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Abstract A new and simple hydrothermal process has
been used to synthesize single crystalline silicon carbide
nanorods. The synthesized silicon carbide nanorods
have a length of about 1 um and nearly same diameter
of about 40 nm. We have observed that the nanorods
possess a well-defined single crystalline structure with a
thin layer of amorphous silica on the surface. The X-ray
diffraction analysis demonstrates that the structure of
silicon carbide nanorods is -SiC. Raman shifts of the
silicon carbide nanorods are discussed and the oxide-
assisted growth mechanism is proposed to explain the
formation and growth of silicon carbide nanorods.

Introduction

SiC nanostructure is an important class of heteronano-
structures due to their mechanical, chemical, thermal
and electronic properties [1, 2]. SiC nanowires, nano-
rods and nanotubes are several kinds of important SiC
nanostructures in the present. As the important nano-
scale forms, SiC nanostructures have attracted much
attention in recent years can be prepared by several
different routes, such as template method [3], metal
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vapor-liquid-solid (VLS) catalyst synthesis [4-6],
chemical vapor deposition (CVD) method [7,8] since
SiC nanorods were prepared by Dai etal. [9]. In
particular, SiC nanorods have shown excellently
mechanical and field emission properties significantly
exceeding those of the bulk SiC nanocrystal and would
be favorable for applications in high temperature, high
power, high frequency and field emission nanoelec-
tronic devices [5, 10]. SiC nanorods have been synthe-
sized by different methods, such as a high temperature
reaction of carbon nanotubes with SiH,; or silicon
compounds [9, 11, 12], or a carbonthermal reduction of
silica xerogels containing carbon nanoparticles [13]. In
these techniques, starting materials, used as sources of
silicon and carbon, require a special preparation
procedure. SiC nanorods have also been produced by
hot-filament chemical vapor deposition or heat treat-
ment of the porolysis of a polysilazane polymeric
precursor [14, 15]. Although in the methods simple
precursor materials were used, a significant amount of
metallic particles have been used to catalyze the
reaction. In addition, SiC nanorods have been obtained
by a carbothermal reaction of SiO and Si at temper-
atures of higher than 1200 °C [16, 17]. However, the
preparation temperature is high (higher than 1000 °C
in general) and these methods make this approach
quite complicated and expensive. Therefore, the low
temperature growth of SiC nanorods and development
of less expensive synthesis methods are of great
interests for technological applications.

Hydrothermal method has shown the potential to
synthesize one-dimensional nanoscale materials at low
temperature, such as carbon nanotubes, ZnO nanorods
and «-MoOs5 nanobelts et al. [18-22]. In our past
research, self-assembled silicon nanotubes without
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metal catalysts have been synthesized by hydrothermal
treatment of silicon monoxide [23]. In this letter, we
report a new and simple route to synthesize single
crystalline SiC nanorods by hydrothermal method at a
relatively low temperature. The reaction products have
been characterized by field emission scanning electron
microscopy (FESEM), transmission electron micros-
copy (TEM), selected area electron diffraction (SAED),
high-resolution transmission electron microscopy
(HRTEM), energy dispersive X-ray spectrum (EDS),
X-ray diffraction (XRD) and Raman spectroscopy.

