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a b s t r a c t

A large number of SiC nanowires were fabricated by a simple catalyst-free method using silicon
powders and expandable graphite as raw materials. Digital camera, X-ray diffractometer, Fourier trans-
form infrared spectrometer, field-emission scanning electron microscopy and transmission electron
microscopy demonstrate that a large number of loose products were obtained in graphite crucible. The
products are composed of single crystalline 3C-SiC nanowires with lengths up to several tens of microm-
eywords:
emiconductors
rystal growth
canning and transmission electron
icroscopy

eters and diameters of 20–60 nm. The vapor–solid mechanism was proposed to interpret the growth
procedure of SiC nanowires. The expandable graphite as carbon source can provide enough growth space
for nanowires, which is helpful to improve the yield of SiC nanowires. The simple method provides a
promising candidate for industrial fabrication of SiC nanowires.

© 2011 Elsevier B.V. All rights reserved.

-ray diffraction

. Introduction

SiC is a new generation semiconductor with a wide band
ap that can be used in high-temperature, high-frequency, and
igh-power environment. One-dimensional (1D) SiC nanomate-
ials have attracted much attention because of their versatile
lectrical, optical and mechanical properties compared to their bulk
ounterparts [1–3]. These unique properties make 1D SiC nanoma-
erials suitable for various applications in electronic nanodevices
4,5], optoelectronic nanodevices [5,6], field-emission devices [7,8],
anocomposites [1,9], photocatalysts [10], hydrogen storage [11],
nd hydrophobic devices [12].

Motivated by these applications of 1D SiC nanomaterials, a
ariety of techniques have been reported for the synthesis of SiC
anowires, including chemical vapor deposition [13,14], thermal
vaporation [15,16], carbothermal reduction [17,18], laser abla-
ion [19], arc-discharge [20], carbon nanotubes confined reaction
21,22], and catalyst-assisted [23,24]. In most of these methods,
xpensive raw materials, catalysts, and sophisticated techniques
ere used. These drawbacks may limit the massive fabrication
nd application of SiC nanowires. It is still a challenge for scien-
ists and industrials to synthesize large-scale SiC nanowires by
sing a simple and rapid method. Researchers often focused on
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925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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seeking some special techniques to realize the massive synthesis
of SiC nanowires. For example, Wang et al. [25] synthesized SiC
nanowires by heating a mixture of SiO powder and arc-discharge
plasma pretreated carbon black with porous and loose structures in
a high frequency induction furnace. The total heating-up and reac-
tion time was less than 1 h, and more than 200 g products can be
obtained per day. The formation of the loose and porous structures
may be the key factor for the high yield of SiC nanowires.

In this work, we fabricated SiC nanowires in large scale by using
a special carbon source with porous and loose structures. Expand-
able graphite (EG) is a graphite intercalation compound in which
some oxidants, such as sulfuric acid, potassium permanganate, are
inserted between the carbon layers of the graphite. EG expands
hundred times larger than its original volume when heated [26].
Therefore, EG can form porous structure and has excellent absorp-
tive capacity for reactant gas after expansion. In our experiment,
the mixture of EG and silicon powders was used as raw mate-
rials to prepare SiC nanowires by a simple heating method. The
work demonstrated that large-scale loose products were obtained
in graphite crucible. The growth mechanism of SiC nanowires was
discussed and the simple method provides a promising candidate
for industrial fabrication of SiC nanowires.

2. Experimental
2.1. Synthesis of SiC nanowires

Silicon powders (6000 mesh, Juyuan Silicon Co., Fuzhou, China) and EG (Tianhe
Graphite Co., Qingdao, China) were mixed together by a muller for 2 h keeping the
mixing of silicon and EG. The mixture (6 g) was then placed in a graphite crucible

dx.doi.org/10.1016/j.jallcom.2011.03.131
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chen@zstu.edu.cn
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ig. 1. X-ray diffraction spectra of as-synthesized products grown from mixtures
ith different mixing ratios of silicon:EG of (a) 1:2, (b) 1:1, (c) 2:1.

