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Abstract: SIC@SiO, nanocables (NC), as a new functional nanocomposite, have captured widespread attention due

to their excellent performances and widely application prospects. Therefore, it is significant to develop a kind of

effective, economical and environmental method to prepare SIC@SiO, NC. Herein, a catalyst free carbothermal
reduction method was developed to synthesize SIC@SIO, NC fast and efficently, through heating the mixture of

silicon powder and silica sol at 1500 ‘C in Ar. The NC is composed of single-crystal f-SiC core and amorphous

SiO, sheath, with the length of hundreds of micrometers and the diameter of 60—80 nm. And the size of the

core-shell can be adjusted by the holding time. The formation of the NC is explained based on the experimental data

and the vapor-solid (VS) mechanism. The experiment results can also enrich the mechanism, and offer inspiration

for their industrial-scale production.
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In recent years, nanocables, a newly type of one
dimensional (1D) nanostructures, have already attracted
the attention of many reasearchers, as their applications
could be further enhanced by fabricating the core with
sheath of different materials. The *“ nanocables’ is firstly
referred to the coaxial structures of several layers of
nanotubes and clusters®?. Among the 1D nanomaterials
sheathed with an outer layer, SIC NC with different
coating materials, such as SiC/SiO**, SiC/AIL,04?,
Sic/ct™ ® and SIC/BN became particularly significant,
since they showed outstanding excellent field emission
characteristics™!, photoluminescence performance?®, and
enhanced electrical properties”.

It is well known that SIC@SIO, core-shell NC exhib-
its excellent super hydrophilic properties and mechanical
strength!®?, holding great promise for application as
self-cleaning materials and functional ceramic rein-
forcements, respectively. To date, various strategies have
been developed to obtain SIC/SiO, NC!9. Ryu, et al™
has synthesized the core-shell SIC@SiO, nanowires by
using NiO catalyst. Cai and collaborators*? produced
SIC@SiO, NC through an organic precursor method us-
ing dimethylsiloxane as raw material. By arc-discharge
method, Yao, et all*® fabricated large-scae SiIC@SiO,
nanocables. Li, et al'* aso developed an iron-catalysis
chemical vapor deposition (CVD) method to obtain
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SIC@SIO, coaxia nanowires using CsHg as carbon
source. However, usage of the metal catalyst, such as
NiO™ which is difficult to be removed from the product,
is not matching the rule of convenience; the application
of the expensive raw material and the complex processis
not conforming with the principle of economization; and
usage of the polluting gas, CH,4 or C3Hg, is not according
with the law of environment protection. Therefore, it is
significant to develop an effective, economical and envi-
ronmental method to synthesize SIC@SiO, NC.

In this study, we developed a modified method to
synthesize long SIC@SiO, NC. In the process, the mix-
ture of silicon powder (500 nm) and silica sol, coupled
with carbon felt (CF) were heated at 1500 C in Ar
without any catalyst. The growth mechanism of SIC@SiO,
NC was discussed, and the formed structure and optical
properties were characterized.

1 Experimental

Si powders (500 nm, Jinan Yinfeng Co., China), and
silica sol (prepared according to our former work!*)
were mixed in an agate pot by ball milling for 60 min.
After drying at 80 C in oven for 2 h, the powder mix-
tures were transferred into the corundum crucible, cov-
ered with carbon felt (TZ-307, Taek. Co., Korea). Then
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the whole “sandwich” was put in the center of horizontal
tube furnace. After replacing with high purity Ar, the
furnace was heated to 1500 °C, and kept for 4—6 h. Then
the furnace was cooled down to room temperature. Dur-
ing the whole process, flowing Ar of 10 sccm was intro-
duced from the furnace.

