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Silicon carbide (SiC) nanowires coexisting with amorphous
graphite particles were initially produced by using silicon
powder, tetrachlorethylene, metallic Na, and sulfur powder
as reactants in an autoclave at 130 °C. Pure B-SiC could be
finally obtained after heating the sample in concentrated
H,SO, by refluxing at 180 °C, which was proved by the X-
ray powder diffraction patterns. Transmission electron micro-
scopy (TEM) images and scanning electron microscope
(SEM) images show that the product is mainly composed of
SiC nanowires (over 75 %) with an average diameter of about
of 30 nm and lengths up to tens of micrometers. High-resolu-

tion TEM shows that the nanowires have preferential growth
along the [111] direction. It was found that when sulfur was
absent, crystalline B-SiC powders could not be obtained un-
less the target temperature was raised higher than 270 °C.
In the mean time, the ratio of the nanowires also dropped
dramatically (=20 %). The effects of sulfur, reaction time, and
temperature on the morphologies of the final products, to-
gether with the properties of the final products, were also
discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Silicon carbide ceramic materials have excellent mechani-
cal properties, high physical and chemical stability, and high
thermal conductivity.'! In addition, silicon carbide is an im-
portant wide bandgap (2.39 eV for 3C-SiC at room tem-
perature)l?) material, which has been widely applied as a
high-temperature semiconductor.’] Recently, various tech-
niques such as carbon nanotube confined growth, chemi-
cal vapor deposition,’] sol-gel techniques,® and arc dis-
chargel”! have been used for the synthesis of silicon carbide
nanocrystals, especially one-dimensional (1D) SiC nano-
materials, These methods have been successfully used to
synthesize pure SiC nanorods or nanowires by using tem-
peratures above 1000 °C.

New convenient routes have also been utilized to prepare
SiC nanomaterials. For example, B-SiC whiskers were pro-
duced by thermal decomposition of sulfur-containing sili-
cone oils.®! In another report, an amorphous precursor was
first synthesized by coreduction of SiCl, and CCly in a non-
polar solvent at 130 °C, and crystalline SiC was then ob-
tained by posttreatment at 14501750 °C.°! Similar reac-
tions were reported for the synthesis of $-SiC nanorods in
autoclaves at 400 °C.[1%]
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In this study, a sulfur-assisted reduction route was devel-
oped for the synthesis of B-SiC nanowires (with an average
diameter of =30 nm and lengths up to tens of micrometers)
at low temperature in an autoclave. The as-obtained prod-
uct contains a very small amount of amorphous graphite,
which can be removed by prolonged heating of a solution
of the sample in concentrated H,SO, at reflux (other conve-
nient routes can also eliminate the residual carbon, includ-
ing repetition of the extraction process by employing bro-
moform to separate the SiC and graphite or calcination of
the product at 600 °C for 3 h in air). Almost all of the SiC
nanowires maintained their 1D shape and size after the pu-
rification process, and the output of SiC was =70% based
on the amount of Si powder.

Results and Discussion

Figure 1 show the typical XRD patterns of the products.
Curve a is the XRD pattern of the product synthesized by
heating the sample at 130 °C for 40 h, followed by subse-
quent washing with absolute alcohol, 1 M HCI, and distilled
water. In this pattern, Si and amorphous graphite were
found to coexist with B-SiC. Curve b shows the XRD
pattern of the composite obtained after it was heated at
reflux in concentrated H,SOy; only B-SiC and small
amounts of Si were found, whereas no residual carbon was
observed. Curve ¢ demonstrates that only B-SiC was left
after the refluxing process (in concentrated H,SO,) and re-
peated washing with dilute HF. Curve d shows the XRD
pattern of the product obtained after calcination (at 600 °C
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for 3 h in air) and further purification by repeated washing
with dilute HF; all of the diffraction peaks could be as-
signed to B-SiC. The strong intense peaks centered at 20 =
35.70, 41.41, 60.01, 71.78, and 75.52° could be respectively
indexed as the (111), (200), (220), (311), and (222) reflec-
tions of B-SiC with lattice constant of a = 4.36 A (JCPDS,
card No.75-0254). No other impurities were detected in
these patterns. The strong and sharp peaks indicated that
the samples were well crystalline. In addition, it was found
that peak (111) is the only peak that gains a substantial
increase in relative intensity, indicating that the nanowires
may have a preferential growth orientation along the [111]

direction.
2179 87 9%

o 7| b

c Ll b |-
d. LA L A

20 30 40 50 60 70 80

m311
222

Relative intensity (a.u.)