Ø60 mm × 60 mm) with a graphite top covered. The crucible was put in the center
f a vertical furnace. Before heating, the furnace was initially evacuated to 104 Pa by
rotary pump, and then argon gas (99.99%) was introduced into the furnace with a
ressure of 2 × 104 Pa. The process was conducted twice and the pressure remained
nder 1 atm during the experiment. The furnace was first heated up at 8 ◦C/min to
00 ◦C, and was then further heated up at 3 ◦C/min to 1500 ◦C and maintained for
h. Ar gas was keep static during heating. The fast cooling was then followed by

urning power off and leaving cooling water on. After cooling to room temperature,
ray colored loose products were found in the graphite crucible. The EG expands
hen heated, and volume of the products was ten times larger than that of the total

aw materials.

.2. Characterization of as-synthesized products

The products collected from the graphite crucible were directly investigated
y X-ray diffraction (XRD, Rigaku, D/max-�A and Cu-K� radiation). IR absorbance
pectrum was characterized by Fourier transform infrared spectroscopy (FT-IR,
icolet 5700) using KBr pallet method. The morphology and detailed microstructure

nformation were characterized by digital camera, field-emission scanning elec-
ron microscopy (FE-SEM, FEI-SIRION100) and transmission electron microscopy
TEM, JEM-2100). The specimens for the TEM analyses were dispersed in ethanol by
ltrasonication (KQ-100 DB) for 5 min and a drop of the suspension containing the
roducts was dropped on copper grids with an amorphous carbon supporting film.

. Results and discussion

.1. Structure and morphology characterizations

The XRD patterns of the obtained products are shown in Fig. 1.
atterns (a), (b), and (c) represent the products synthesized by
he mixtures with different mixing molar ratios of silicon:carbon
EG) of 1:2, 1:1 and 2:1, respectively. Fig. 1(a) and (b) reveals that,
esides crystalline 3C-SiC, the diffraction peaks of residual graphite
re also observed. Moreover, the peak intensity of residual graphite
ecreases with the silicon fraction. Five sharp peaks at 35.7◦, 41.5◦,
0.1◦, 71. 9◦ and 75.6◦ can be indexed as (1 1 1), (2 0 0), (2 2 0), (3 1 1)
nd (2 2 2) planes of 3C-SiC, respectively (JCPDS Card No. 29-1129).
he low shoulder peak at 2� = 33.7◦ (marked with “SF”) is typi-
ally observed in XRD spectra of 3C-SiC, which is usually ascribed
o stacking faults within the crystals [27]. The peaks at 26.6◦ and
4.8◦ can be indexed as the (0 0 2) and (0 0 4) diffraction of residual
raphite (JCPDS Card No. 41-1487). As shown in Fig. 1(c), with no
oticeable diffraction peaks of other impurities in the pattern, we
elieve that the as-produced material is only single-crystalline 3C-
iC. A broad peak at 2� = 24◦ can be attributed to amorphous SiO2.
ccording to the three XRD patterns, the peak intensity of 3C-SiC
ncrease with the silicon fraction. Fig. 2 is the FT-IR transmittance
pectrum of the sample synthesized by mixing ratio of silicon:EG
f 2:1. The strong peak centered at 820 cm−1 corresponds to the
ransverse optical (TO) photon vibration mode of the Si–C bonds
Fig. 2. FT-IR transmittance spectrum of the obtained products.

[28–30]. The low intensity broad band at 1250 cm−1 is assigned to
the presence of a small fraction of silica.

Fig. 3(a) shows the digital camera photograph of the products
directly grown in graphite crucible from mixing ratio of silicon:EG
of 2:1; it reveals explicitly that a mass of gray products have
been achieved in graphite crucible. The volume of products is
over ten times larger than that of the previous mixed raw mate-
rials. To evaluate the yield of the products, an electronic balance
is used to weigh the sample, which shows the yield of the prod-
ucts is about 3.5 g. Though few SiC particles are found in the
sample (shown in Fig. 3(b)), we thought the high yield of SiC
nanowires was obtained (the weight of the mixed raw materials
is 6 g). The FE-SEM images of the products are shown in Fig. 3(b)
and (c). Fig. 3(b) reveals a representative low-magnification FE-
SEM image of the SiC products, which suggests that the products
consist of a large number of nanowires and few particles. The
nanowires are dense and twisted with lengths up to several tens of
micrometers. High-magnification FE-SEM image displays that the
nanowires have different morphologies, such as straight and curved
nanowires, and the diameters of these nanowires are ranging from
20 to 60 nm.