The crystalline phase of the products was determined
by X-ray diffraction analysis (XRD, D8 Advance, Bruker
Co., Germany). The microstructure was observed using
scanning electron microscope (SEM; Melin, Zeiss Co.,
Germany) at the accelerating voltage of 15.0 kV. The
morphology and the diffraction pattern were detected by
high-resolution transmission electron microscopy (TEM;
JEM-2100F, JEOL Co., Japan), equipped with energy
dispersive spectrum (EDS), operated at the accelerating
voltage of 200 kV. Raman spectra were excited using the
633 nm excitation source from He-Ne laser and collected
by a micro-Raman spectrometer at room temperature.

2 Resultsand discussion

It is obvious that large quantity of long straight and
curved nanowires are synthesized, as shown in Fig.1(a).
A typical FESEM image further reveals that the diameter
of the nanowires is uniformly ranged from 60 to 80 nm
(inset in Fig.1(a)) with smooth surface and the tens of
micrometers in length, implying a large aspect ratio
(Fig.1(b)). For the hundreds of wires, no spherical caps
are observed at the tips of the wires, which reveals that
the wires form by the vapour-solid (V S) mechanism.

X-ray diffraction is conducted to investigate the phase
and structure of the as-synthesized products. As shown in
Fig. 2, the product is identified as the -SiC structure.
The strong intensities and narrow widths of the peaks
indicate that the nanowires are crystalline. The major
diffraction peaks at 26=36°, 41°, 60° and 72°, are attrib-
uted to the (111), (200), (220), and (311) respectively,
agreed well with 4-SiC (PDF 29-1129)!*4. The low in-
tensity peak at 20=33° (marked “SF") is typically ob-
served in XRD pattern of S-SiC, ascribed to stacking
faults within the crystald'®. Meanwhile, there is amor-
phous background and swell in 26=23° of the XRD pat-
tern, which is marked as amorphous SiO,™** 7.

To further characterize the structure in detail, TEM
image and selected area electron diffraction (SAED) are
tested. Fig. 3 (a) is the typical TEM image of the
core-shell NC with the diameter of 80 nm, obtained by
being kept in 1500 ‘C for 4 h. It clearly reveals that the
NC possesses a darker inner core of about 17 nm in di-
ameter and a lighter outer shell with the thickness of
nearly 30 nm .There are some slashes in the core, which
may be stacking faults®®, and this is in agreement with

the XRD result (Fig. 2). After being kept in 1500 ‘C for
6 h, the diameter of inner core of the NC grows up to 40 nm
and the thickness of outer shell reduces to nearly 20 nm,
as shown in Fig. 3(b). Therefore, we can infer that
through controlling the holding time in 1500 °C, diame-
ter of the inner core can be regulated. Fig. 3(c) shows the
edge of core SIC and shell SiO,. It is obvious that the
core SiC shows regular arrangement of atoms, indicating
high crystallinity, while the shell SO, presents atoms are
disorder, manifesting the amorphous structure. Fig. 3(d)
reveals the interspace of the lattice fringes is 0.25 nm,
corresponding to the d-spacing of the (111) planein s-SiC,
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Fig. 1 SEM images of core-shell SIC@SiO, NC

(@) Low-magnification image, with inset showing distribution of the
SIC@SIO, NC diameters; (b) High-magnification image, with inset
showing the corresponding image of asingle NC
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Fig. 2 Typica XRD pattern obtained from the core-shell
SIC@SiO, NC
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as indicated in the insert SAED pattern. It is generally
accepted that the SIC nanowires should grow preferen-
tially along the [111] direction to maintain the lowest
growing energy, as the surface energy of (111) plane is
much lower than those of the other planes™ 9.

Furthermore, we investigated the mapping mode of
the EDS to indicate the distribution of the elements to
insure the core and sheath. As shown in Fig. 4(c), the
element of O mainly distributes in the sheath, while the
core is “dark”, manifesting the lack of O element. It is
obvious that the element of C mainly enriches in the core,
shown in Fig. 4(d). In Fig. 4(b), the core is brighter than
the sheath, manifesting the higher content of Si element
in the core, as the molar percentage of Si in SIC 50%,
while 33.3% in SIO,.

