obser-
vation were prepared by dispersing the products in ethanol
with an ultrasonic bath for 10 min and a few drops of
resulting suspension were placed on the copper grids. The
nitrogen adsorption—desorption isotherms of the C/SiO,
were determined at 77 K on a NOVA 4200e apparatus.
Prior to the measurements, the sample was outgassed at
150° for 2 h. The BET specific surface area was calculated
using the BET equation [25] for relative pressures in the
range of P/Py = 0.02-0.2. The pore size distribution of
the sample was determined from the desorption branch of
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the hysteresis loop of the isotherm using the BJH formula
with a cylindrical pore model [26].

Results and discussion
X-ray diffraction and FTIR spectrum

The effect of the concentration of the resorcinol (R) in the
precursors on the yield of SiC was investigated. The yields
of SiC synthesized from the precursors with C/Si atom
ratio =1, 2, and 3, namely, the molar ratio of
R:TEOS = 1:6, 1:3, and 1:2, were 22, 69, and 80%,
respectively. In other words, among the three precursors,
the increase of the concentration of R can facilitate the
carbothermal reduction process.

Figure 1 shows the XRD patterns of the 1500 °C heat-
treated products from precursors with different C/Si atomic
ratios. We can see clearly that the crystalline f-SiC was
formed from the peaks at 20 = 35.6, 41.4, 60.0, 71.7, and
75.4°, regardless of the C/Si atomic ratios in our research
range. Meanwhile there are some impurities in the original
products, especially as the C/Si atomic ratio is 1. From
Fig. la it can be seen that crystalline SiO, peaks and some
other weak peaks indexed to Al,O5; (from the aluminum
boat) appeared, suggesting that the silicon source was
excessive when C/Si atomic ratio was 1. As the C/Si
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Fig. 1 X-ray powder diffraction patterns of the products treated at
1500 °C for 2 h from RF/SiO, hybrid aerogels with different C/Si
atomic ratios: (a) C/Si=1, (b) C/Si =2, (¢) C/Si =3, and (d)
C/Si = 3, (a, b, and c are the original (before purification) products,
and d is the purified product)

atomic ratio increased from 1 to 3, the peaks of SiO, dis-
appeared gradually and instead the peaks of [-SiC got
much sharper. After air calcination and mixed-acid treat-
ment, those peaks of impurities such as carbon, SiO, and
Al,O3 almost disappeared (shown in Fig. 1d), and a single
perfect -SiC phase with high purity were found in the
pattern with the reflection lines of (111), (200), (220),
(311), and (222) planes of the crystalline blende structure
p-SiC (space group F-43m(216)). A low-intensity peak at
about 20 = 33.6° can be indexed to the stacking faults,
which is marked with SF [27]. The refinement gave the cell
constant of the product, a = 4.3625 A calculated by the
Bragg equation from the (200) diffraction plane of f-SiC
(20 ~ 41.4°). Another important constant, the interplanar
spacing of (111) dy; was also calculated from the XRD
pattern to be 2.5224 A. Both constants mentioned above
are very close to the reported values of -SiC (a = 4.3589
A, di11 = 2.5200 A) in the literature [28].

To analyze the purity of the SiC samples, further char-
acterization of a representative SiC material prepared at
1500 °C for 2 h was made with FTIR. As seen in Fig. 2, an
intense band at a frequency centered at 810 cm ™' indicates
the transversal optic (TO) mode (Si—C stretching vibration)
of -SiC crystalline phase [29], and no trace of SiO, was
detected in the spectrum. Combined with the XRD results,
we can conclude that the Si—C structure was generated and
the SiO, impurity was almost eliminated through
purification.