20 ()

Figure 1. XRD patterns of the powder synthesized by heating the
sample at 130 °C for 40 h: (a) Purified by ethanol, 1 m HCI, and
distilled water; (b) heated at reflux in concentrated H,SO4 at 180 °C
for 6 h; (c) heated at reflux in concentrated H>SO, at 180 °C for
6 h, then washed several times with dilute HF; (d) product obtained
after calcination (at 600 °C for 3 h in air) and further purification
by washing several times with dilute HF.

The structure and morphology of the as-obtained prod-
ucts were further observed by TEM, SAED, and HRTEM.
Figure 2a shows a typical TEM image of the purified prod-
ucts (produced by treatment at 130 °C for 40 h), which indi-
cates that the sample is composed of randomly distributed
1D nanostructures with uniform diameters of about 30 nm
and lengths up to tens of micrometers. Figure 2b shows the
image of the sample obtained after repeated extraction
(with bromoform) and further purification by washing sev-
eral times with dilute HF, and Figure 2c¢ shows the image
of the sample obtained after calcination at 600 °C for 3 h
in air. When Figure 2a is compared with Figure 2b,c it is
clear that almost no change in the morphology and dia-
meter of the sample occurred during purification. The yield
of SiC nanowires is estimated to be over 75% on the basis
of the TEM view. The inset at the bottom left-hand corner
of Figure 2a (or Figure 2c) shows a typical SAED pattern
of an individual nanowire, revealing its single-crystalline
nature. Moreover, the SAED patterns taken from different
positions along the nanowire (without tilting the sample
with respect to the electron beam) are found to be almost
identical. This indicates that the entire nanowire is a single
crystal. Figure 2d shows the HRTEM image of part of a
3884
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randomly selected nanowire: the regularly arranged lattice
fringes can be clearly seen, which reveals its high crystal-
linity. The interplanar spacing is about 0.25 nm, which cor-
responds to (111) spacing of B-SiC. In addition, the [111]
direction is parallel to the axis of the nanowire, indicating
that the nanowire grows along the [111] direction, which is
consistent with the XRD results.

NONE

Figure 2. TEM images of the powder synthesized by heating the
sample at 130 °C for 40 h: (a) general low-magnification TEM im-
age and inset is a typical SAED pattern: heated at reflux in concen-
trated H,SO, at 180 °C for 6 h, and after repeated washing with
dilute HF; (b) TEM image: repeated extraction with bromoform
and repeated washing with dilute HF; (c¢) TEM image with a typical
SAED pattern: calcined at 600 °C for 3 h in air and repeated wash-
ing with dilute HF; (d) HRTEM image of part of a single nanowire;
(e) typical low-magnification FESEM image of the B-SiC
nanowires.

The morphology and dimensions of the as-prepared sam-
ple were further characterized by FESEM, and typical
images are shown in Figure 2e (obtained after treatment at
130 °C for 40 h). Besides the irregular particles, the pro-
portion of the nanowires with diameters of about 30 nm in
the product is approximately 75%. This result is in good
agreement with those of the statistical TEM observations.

In order to investigate the effect of reaction time and
temperature on the formation of crystalline SiC, we also
performed the following comparative experiments. Fig-
ure 3a shows the XRD pattern of the powder synthesized
by heating the sample at 130 °C for 20 h (obtained after
purification). It exhibits broad diffraction peaks and weak
diffraction intensity. In this experiment, the heating tem-
perature should be no less than 100 °C, otherwise no crys-
talline SiC is detected in the products, as can be seen in
Figure 3b. If S powder was absent, the reaction temperature
should be raised higher than 270 °C in order to produce
crystalline B-SiC (Figure 3c) powder. As evidenced by Fig-
ure 3d, only Si and amorphous carbon were produced at
250 °C after 40 h.
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Figure 3. XRD patterns of different reaction conditions (a) 130 °C,
20 h; (b) 100 °C, 40 h; (c) 270 °C, 20 h and without S powder; (d)
250 °C, 40 h and without S powder.