Fig. 3 TEM images of the core-shell SIC@SiO, NC kept in
1500 C for 4 (&) and 6 h (b), the corresponding SAED (c),
and HRTEM image (d)

Si0, sheath

Fig. 4 Mapping mode of the EDS of the elements, Si/C/O in
theNC

A typical Raman spectrum of f-SIC@SIO, core-shell NC
is shown in Fig. 5. Two pesks at around 794 and 916 cm™
are observed in the Raman spectrum. The center of 916 cm™
is corresponding to the Raman peak of amorphous
SiO,™, and the peak at 794 cm™ is assigned to the TO
phonon at the G point of cubic SiIC!*). We note that the
TO (G) phonon line shows a low number shift of 2 cm™
compared with the TO phonon modes of bulk SiC (796 cm™
for TO and 980 cm*for LO)?*?2, The reason for this
exception may originate from the confinement effect,
stacking faults and inner stress from the hetero structure
of core-shell SIC NC?*?4. |n addition, we have not
found the LO phonon of -SiC in the Raman spectrum.
Maybe the LO phonon shifts to the low number, and is
coincidentally eclipsed by the amorphous bulge of SiO..

Based on the characterization of the morphologies and
crystal structures, the mechanism for the formation of the
SIC@SIO, core-shell NC is governed by the VS proc-
ess'” ¥ Fig. 6 shows the schematic illustration of the
growth and morphology evolution of the SiC-SiO,
nanocables. Firstly, in the Si/silica sol mixtures, Si re-
actes with SiO,to form SiO vapour at 1300 according to
reaction (1) The as-formed SiO vapour reacts with C
and CO vapour in accordance with reaction (2-4)>2%. |n
reaction (2), SIC nuclei firstly generates at the active
sites of the CF, as no spherical caps at the tips of the
wires shown in Fig. 1. Subsequently, the formed SIC
nuclei acts as seeds to grow SiC nanostructures® . At the
early stage, SIC grows on the surface of the substrate,

916 cm™!
794 cm™! (8i-0)

(Si-C)
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Fig. 5 Raman scattering spectrum of SIC@SiO, core-shell NC
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Fig. 6 Schematic illustration of the growth and morphology
evolution of the SIC-SIO, NC
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which can maintain the low energy consumption of the
growth system!®®!. In this part, the nanostructures present
a highly defective structure as indicated in Fig. 3(b),
which could aso be helpful in reducing energy during
the growth of SiC nanostructures.

Once the nanostructures protruded from the CF, stable
growth conditions can be easily achieved. In this case,
the SIC nanostructures begin to grow along the specific
direction [111], certified by the HRTEM and SAED
imagesin Fig. 3(d). And the growth of the SIC@SiO, NC
is no longer controlled by reaction (2), as the growth
frontier is far away from the solid carbon source?!.
Meanwhile, reactions (3-4) are responsible for further
growth of the SIC nanostructures, as al reactants are gases.
Thus, the diameter grows with the holding time in 1500 C
increasing, as shown in Fig. 3(c). During the cooling proc-
ess, SiO, formed by reaction (4) deposits on the surface
of SiC nanostructures firstly and then gradually condense
into solid, forming SiC-SiO, core-shell structures™.

SiO,(s) + Si(s) = 2Si0(g) D
SiO(g) + 2C(s) = SiC(s) + CO(g) 2
SiO(g) + 3CO(g) = SiIC(s) + 2C0Ox(Q) (©))
3Si0(g) + CO(g) = SIC(s) + 2Si04(s) 4

3 Conclutions

In this study, we developed a modified catalyst-free
carbothermal reduction method to synthesize long
SIC@SiO, NC, which is effective, economical and envi-
ronmental. This may offers inspiration for their industrial-
scale production. As the diameter of inner core can be
regulated by controlling the holding time in 1500 C, it
also enriches the VS mechanism which is employed to
interpret the NC formation. What’s more, the enriched
mechanism could provide great prospect in possible ap-
plications to synthesize other long NC.
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