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Abstract

Silicon carbide nanowires were synthesized on the surface of graphite by partially reacting with silicon powders in NaF–NaCl based salt at
1150–1400 1C in argon. The effects of temperature and time of heat treatment as well as Si/graphite ratio on synthesis of SiC nanowires were
studied. The results showed that the formation of SiC nanowires started at about 1200 1C, and the amounts of SiC nanowires increased in the
resultant powders with increasing temperature. Their morphologies were characterized by scanning electron microscopy and high-resolution
transmission electron microscopy. It was found that β-SiC nanowires with diameter of 10–50 nm and various lengths grew along their preferred
direction perpendicular to (111). The zeta potential of graphite was also increased after coating with silicon carbide nanowires. SiC nanowires that
formed on the graphite surface acted as an anti-oxidant to a certain extent, and they protected the inner graphite from oxidation.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon carbide (SiC) nanowires have attracted considerable
attention, because of their excellent mechanical and chemical
properties, high thermal conductivity, and low thermal expansion
coefficient [1–3]. They have been widely applied in the electro-
nics, optics, machinery, advanced engineering, and metallurgy
industries [4,5]. To date, several techniques have been explored
for the synthesis of one-dimensional (nanotube, nanowire, and
nanowhisker) SiC nanostructures [6–12], including laser ablation
[13], chemical vapor deposition (CVD) [14], thermal evaporation
process with iron as a catalyst [15], vapor–liquid–solid (VLS)
growth mechanism [16], vapor–solid (VS) growth mechanism
[17], solid–liquid–solid (SLS) growth mechanism [18], etc.

Graphite is used as a raw material in the metallurgy,
advanced engineering, and coatings industries because of its
low thermal expansion coefficient and high thermal conduc-
tivity. One of its major features includes non-wettability which
is mostly beneficial when used in the context of liquid metal or
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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liquid slag applications [19]. A drawback on the use of graphite is
its low oxidation resistance, its increased porosity after drying,
and concomitantly reduced mechanical strength. On the other
hand, due to the non-wettability of graphite, the resulting castables
flow poorly and a considerable water content is required [19].
Such a drawback could be overcome by surface treatment of the
graphite which acts as wetting and oxidation resistance between
the surrounding environment and the graphite's surface.
At present, graphite is modified by oxides, carbides, or metals,

which have better water-wettability and dispersion abilities. Yilmaz
et al. [20] used a sol–gel method, to form boehmitic alumina on the
graphite's surface, but the treatment initiating this process' required
materials is complicated. Chen et al. [4] produced SiC nanowires
on a graphite substrate by thermal evaporation of silicon powders
at high temperature. Li et al. [21] fabricated nickel-coated graphite
nanosheets by an oxidation and reduction process and in MgO–C
refractories, often added antioxidants to overcome these inherent
drawbacks in the graphite [22]. However, most of the methods
require to be manipulated in a complex, expensive and envir-
onmentally unfriendly way. Ceramic powders with whisker-,
needle-, or plate-like morphologies could be prepared by molten
salt synthesis (MSS) [23–27]. It was reported that a titanium
carbide coating was synthesized on graphite flakes by MSS [19].
ghts reserved.
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In this work, molten salt synthesis (MSS) technique was
used to synthesize silicon carbide nanowires on graphite flakes.
The synthesis mechanism and the change in the structure of
Fig. 1. XRD patterns of samples with a molar ratio of Si/graphite¼1/2 heat-
treated for 3 h at different temperatures.

Fig. 2. XRD patterns of samples with a molar ratio of Si/graphite¼1/2 heat-
treated at 1400 1C for different times.