Experiment

All the raw materials used in the experiment were
purchased from Hefei Mingyu Science and Technology
Lt. Co. and were used without further purification.
1 wt.% SiC (purity: 299.1%, average particle size:
<50 nm) and SiO, (purity: >99.5%, particle size:
30 = 5 nm) powders were mixed with 59.4 mL distilled
water. The mass ratio of SiC and SiO, is 4:1. Then the
mixture was put into the reaction kettle with a volume of
1000 mL under the atmosphere pressure. After the
reaction kettle was sealed, it was then heated to 470 °C,
9.5 MPa of pressure in the reaction kettle, 100 r/min of
the rotating speed for the stirrer equipped in the kettle
and the temperature and pressure were maintained for
24 h. Then, the reaction kettle was cooled naturally.
Finally, light grey aqueous solution with some suspen-
sion was collected after the experiment. The sample was
firstly observed using a JEOL JSM-6700F FESEM. TEM
and HRTEM samples were prepared by putting several
drops of solution with suspension onto a standard copper
grid with a carbon film and the observations were
performed using a JEOL JEM-2010 transmission elec-
tron microscope with 1.9 A point-to-point resolution
operating with a 200-kV accelerating voltage with a
GATAN digital photography system. Chemical analysis
was performed with an energy dispersive X-ray spec-
trometer attached to the TEM. XRD patterns were
carried out on a Siemens D5000 X-ray diffractometer
equipped with a graphite monochromatized CuKuo radi-
ation (4= 1541 A). The samples were scanned at a
scanning rate of 0.02°/s in the 26 range of 20-80°. Raman
measurement was conducted using a Laboram-010
Raman laser spectrometer with a resolution of 2 cm™.

Results and discussion

SEM examinations reveal a large amount of SiC
nanorods formed with straight structure and several

dozens of nanometers in diameter as shown in
Fig. 1(a). The straight nanorods were randomly ori-
ented with a length about 1 um. Different from the
nanorods prepared by metal-catalyst vapor-liquid—
solid (VLS) growth process [9, 15], no metal catalysts
are found at the tips of the SiC nanorods. An amount
of nanoscale particles with several hundreds of na-
nometers are also observed which possibly becoming
the unreacted SiO, and formed graphite carbon par-
ticles according to the following XRD and Raman
analyses. The TEM image (Fig. 1(b)) shows that the
SiC nanorods are made of straight and smoothly parts
and the diameter is about 40 nm. Some of the SiC
nanorods exist in the form of bunches pointed by white
arrow in Fig. 1(b) and the corresponding higher
magnification TEM image is shown in Fig. 1(c). The
higher magnification TEM image is essentially the
same thing as Fig. 1(b). Some nanorod bunches aggre-
gate together and this might be due to the aggregation
of the nanosized SiC with high surface energy under
hydrothermal conditions [24]. A SAED pattern
(Fig. 1(d)) corresponding to Fig. 1(b) was recorded
along the [110] zone axis revealing the single crystalline
structure. The extra steaks (indicated with white
arrow) are characteristics of twinning or stacking faults
[9, 25]. Therefore, the SAED result shows that the
nanorods consist of a single crystalline f-SiC structure
with some stacking faults or twinning which is further
testified by the following HRTEM and XRD results.
The EDS spectrum (Fig. 2) only from the nanorods
shows that the rods contain only C, Si and O further
confirming that the nanorods are SiC nanorods with a
significant amount of silicon oxide outer layer. A
copper grid was used in the TEM study. Hence Cu
peaks are observed from the spectrum. SiC nanorods
terminate with the closed cap, as confirmed from the
SEM, TEM and the following HRTEM observation.
Figure 3 is the HRTEM images of nanorod body
and growth tip distinctly showing that the nanorods is a
kind of single crystalline structure. The interplanar
spacing of nanorods is determined to be 0.25 nm
according to the HRTEM measurement and the
following calculation by the software of Digital Micro-
graph (Gatan Inc., Pleasanton, CA) applied in the
HRTEM, matching well with the {111} plane of f-SiC.
The morphology and crystalline growth direction of
the SiC nanorods are a little different from those
synthesized by other methods [5, 22, 23, 26]. The
HRTEM images show {111} lattice image of the SiC
single crystalline structure along the nanorod axis.
Therefore, the HRTEM images show that the core of
the nanorods consists of crystalline f-SiC, whereas
their surface is covered by a thin amorphous layer with
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Fig. 1 SEM, TEM images and the corresponding SAED pattern
of SiC nanorods. (a) SEM image of the SiC nanorods; (b)
General TEM image of SiC nanorods. The nanoparticles are
pointed by black arrow; (¢) The TEM image of SiC nanorod
bundles corresponding to the image pointed by white arrow in
Fig. 1(b); (d) The corresponding SAED pattern indexed to SiC
with extra streaks (indicated with an arrow) attributed to
stacking faults or twinning showing the single crystalline
structure

the thickness of less than 1 nm. Based on the EDS
analysis (Fig. 2) indicating that our samples contain
only silicon, carbon and a small quantity of oxygen
besides the Cu peaks of Cu grids, we suggest that the
surface layer of the nanorods is composed of SiO; [5].
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Fig. 2 EDS analysis of SiC nanorods