SEM and TEM

The SEM images of a typical SiC product prepared at
1500 °C for 2 h before and after purification are shown in
Fig. 3. It can be seen clearly that the sample consists
mainly of whiskers with a diameter of 50-150 nm and a
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Fig. 2 FTIR spectrum of the purified SiC sample prepared at 1500°C
for 2 h
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Fig. 3 SEM images of the
product prepared at 1500 °C for
2 h before (a) and after (b)
purification

length of several micrometers. The pristine SiC nano-
whiskers hold a relatively smooth surface (Fig. 3a). After
acid treatment, many ~ 10-nm thick platelets strung
through the whiskers appeared (Fig. 3b) which can be
ascribed to the etching effect of mixed acids. It was
reported that the etching process by the mixture of HNO3/
HF was very selective to some parts of the whiskers [30].
When the whiskers were treated in the dilute mixture of
HNO; and HF at room temperature, a slight amount of SiC
on the surface was etched, making the stacking faults
distinguishable.

Figure 4 shows the TEM images of the SiC product
prepared at 1500 °C for 2 h. The observation (Fig. 4a)
exhibits the morphology of nanowhiskers as well as some

Fig. 4 a TEM image of the
product prepared at 1500 °C for
2 h, (insets in a: corresponding
SAED pattern), b HRTEM
image of a -SiC nanowhisker
with stacking faults, ¢ HRTEM
image of the interplanar spacing
of a single $-SiC nanowhisker,
and d EDS spectrum taken from
this product
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nanoparticles in the sample. The SAED pattern (the inset of
Fig. 4a) suggests a single-crystalline f-SiC. The nano-
whiskers have a diameter of ~100 nm and a length
ranging from 500 nm to several microns. Figure 4b shows
the HRTEM image of a single nanowhisker with a high
density of planar defects, stacking faults perpendicular to
the whisker axes which was reported in the previous lit-
eratures [17, 30]. The SiC nanowhisker shows a rough
periphery, which is consistent with the SEM results. From
Fig. 4c, we can see that the (111) fringes perpendicular to
the axis are on average separated by 0.25 nm (marked with
the parallel lines in Fig. 4c), which indicates that the single
crystalline SiC nanowhiskers grow along the [111] direc-
tion. The EDS analysis (Fig. 4d) implies that the product is

o
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almost composed of Si and C, which signifies the consid-
erable purity of the sample. The weak peak of oxygen
detected could be ascribed to the trace amount of residual
silicon oxide even after mixed acids treatment.

Growth mechanism

In order to investigate the effects of carbothermal tem-
perature on the formation of SiC, other temperatures were
tried to synthesize SiC and the results are shown in Fig. 5.
It can be seen that, when the heat treatment temperature
was 1200 °C, the morphology of product was no obvious
difference with that of the original RF/SiO, from the SEM
observation, and the corresponding XRD pattern reveals
that no SiC was formed at 1200 °C. At 1300 °C some
“nano-beads” with the diameters in the range of
50-200 nm were found on the surface of product, and the
main diffraction peaks of -SiC (marked with dark square

Fig. 5 SEM images and XRD
patterns of the precursor and
products synthesized at various
different temperatures for 1 h
(without purification): a original
RF/SiO, hybrid aerogels and
heat-treated products at,

b 1200°, ¢ 1300°, d 1400°, and
e 1500°, respectively, and

f XRD patterns of samples b—e

imim »50.0k

symbol) begin to appear in the XRD pattern, suggesting the
possibility of SiC nuclei formation at this temperature. As
the temperature reached 1400 °C, many f-SiC nanowhis-
kers with high crystallinity grew out from the RF/SiO,
system. Combined with the results of 1500 °C in Figs. 1, 2,
3, and 4, it can be concluded that the suitable temperature
for the large-area formation of f-SiC whisker is 1400-
1500 °C in our RF/SiO; system.