Table 1
Relative content of obtained SiC with a molar ratio of Si/graphite¼1/2 heat-treate

Temperature of heat treatm

1250

Relative content of SiC (wt%) 2

Table 2
Relative content of obtained SiC with a molar ratio of Si/graphite¼1/2 heat-treate

Heat treatment

1

Relative content of SiC (wt%) 3
silicon carbide nanowires at different temperatures were also
studied. Microstructure and growth mechanism of as-prepared
SiC nanowires were investigated.
2. Experimental materials and procedure

Silicon powder (purityZ99% w/w, particle sizer10 μm),
graphite (purityZ97% w/w, particle size 200–300 μm), NaF
(purityZ99% w/w) and NaCl (purityZ99% w/w) were used
as the raw materials. The molar ratios of Si to graphite were
1:1, 1:2, 1:3, and 1:4, and the weight ratio of NaCl to NaF was
10:1. Mixed salt combined with appropriate amounts of
graphite and Si powder was then added. The powder mixture
was placed in an alumina crucible and heated for 1, 3, and 5 h
at 1150–1400 1C in argon using an alumina-tube furnace. After
cooling to room temperature, the solidified mass was repeat-
edly washed with hot distilled water and filtered several times
to remove the residual salt.
Phases in the resultant powders were studied by X-ray

diffraction (XRD, Philips, X'Pert Pro), scanning electron
microscope (SEM, FEI, Nova 400 Nano) and high-resolution
transmission electron microscope (HRTEM, JEOL, JEM-
2000F) equipped with energy dispersive X-ray spectroscopy
(EDS), respectively. The amount of SiC phase present was
calculated using a reference intensity ratio (RIR) from software
X'Pert HighScore Plus [28]. The zeta potential of graphite and
the treated graphite was determined by a zeta potential
analyzer (Zeta Probe, Colloidal Dynamics). The powders and
distilled water were confected into a 1% w/w suspension, and
then the suspension was subjected to the test for its zeta
potential. To elucidate the synthesis and oxidation mechanism
of the powders, differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were performed at tempera-
tures up to 1200 1C with a heating rate of 10 1C/min in air by a
simultaneous thermal analyzer (NETZSCH, STA 449C).
d for 3 h at different temperatures.

ent (1C)

1300 1350 1400

3 9 12

d at 1400 1C for different times.

time (h)

3 5

12 9
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3. Results and discussion

3.1. Effect of heating temperature and ratio of raw materials
on synthesis

The effect of temperature of heat treatment on synthesis of SiC
with a molar ratio of Si/graphite of 1:2 is presented in Fig. 1.
β-SiC peaks began to appear at 1200 1C and increased in height
Fig. 4. SEM micrographs of samples with an Si:graphite ratio of 1:2 heat-treate

Fig. 3. XRD patterns of samples heat-treated at 1350 1C for 3 h with different
Si/graphite ratios.
with increasing temperature from 1200 to 1400 1C. On further
increasing the temperature to 1300 1C, Si disappeared, in the
meantime β-SiC and graphite phases were obtained. As expected,
the amount of β-SiC increased with an increase in the temperature
of the heat treatment. In addition, one additional line at
2θ¼33.821 in the XRD patterns of SiC samples was detected
near the (111) line of the cubic structure of the silicon carbide at
2θ¼35.641 which was characteristic of hexagonal polytypes
(α-SiC phase) [29]. The results show that the resulting powder
products were essentially composed of SiC of cubic type (β-SiC)
with a minor amount of α-SiC.
The β-SiC peaks appeared in the resulting XRD patterns of the

heated samples. To illustrate the effect of holding time, XRD
patterns of the samples with a molar ratio of Si/graphite of 1:2
heat-treated at 1400 1C for different time periods are shown in
Fig. 2. It was seen that holding time of 3 h gave a better conversion
efficiency compared to holding times of 1 h or 5 h, as judged by
the relative heights of the β-SiC peaks. Also, the additional
diffraction peak was detected at 2θ¼33.821, which represented
stacking faults on the (111) planes in cubic SiC [6]. Shorter
holding times were unfavorable to the continuous growth of SiC,
while a longer holding time would make molten salts over-
volatilize and the liquid phase environment would reduce, both of
these effects would be not conducive to the reaction.
d for 3 h at (a) 1250 1C, (b) 1300 1C, (c) 1350 1C, and (d) 1400 1C.



