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Abstract

Polymeric and oligomeric carbosilanes having Si atoms linked by methylene (CH2 ) groups were used to prepare nano-sized tubules and
bamboo-like SiC structures by both CVD and liquid precursor infiltration and pyrolysis inside of nanoporous alumina filter disks, followed by
d XRD.
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issolution of the alumina template in HF(aq). These initially amorphous SiC structures were characterized by SEM, EMPA, TEM, and
ypical outer diameters of the SiC nanotubes (NTs) were 200–300 nm with 20–40 nm wall thicknesses and lengths up to the thick
riginal alumina templates, ca. 60�m. In the case of the CVD-derived SiC NTs, annealing these structures up to 1600◦C in an Ar atmospher
ielded a nanocrystalline�-SiC or �-SiC/C composite in the shape of the original NTs, while in the case of the liquid precursor-d
anostructures, conversion to a collection of single crystal SiC nanofibers and other small particles was observed.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

.1. Background on the precursors employed

Our research in organosilicon chemistry over the past 18
ears has centered on the synthesis, study, and application in
aterials chemistry, of a broad class of carbosilane oligomers
nd polymers that contain bridging SiCH2 Si groups. In ad-
ition to single-source CVD precursors to silicon carbide,1

his research has led to the development of a commercial hy-
erbranched polycarbosilane precursor to SiC (AHPCS)2–4

s well as linear polycarbosilanes of the type, [SiRR′CH2]n,
hat have been of fundamental interest as silicon analogs
f important organic polymers, such as polyethylene5 and
olyvinylidene fluoride,6 as well as for use in the study of

he pyrolytic conversion of polycarbosilanes to SiC.7

∗ Corresponding author.
E-mail address:interl@rpi.edu (L.V. Interrante).

1 Currently at: Nanomat Inc., 1061 Main Street, North Huntingdon, PA
5642-7425, USA.

The synthesis of the hyperbranched polycarbosilane
originally carried out by coupling of the AB3-type monomer
ClMgCH2SiCl3, the Grignard reagent of ClCH2SiCl3,
in ether solution, followed by reduction with LiAlH4.8

The intermediate chlorocarbosilane, having the nom
composition, “[SiCl2CH2]”, but with a hyperbranche
structure of the type, [Cl3SiCH2 ]x[ SiCl2CH2 ]y[
SiCl(CH2 )]z[ Si(CH2 )]l, could be further modifie
through reactions involving the SiCl groups, leading to va
ious final products having a hyperbranched polycarbos
“core structure”. Thus, replacement of Cl by alkoxy was u
to obtain a sol–gel precursor, suitable for spin coating
“[Si(O)CH2]n” gel that exhibits low-kproperties,9 as well as
for preparation of a bulk organic-inorganic “[Si(O)CH2]n”
hybrid material and, after pyrolysis, silicon oxycarbide, h
ing high BET surface areas and a sharp peak in the
size distribution at ca. 2 nm.10 Replacement of Cl by a
lyl ( CH2CH CH2) groups, by using allylMgCl, yields
“[SiCl2−x(allyl)xCH2]”, derivative with as high as 90% all
substitution (x = 1.8). This highly allyl-substituted deriv
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.08.005
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tive (APCS) can be used to attach various types of side
chains through hydrosilation reactions3 leading, for exam-
ple, to APCS-PEO side-chain polymers that, when doped
with LiX salts, can serve as ionically conductive, Li+ elec-
trolyte media.11 Partial substitution with allyl (on the order
of 5–10%) prior to reduction of the remaining Cl groups
to H with LiAlH 4, yields an allylhydridopolycarbosilane
(AHPCS) that exhibits high ceramic yield for conversion
to a near stoichiometric, amorphous, SiC on pyrolysis to
1000◦C.12 This relatively air-stable, liquid, polycarbosilane
has been widely used as a precursor for SiC matrixes in
SiC/SiC and C/SiC composites through polymer infiltration
and pyrolysis and as part of a “molding compound” for
the fabrication of particulate-reinforced SiC matrix compos-
ites and monoliths.13,14 We have recently found that mix-
tures of this AHPCS with polyborazylene (pBz) yield, on
pyrolysis and subsequent thermal annealing, two-phase ce-
ramic composites with a “polymer-blend” type microstruc-
ture and novel mechanical properties, including low hardness
and resistance to crack propagation, suggesting their possible
use as matrixes or interphases in high temperature ceramic
composites.15