The room-temperature photoluminescence (PL) spectra
of the obtained B-SiC are shown in Figure 4. Curves a and
b show the PL spectrum of samples 1 and 2, and peaks
with strong intensity are clearly observed at 442 and
439 nm, respectively. In comparison to the previously re-
ported PL spectra of B-SiC nanowires!'!! or films,['? the
emission peaks for the B-SiC product is obviously blue-
shifted. Recently, various emission wavelengths from B-SiC
nanostructures have been reported,®®!1-13] indicating that
the luminescence characteristics depend strongly on the -
SiC nanostructures that were produced through different
approaches. Therefore, we consider that the different optical
performances of the as-prepared samples might be attrib-
uted to their different shapes and sizes.>™>-14]
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Figure 4. Room-temperature photoluminescence spectra of the f-
SiC samples obtained by heating the sample at: (a) 130 °C for 40 h
and (b) 270 °C after 20 h in the absence of S powder.

A typical Raman spectrum taken from the SiC product
(obtained at 130 °C, 40 h) is shown in Figure 5. There are
two peaks centered around 796.6 and 974.1 cm™!, which
correspond to the TO and LO phonons at the I point of
B-SiC, respectively.P5-30-3-5K151 The sharp peaks confirm
that the as-synthesized B-SiC nanostructures are well crys-
talline.l'®! These results are consistent with the X-ray pat-
terns and the HRTEM observations.
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Figure 5. Raman spectrum of the relatively pure 3-SiC samples pre-
pared by heating the sample at 130 °C for 40 h.

TGA was carried out under a flow of air in the tempera-
ture range of 200-1000 °C (see Figure 6) in order to study
the thermal stabilities of the samples. Initially, it is observed
from the TGA curves that there is a slight weight loss,
which might be attributed to the loss of water that absorbed
on the surface of the SiC sample. A gradual small weight
gain was observed above 800 °C, suggesting that SiC is oxi-
dized in the air atmosphere, which is in agreement with pre-
vious reports.['® Relative to curve b, curve a has a larger
weight gain (7.48% for curve a, 3.37% for curve b at
1000 °C), probably because smaller particle sizes accord-
ingly have greater surface areas, which results in their vul-
nerability to oxidation. At the same time, the SiC sample
did not undergo any drastic weight gain or loss in the tem-
perature range 200-1000 °C. This result was consistent with
the reported values.!'”]
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Figure 6. TGA analysis of the SiC sample carried out in air at a
heating rate of 5°Cmin': (a) obtained by heating the sample at
130 °C for 40 h; (b) obtained by heating the sample at 270 °C for
20 h without S powder.

To study the influences of the reactants on the formation
and yield of B-SiC nanowires, we carried out a series of
experiments (Table 1) with processes similar to that men-
tioned in the Experimental Section.
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Table 1. Products obtained under different experimental conditions
(ratios of the nanowires were estimated through statistical SEM
and TEM observation of the products).

Exp. no.  Sulfur [g] Temperature Time Nanowire
[°C] [h] contents [%0]
1 1.0 130 20 50
2 1.0 130 30 70
3 1.0 130 40 75
4 2.0 130 40 70
5 0.5 130 40 50
6 — 130 40 -
7 1.0 150 40 70
8 1.0 250 40 70
9 — 270 20 20
10 — 250 40 -