Fig. 5. SEM micrographs of samples with an Si/graphite ratio of 1:2 heat-
treated at 1350 1C for different holding times (a) 1 h, and (b) 5 h.
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The XRD patterns given in Figs. 1 and 2 were also used to
calculate the relative proportions of the resultant SiC nanowires.
The effect of temperature of heat treatment on the relative content
is shown in Table 1. The results indicated that the relative content
of SiC in the products gradually increased with increased calcining
temperature, and up to 12% w/w at 1400 1C. As expected, the
increase in temperature caused a continuous increase in the relative
content of obtained SiC nanowires. Furthermore, Table 2 shows
that the formation of SiC did not increase monotonically with
prolonged heat treatment time. The relative content of SiC in the
product reached its maximum value when the sample was heated at
1400 1C for 3 h.

Another important parameter with the molten salt synthesis
is the Si/graphite ratio. An excess of graphite is normally used
in SiC nanowire synthesis especially when it is deposited on
the graphite's surface. An excess of graphite was found to be
effective in increasing the contact area between Si and graphite
particles and therefore accelerating the SiC synthesis. As can
be seen in Fig. 3, the relative intensities of β-SiC peaks as well
as the amounts of β-SiC created in samples with Si/graphite
ratios of 1:1, 1:3, and 1:4 were almost equal. When the
Si/graphite ratio was 1:2, the β-SiC peaks were slightly higher
than the others. It can be seen that the Si/graphite ratio did not
affect the formation of SiC in any significant way beyond
increasing the contact area. Therefore the following discussion
will focus on samples with Si/graphite ratio of 1:2.

3.2. Microstructural analysis

Fig. 4 is an SEM image of the as-prepared β-SiC nanowires
growing on the surface of the graphite: the SiC nanowires obtained
at 1250 1C were small in number. However, an increase in heat
treatment temperature to 1300 1C significantly changed the amount
of SiC nanowires as shown in Fig. 4(b). It is seen that there is a
thick layer of β-SiC nanowires on the graphite surface, which
indicated that the formation of SiC nanowires was by growth on
some random facet of the graphite surface. Fig. 4(c) and (d) reveals
that increase in heat treatment temperature to 1350 1C and 1400 1C
did not change the shape of the nanowires, and only some areas of
the nanowires became thicker and longer. It is believed that the
heat treatment at temperatures as high as 1400 1C promoted growth
of SiC nanowires. Support for the above conclusion is also found
in Table 1.

The effect of holding time at 1350 1C on microstructure of SiC
nanowires is presented in Fig. 5(a) and (b). When compared to a
sample treated for 1 h, it can be noted that prolonged holding time
significantly increased the length of nanowires and the shape
became slightly straighter. Fig. 5 provided additional support for
the conclusion that prolonged holding time at 1350 1C promoted
nanowire growth.

The magnified SEM image, Fig. 6(a), further shows that the
lengths of the nanowires was approximately 1–10 μm, and their
diameter approximately 10–50 nm. Fig. 6(b) and (c) shows TEM
images of nanowires produced from samples heated for 3 h in
NaF–NaCl at 1350 1C, along with the SAED pattern of the latter
(Fig. 6(b) inset). The diffraction rings in the SAED pattern also
matched the (111), (220), and (311) diffraction planes of β-SiC.
This, along with the XRD results shown in Figs. 1–3, confirmed
that for the main formation of β-SiC nanowires. Fig. 6(c) shows the
corresponding HRTEM image of an individual SiC nanowire,
which indicated a single crystalline structure for the nanowire.
Three β-SiC peaks at 35.7, 60.0, and 71.8 were observed,
corresponding to the diffractions from SiC's (111), (220), and
(311) planes respectively, indicating the formation of β-SiC
(JCPDS Card no.75-0254). The spacing between adjacent lattice
planes was 0.25 nm, corresponding to the (111) plane of β-SiC,
which indicated that the preferred growth direction of nanowires
was perpendicular to (111).
3.3. Zeta potential vs pH