Pore characteristics of the SiC precursor were also
analyzed to study the effect of pore features on the for-
mation of SiC. Figure 6 shows the nitrogen adsorption/
desorption isotherm (at 77.3 K) and BJH pore size distri-
bution (insets) of C/SiO, (900 °C carbonized-RF/SiO,). It
is found to own type-IV isotherms, reflecting the charac-
teristics of mesoporous structure. From the analysis results,
C/SiO; has a pore size distribution centered at 3.8 nm and a
BET surface area of 250 m* g~'. According to the previ-
ous study [31], the precursor, RF/SiO, hybrid aerogels, are
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Fig. 6 Nitrogen adsorption/desorption isotherms (at 77.3 K) and BJH
pore size distributions (insets) of C/SiO,

constructed by a three-dimensional intercross framework of
RF and SiO,. These pore characteristics and homogeneous
distribution of silica and carbon are undoubtedly to be
favorable for the high contact of reactants and the mass
transfer in the formation of pure SiC nanomaterials.

It is well-known that the synthesis of f-SiC via the
carbothermal reduction of silica is a vapor—solid (V-S)
growth process [20, 32], in which the suggested reactions
listed below will take place. Firstly, SiO, component was
reduced by carbon (carbon network from RF) to generate
the gaseous components, SiO and CO (Reaction 1). CO,
the product of the first step, can also react with SiO, to
form gaseous SiO and CO, (Reaction 2). Then CO, reacted
with the surrounding carbon network to produce CO
according to Reaction 3. Finally the ultimate product,

B-SiC, was obtained from the gaseous SiO, CO, and the
carbon network through the Reactions 4 and 5. All these
reactions can make a circle to continue the synthesis pro-
cess from the starting steps.

SiO,(s) + C(s) — SiO(g) + CO(g) (1)
Si0,(s) + CO(g) — SiO(g) + COx(g) ()
COs(g) + C(s) — 2CO(g) (3)
SiO(g) + 2C(s) — SiC(s) + CO(g) 4)
SiO(g) + 3CO(g) — SiC(s) + 2CO,(g) ®)
The overall reaction is as follows:

Si0,(s) + 3C(s) — SiC(s) + 2CO(g) (6)

A schematic illustration of SiC synthesis from the RF/
SiO, hybrid aerogels is shown in Fig. 7. Firstly, SiC
nucleated as “the growing seeds” on the surface of the
precursor (Fig. 7a, b). As the SiC nuclei were formed, SiC
nanowhiskers grew through gas—gas reaction between
SiO and CO according to Reaction 5 (Fig. 7c, d). The
interpenetrating pores could accelerate these reactions
because those pores facilitate the diffusion of the formed
gas products, such as SiO, CO, and CO,. This suggests that,
as the gaseous diffusion path, the interpenetrating pores
play an important role in SiC synthesis process. As the
reactions proceeded, the three-dimensional intercross
framework of RF and SiO, would collapse; free space is
then formed, allowing the gas—gas phase reaction
(Reaction 5) to generate SiC nanowhiskers (Fig. 7e). As
a result, the newly formed SiC did not inherit the pore
structures of the precursors. Besides the SiC nanowhiskers,
there are also particle-like SiC shown in Fig. 7e formed
through the gas—solid reaction (Reaction 4).

Fig. 7 Schematic illustration of
SiC formation

The network of RF/SiO,
Hybrid Acrogels

(b)| SiC “growing seeds”

.\\

SiC {whiskers SiC particles

The Growth of Whiskcrs‘ The Growth of Whiskers
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Conclusion

f-SiC nanostructures with high purity and crystallinity
were successfully synthesized by a carbothermal reduction
using the novel RF/SiO, hybrid aerogels as the precursors.
The prepared SiC nanowhiskers have diameters of 50—
150 nm and lengths of several micrometers. The C/Si
atomic ratio in the RF/SiO, hybrid aerogels and heat
treatment temperature have great effects on the formation
of SiC nanostructures. The interpenetrating networks in the
RF/SiO, hybrid aerogels perform as the diffusion paths for
the gaseous products and promote the efficiency of car-
bothermal reduction.
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