Fig. 4 shows the TEM images and selected-area electron diffrac-
tion (SAED) pattern of the SiC nanostructures. As is obviously shown
in Fig. 4(a) and (b), nanowires with various morphologies and few
particles have been obtained. The diameters and lengths of the
nanowires are not uniform. Fig. 4(c) reveals a single nanowire
and the corresponding SAED pattern (inset). The diameter of the
nanowire is about 40 nm, and it is wrapped by a thin amorphous
SiO2 shell with a thickness of 1–2 nm. Moreover, a high density of
striations can be observed in the nanowire. The striations indicate
lots of planar defects, stacking faults perpendicular to the nanowire
axis. The inset of Fig. 4(c) is the SAED pattern of the nanowire. The
diffraction spots can be indexed based on 3C-SiC crystal, and the
zone axis is determined to be [1̄ 2 2].

3.2. Growth mechanism

The vapor–solid (VS) mechanism reported by our previous
research [31,32] was proposed to explain the growth of SiC
nanowires. The proposed growth process was also illustrated
in Fig. 5. When temperature is up to 200 ◦C, the EG begins to
expand and generates a porous and loose structure. In our exper-

iment, the argon used in this study is 99.99% pure with oxygen
of 10 ppm, i.e. the partial pressure of oxygen is about 1 Pa when
the pressure of argon in the vertical furnace is 105 Pa. More-
over, the vapor is hard to be expelled from the graphite crucible
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Fig. 3. (a) Digital camera photograph of the products synthesized in graphite
crucible; (b) Low-magnification FE-SEM image of the SiC nanowires; (c) High-
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Fig. 4. (a) and (b) Low-magnification TEM image of the SiC nanowires; (c)
High-magnification TEM image from the framed domain marked as “C” and the
agnification FE-SEM image.

y rotary pump before argon was introduced to experimen-
al setup, so the partial pressure of the residual oxygen in the
urnace is more than 1 Pa. Oxygen in the furnace can react with
ilicon and carbon to produce SiO and CO for the Gibbs energy of
eactions (1) and (2) are all very negative [32].

Si (s) + O2 (g) → 2SiO (g) (1)

C (s) + O2 (g) → 2CO (g) (2)

iO and CO gas was formed according to the reaction (1) and (2). The
as infiltrated into the porous structure of EG (Process a in Fig. 5).
his provides more chance for the reaction with carbon and SiC

mbryos can be formed by heterogeneous nucleation according to
eaction (3) (Process b in Fig. 5).

iO (g) + 2C (s) → SiC (s) + CO (g) (3)
corresponding SAED pattern (inset).

The growth of SiC nanowires is believed to undergo a SiO gas and
CO gas interaction in reactions (4) and (5). The newly formed SiC
nucleus deposits on the top of SiC nanowires to form the long SiC
nanowires (Process c in Fig. 5). Reaction (4) can only occur under
a supersaturated condition of CO at higher temperature (the tem-

perature holding stage) [33]. But during the cooling stage (lower
temperature), when SiO vapor is prevail, reaction (5) will occur.
With temperature decreasing, the reaction leads to a decrease in
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Fig. 5. Mechanistic process of �-SiC nanowires: (a) Expandable graphite expands
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nthalpy and Gibbs energy [34–36], which is thermodynamically
avorable at low temperature. Therefore, SiO2 is formed on the
urface of the SiC nanowires by the reaction (5).

iO (g) + 3CO (g) → SiC (s) + 2CO2 (g) (4)

SiO (g) + CO (g) → SiC (s) + 2SiO2 (s) (5)

he new produced CO2 will be consumed immediately by carbon
o form CO to promote the reaction (4).

O2 (g) + C (s) → 2CO (g) (6)

he porous structure of the EG can provide enough growth space
or SiC nanowires, which is helpful to improve the yield of SiC
anowires.

. Conclusions

In summary, 3C-SiC nanowires have been synthesized in large
cale by a simple carbothermal reduction method. Straight and
urved nanowires can be found and their diameters are ranging
rom 20 nm to 60 nm. The transmission electron microscopy images
how the nanowires are single-crystalline structure with a high

ensity of stacking faults. Vapor–solid mechanism is employed
o interpret the growth procedure of SiC nanowires. This simple

ethod using EG as carbon source provides a promising candidate
or industrial fabrication of SiC nanowires.
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