Fig. 7 shows the change in zeta potential with pH of the
modified graphite, the Si/graphite ratios: 1:4, 1:3, 1:2, and 1:1 are
compared with the unmodified graphite. The zeta potential of
graphite is around zero, and its potential value was almost zero
[24]. When the molar ratio of silicon/graphite was 1:4, because of
the higher graphite content and fewer SiC nanowires being
generated, the sample showed that its tendency lay close to the
zeta potential of graphite as shown in Fig. 7. However, as the
molar ratio of silicon/graphite further increased, the generated SiC



Fig. 7. Zeta potential as a function of pH for a graphite surface modified with
SiC nanowires.

Fig. 6. SEM micrograph of sample with an Si/graphite ratio of 1:2 heat-treated
for 3 h at 1350 1C (a), TEM micrograph (b), corresponding SAED pattern
(inset) and HRTEM image of an individual SiC nanowire (c).
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nanowires in relevant samples also increased. So it was found that
the surface morphology of the modified graphite has been
completely changed at this moment, which, to some extent,
explained the relationship between zeta potential and pH value
of SiC in water [30–35]. The high positive potential at low pH
provided a repulsive barrier between powder particles to decrease
the slurry viscosity: the viscosity increase intrinsically depended on
the particle size distribution of fine powders, their morphology,
density, type, concentration of dispersing agents, etc [36,37]. In our
case, the electrokinetic behavior of coated SiC nanowires is shown
in Fig. 7. The coated graphite showed a higher zeta potential
compared to the uncoated graphite, which was associated with its
wettability in water. The coating changed the graphite's electro-
kinetic properties and viscosity: a low viscosity is favorable for
castable flow behavior. Also when such coatings are developed on
graphite surfaces in an acidic atmosphere, its hydrophilicity was
further improved.
3.4. Oxidation resistance of SiC nanowires

The oxidation resistance of all the treated samples, including as-
received ones, was evaluated by DSC/TG measurement (Fig. 8).
The samples were heated from room temperature to 1200 1C in a
static air atmosphere at a rate of 10 1C/min. According to the DSC
curves, it was found that there was an exothermic peak on the
treated samples with Si/graphite ratios of 1:2, 1:3, and 1:4 from
650 1C to 850 1C, and flake graphite began to oxidize at about
650 1C then a high exothermic peak appeared between 650 1C and
1000 1C. As for those treated samples, some results can be seen
correspondingly from the presented TG curves, when the graphite
content was higher, part of the graphite in the treated samples was
oxidized firstly at between 650 1C and 850 1C: the graphite then
began to oxidize at 650 1C and its mass reduced gradually, while
those untreated graphite samples were fully oxidized. Because a
small amount of SiC nanowires were generated in the treated
samples, those SiC nanowires were the first to be oxidized, and the
generation of SiO2 from oxidization increased with the mass
available from 850 1C to 1100 1C [38]. The graphite was then
oxidized along with an accompanying mass loss. It can be seen
from the experiment that SiC nanowires formed on the graphite
surface acted as an anti-oxidant to a certain extent, the SiO2 formed
on the graphite surface in the process of oxidation had reduced the
oxidation rate of graphite, and as they increased in quantity, they
further prevented the inner graphite from oxidation.



Fig. 8. DSC and TG curves of samples heat-treated at 1350 1C for 3 h with
different Si/graphite ratios.
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4. Conclusions

Silicon carbide nanowires were synthesized by partially
reacting with silicon powders in NaF–NaCl based salts on
graphite surfaces: their preferred growth direction was perpen-
dicular to (111). The nanowires were approximately 10–50 nm
in diameter, with variable lengths. Heat treatment at higher
temperatures, such as 1400 1C, and prolonged holding times
promoted nanowire growth. It was found that the surface
features of modified graphite had been completely changed.
The SiC whiskers that had formed on the graphite's surface
acted as an anti-oxidant to a certain extent and, as such,
prevented the inner graphite from oxidation.
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