From experiment 1, it was found that the products
mainly contain nanowires (about 50%) and irregular par-
ticles (not presented). The yield of SiC nanowires increases
with prolonged reaction time (Table 1, experiment 2). The
ratio of ca. 75% SiC nanowires can be obtained from ex-
periment 3 (Table 1, Figure 2a). At the same time, as the
amount of S was increased or decreased, the yield of SiC
nanowires decreased (Table 1, experiments 4 and 5). If sul-
fur was absent from the reaction system, the crystalline SiC
could not be obtained at 130 °C (Table 1, experiment 6) but
was formed at temperatures above 270 °C (Table 1, experi-
ment 9). Nevertheless, the yield of nanowires is very low
and their diameters are not uniform. When the reaction
temperature is lower than 250 °C without the input of S
powder, we could not obtain crystalline SiC (Table 1, ex-
periment 10). As evidenced by the above experiments, the
proper ratio of sulfur is a vital factor for the low-tempera-
ture formation of crystalline SiC nanowires.

According to the aforementioned experimental results,
the overall reaction involved in this experiment may be ten-
tatively written (at 130 °C) as Equation (1).

2Si(s)+S () + CyCly(v) + 6 Na(l) -
2 SiC (s) + Na,S (s) + 4 NaCl (s) (1)

According to the calculated results of Gibbs free energy,
the reaction is thermodynamically spontaneous (ArG,° =
-2022.74 kJmol !, ArH,° = -2141.54 kJmol ).

At 130 °C, in the absence of sulfur powder the reaction can
be written as Equation (2).

2Si (s) + CoCl, (v) + 4 Na (I) — 2 SiC (s) + 4 NaCl (s) )
where
ArG,° = —-1672.68 kJmol !, ArH,° = —1775.88 kImol !

At 270 °C, in the absent of sulfur powder the reaction is
that outlined in Equation (3).[7]

2Si (s) + CoCl, (v) + 4 Na (I) = 2 SiC (s) + 4 NaCl (s) 3)
where
ArG;° = -1636.56 kJmol™!, ArH;° = —1774.80 kJmol !

From comparison of the ArG® values of these three over-
all reactions, it is clear that reaction 1 is thermodynamically
most favorable.
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Besides the effect of sulfur, the reaction temperature is
also an important factor in SiC nanowire formation. If the
reaction temperature is increased while the other conditions
are kept constant, SiC nanowires could be obtained in large
quantity (Table 1, experiments 7 and 8). The yield of SiC
was found to increase slightly but the proportion of
nanowires decreased slightly with an increase in the tem-
perature (for example, 150 °C or 250 °C), and their dia-
meters were also found to change slightly (=20-50 nm at
150 °C and 30-70 nm at 250 °C, respectively).

Figure 7 display the typical XRD pattern of the raw
product (without posttreatment) obtained by heating the
sample at 130 °C for 40 h; the diffraction peaks could be
assigned to SiC, NaCl, Si, and Na,S. The morphology of
the SiC nanowires (without posttreatment) was also investi-
gated. It is occasionally observed that large nanoparticles
were attached to the tips of the SiC nanowires, and a typical
FSEM image of part of an individual SiC nanowire is
shown in Figure 8a. Figure 8b is the corresponding EDX
spectrum of the part arrowed in Figure 8a, indicating that
it is composed of Na,S and SiC and to a lesser extent NaCl
(based on the results of XRD pattern shown in Figure 7).
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Figure 7. Typical XRD pattern of the 3C-SiC powder synthesized
by heating the sample at 130 °C for 40 h without any posttreat-
ment; the diffraction peaks could be assigned to SiC, NaCl, Si, and
Na,S (SiC, JCPDS card No. 75-0254; NaCl: JCPDS card No. 05-
0628; Si: JCPDS card No. 27-1402; Na,S, JCPDS card No. 65-
2995).
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Figure 8. (a) Typical SEM image of an individual nanowire without
posttreatment, (b) EDX spectrum taken from the part as-arrowed
in Figure 8a.
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In this experiment, the reactants used here have relatively
low melting points or boiling points: Na m.p. 97.8 °C,
C,Cly b.p. 121.2 °C, and sulfur m.p. 115 °C. With a gradual
increase in reaction temperature, Na (acting as a strong re-
ductant) will gradually react with C,Cl; vapor to form
active carbon (C) atoms (which will react with Si to form
SiC nanowires) and NaCl. At the same time, S would
liquefy and react with Na to form Na,S. Combined, the
results of the XRD pattern (Figure 7), FSEM image (Fig-
ure 8), and the contrasting experimental results (with or
without S powder addition), it is more likely that Na,S
plays a catalytic role in the formation of SiC nanowires, and
the formation mechanism of 3C-SiC nanowires is perhaps
analogous to the vapor-liquid-solid (VLS) growth pro-
cess.'® In contrast, Na,S is more prone to form than SiS
or SiS, according to the calculated values of their Gibbs
free energy; however, the possible production and effect of
silicon sulfides such as SiS or SiS, on the final formation
of the SiC nanowires cannot not be completely excluded.!'”!
Although much work is still required to control the reaction
kinetics and to understand the formation process of SiC
nanowires, we believe that this method could be used, in
principle, to produce other silicides and nitrides at low tem-
perature.