The growth tip of SiC nanorods can be clearly
observed from the Fig. 3(b) further showing the
nanorods have closed caps with very thin amorphous
silica outer layers. The core-shell structure of the SiC
nanorods is similar to that of the SiC nanorods grown
by the hot filament CVD and carbonthermal reduction
methods [13, 14].

The presence of the amorphous SiO, is also
suggested by XRD analysis, showing a large peak
centered at about 22° (pointed by black arrow in
Fig. 4). In addition, the unreacted SiO, also contrib-
utes to the diffraction peak. Based on this result and
taking account the used starting materials, we can
suggest that the peak at about 22° corresponding to
amorphous phase in the XRD spectrum, can be
attributed to the amorphous SiO,. The XRD spectrum
shown in Fig. 4 is characterized by intense peaks
originating from f-SiC (JCPDS, No. 29-1129) and an
amount of graphite carbon [27]. Therefore, we can
conclude that the SiC nanorods have a -SiC crystalline
phase. Raman peaks in the region of 700-1000 cm™
characterize the SiC species [26]. Bulk f-SiC crystalline
with a zincblende structure has two Raman peaks in
this region: transverse optical (TO) mode at 796 cm™
and longitudinal optical (LO) mode at 972 cm™. The
peaks at about 784.7 cm™ and 915.1 cm™ in the
spectrum shown in Fig. 5 can be attributed to TO
and LO modes, respectively. In this case the large red-
shift of about 11.3 cm™" for the TO mode and 56.9 cm™
for the LO mode can be observed. The observed
Raman shifts can be explained by taking into account
the role of residual stress and quantum size confine-
ment [17, 28, 29]. Raman peaks corresponding to the
free carbon are observed in the region of 1300~
1600 cm™'. The graphite carbon signal is observed at
the 1329.8 cm™ and 1568.8 cm™ corresponding to Ey,
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Fig. 3 Typical HRTEM images of SiC nanorods. (a) HRTEM
image of the nanorod body; (b) HRTEM image showing the
structure at the tip of the SiC nanorod

Ay, graphite modes [30] showing that the graphite
carbon coexist in the SiC nanorod samples. The
reaction kettle is composed of stainless steel
(1Cr18Ni9Ti) and the carbon in the product may not
have come from the kettle.

The core-shell structure of SiC nanorods is similar to
that of Si nanowires with Si crystalline and silica shell
synthesized by the oxide-assisted growth mechanism
[31]. And we propose that the growth mechanism of
SiC nanorods with core-shell structure can be ex-
plained by the oxide-assisted growth mechanism.
There were no SiC nanorod structures detected by
the TEM observation when the experiments were
conducted in aqueous solutions with only SiC powders
under the similar experimental conditions. Therefore,
we propose that SiO, plays a very important effect on
the nucleation and formation process of SiC nanorods.
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Fig. 4 XRD spectrum of the reaction product showing the -SiC
structure. An arrow indicates the amorphous phase correspond-
ing to the thin silica outer layers of the SiC nanorods and
unreacted silica

Water is almost absolutely vapored under supercriti-
cally hydrothermal conditions with high pressure. The
melting point of SiC and SiO, becomes lower than the
corresponding bulk materials and their reaction activ-
ity is higher because they are nanoscale particles in the
course of high pressure. And supercritically hydrother-
mal conditions also accelerates the occurrence of some
reactions. Hence the decomposition of SiC into Si and
C and the reaction of SiC and SiO, may occur easily
under supercritically hydrothermal conditions with
high pressure [32-34]:
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Fig. 5 Raman spectrum of the reaction product
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28i0,(s) + SiC(s) — 38i0(g) + CO(g) 2)

Therefore, the graphite carbon may form from the
reaction Eq. 1. At the same time, the existence of some
gas as a product in the reaction kettle when the
temperature of the kettle is descended to the room
temperature showing that CO gas possibly generates
under supercritically hydrothermal conditions accord-
ing to the reaction Eq. 2.