Conclusion

A sulfur-assisted chemical reduction route was developed
for the synthesis of B-SiC nanowires (with an average dia-
meter of =30 nm and lengths up to tens of micrometers) at
130180 °C. The yield of SiC nanowires is estimated to be
over 75% based on the TEM view. TEM, SAED, and
HREM analyses confirm that the nanowire is single-
crystalline and that the growth direction is along [111]. In
the absence of S powder, the reaction temperature should
be above 270 °C in order to obtain crystalline SiC. In com-
parison to other processes, our method is a simple way to
synthesize silicon carbide nanopowders with a relatively low
cost.

Experimental Section

General: All the chemical reagents were of analytical purity and
purchased from Shanghai Chemical Reagents Company.

Preparation of the Sample 1: Typically, C,Cl; (3 mL), Si powder
(1.0 g), S powder (1.0 g), and an excess amount of metal Na (4.0 g)
were loaded into a 20-mL stainless-steel autoclave, which was then
put into an oven. The temperature of the oven was raised from
room temperature to 130 °C at a rate of about 10 °Cmin ! and then
maintained at 130 °C for 40 h. After that, the autoclave was cooled
to room temperature naturally, and the products in the autoclave
were collected and washed with absolute alcohol and 1 m HCL. The
sample was then heated at reflux in concentrated H,SO, (or
HCIO,, 70 wt.-%) at 180 °C for 6 h to eliminate the residual carbon
(other convenient routes to eliminate the residual carbon include
repetition of the extraction process by employing bromoform to
separate the SiC and graphite or calcination of the product at
600 °C for 3 h in air) and finally treated with dilute HF and dis-
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tilled water to remove Si and other impurities. The acquired sample
was then dried under vacuum at 60 °C for 5h to afford a gray
product.

Preparation of the Sample 2: When S powder was absent but keep-
ing other reagents unchanged, crystalline sample 2 could be ob-
tained only when the reaction temperature was maintained at or
above 270 °C for 20 h.

Sample Characterization: X-ray powder diffraction (XRD) patterns
of the products were recorded with a Bruker D8 advanced X-ray
diffractometer equipped with Ni-filtered Cu-K, radiation (4 =
1.5418 A). Transmission electron microscopy (TEM) images were
taken with a Hitachi H-600 transmission electron microscope by
using an accelerating voltage of 100 kV. High-resolution trans-
mission electron microscopy (HRTEM) images and the selected
area electron diffraction (SAED) patterns were taken with a JEOL-
2100 transmission electron microscope. Scanning electron micro-
scope (SEM) images were recorded with a JEOL JSM-6700F field
emission electron microscope. PL spectrum measurement was per-
formed with an Edinburgh instruments FLS920 fluorescence spec-
trophotometer with a Xe lamp at room temperature. The excitation
wavelength was 367 nm and the filter wavelength was 430 nm. Ra-
man spectra were recorded at ambient temperature with a NEXUS
670 FTIR Raman spectrometer. Thermal gravimetric analysis
(TGA) was recorded with a Mettler Toledo TGA/SDTAS851 ther-
mal analyzer apparatus under air flow.
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