In our experiment, the low temperature rising occurs
between 255 and 275 °C, keeping about 1h and
demonstrating that abundant heat can be absorbed.
The phenomenon of the slow temperature rising
between 255 and 275 °C is possibly due to the
vaporization of water. A large amount of heat was
absorbed during the vaporization process. After the
most water is vaporized, the temperature rises again
quickly. SiC nanoparticles can act as nuclei for the
growth of SiC nanorods. But the ascending rate of
temperature gradient of water with SiC and SiO, is
lower than that of only water between 255 and 275 °C
according to our experiment results when the volume
of water and heating rate are same. So the nucleation
process of SiC and SiO, possibly also occurs. Nucle-
ation droplets larger than d. will become stable nuclei,
whereas droplets smaller than d. will disappear grad-
ually. The critical nucleus size can be expressed as [35]:

r+ = (~2;)/AF, ()

where y is the specific interfacial free energy of the
condensate-vapor interface and AF, is the bulk free
energy change per unit volume. We assume that the
nanoscale particles and high pressure environment
would increase interfacial free energy y. Therefore, r*
becomes larger, which means that the droplets with
larger diameters (>r*) can grow to form SiC nanorods
with thin silicon oxide outer layers. The oxide-assisted
growth model of SiC nanorods is shown in Fig. 6. SiC
core is coated by a small amount of silicon oxide outer
layer resulting in the nucleation of SiC nanoclusters
(Fig. 6(a)). And the SiC nuclei and nucleation nanocl-
usters will continue to grow following the deposition of
the viscous silicon oxide at the growth tip of the
nanorods under continual heating at high temperature
and high pressure. In addition, the silicon oxide
including SiO liquid layer assists the nanorod growth.
The relatively thin silicon oxide on the nanorod tips
plays the effect as a catalyst. Crystalline SiC stays
inside the amorphous silicon oxide of nanorods under
supercritically hydrothermal conditions. At the same
time, silicon oxide continuously deposits in the surface

@ Springer
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Fig. 6 The proposed oxide-assisted growth model of the SiC
nanorods. (a) SiC nucleus with a small amount of silicon oxide
outer layer; (b) SiC nanorods form by the oxide-assisted growth
process

of SiC nanorods and results in the increase of thickness
of silica sheath. The growth stage is assumed to involve
that the relatively thin silicon oxide layer at the tip of
nanorods forms a semi-liquid, which acts as a sink to
absorb more silicon oxide. The stable silica restricts the
non-one-dimensional growth of nanorods. However,
the effect of silicon oxide at the tip of SiC nanorods is
limited owing to only a small amount of silica absorbed
from the environment resulting in the formation of the
SiC nanorods with smooth surface (Fig. 6(b)).

Conclusions

In conclusion, a novel and simple hydrothermal
method has been developed to synthesize single
crystalline SiC nanorods with lengths in micrometers
and diameters of about 35 nm. SEM, TEM, SAED,
HRTEM and XRD analyses confirm that the nanorod
is composed of a single crystalline $-SiC core with a
very thin silica sheath with the thickness of less than
1 nm. The observed Raman shifts can be explained by
taking into account the role of residual stress and
quantum size confinement. The silica contributes to the
growth of SiC nanorods and the oxide-assisted growth
mechanism is proposed to explain the formation and
growth of SiC nanorods. Compared with the other
processes to synthesize SiC nanorods, the preparation
temperature is relatively low and the hydrothermal
method is simple and of low cost.
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