We now report the application of these carbosilane and
polycarbosilane precursors to the preparation of SiC nanos-
tructures by using a templating method that has been used
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by a liquid metal “catalyst”,35 and reaction between SiCl4
and CCl4 with Na metal as the reductant.36 In view of the
high temperature stability of these SiC nanorods, coupled
with their unique optical,30 mechanical,31 and field emis-
sion properties,32 similar properties might be expected for
SiC nanotubes, which could also serve additional roles by
virtue of their tubular form. These include their possible use
as “nanoreactors” or “nano-test tubes”19 for high tempera-
ture reactions that cannot be carried out in carbon nanotubes,
as well as for molecular separations that might depend on
the (potentially modifiable) surface properties of the tube
interior, as well as their restricted internal diameter. When
coupled with the unique optical and electrical properties ex-
pected for nanosized, crystalline, SiC, the opportunity for
many other types of applications, such as qualitative, and
even quantitative, analysis of trace amounts of certain chem-
icals or biological molecules, can be envisioned.

However, in the case of hollow SiC nanotubes, there are
relatively few reports of their successful preparation, and
these contain few details regarding the detailed composition,
form, and properties of the resultant nanomaterials. One ap-
proach has involved what was called “a shape memory syn-
thesis method”, in which carbon microfibers and nanotubes
were reacted with SiO vapor at 1200–1250◦C, followed by
oxidation in air at 600◦C to remove the excess carbon.38 The
p
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reviously to prepare nanotubes and nanofibers of bot
anic and inorganic materials.16–20

.2. Prior efforts to prepare 1D SiC nanomaterials

Since the discovery of carbon nanotubes in 1991,21 con-
iderable effort has been focused on the synthesis and
essing of “one-dimensional” nano-scale materials suc
anotubes and nanowires due to their potential for app

ions in various areas of future technology, from the deliv
f medicines and detection of biological molecules to the
truction of nanoscale electronic and optoelectronic dev
o date, besides carbon, many materials have been pre

n the form of nanotubes, such as BN and BC2N,22,23 MoS2
nd WS2,24 various oxides (SiO2, V2O5, Al2O3, MoO3),25

nd other nitrides, carbides, and sulfides.26 Silicon carbide
SiC) is a high performance semiconductor which can
perated at high temperatures, high power and high freq
ies, and in harsh environments.27 SiC is also an importan
igh temperature structural material, which is used in
iters, heating elements, and in high temperature struc
omposites for both industrial and aerospace applicatio28

hile SiC has been obtained by several groups in the
f nanorods,29–36 relatively little attention has been devo

o the preparation of SiC nanotubes.37

Single-crystal�-SiC nanorods with and without amo
hous SiO2 wrapping layers have been prepared by
stablished methods, including the reaction of SiO(g) with
lemental carbon in various forms (including C nanotu
r with CO,29–33 the reduction of silica or silica gel wi
arbon,34 the direct reaction of Si and C, usually facilita
roduct of this reaction was identified as polycrystalline�-
iC by XRD; however, particularly in the case of the prod
btained from the CNT conversion, the SiC structures w
oorly formed and highly fragmented, with irregular sha
nd sizes that only crudely resembled the original multiw

arge diameter (ca. 10 micrometers), carbon nanotube
ere used to prepare them. Nonetheless, these materia
igh surface areas and were found to yield promising re
hen used as a catalyst support material for the sele
onversion of H2S into elemental sulfur.39 A similar SiO(g)
2C(s) → SiC(s) + CO(g) reaction was employed by Sun

l.40 on smaller (10–50 nm) diameter MWCNTs to obt
mixture of products that included mainly SiC nanowi

ut which also contained some materials that were desc
s multiwall SiC nanotubes, based on HRTEM and E
tudies. Finally, Sneddon and co-workers have reporte
se of organoborane and polycarbosilane (AHPCS) pr
ors to obtain boron carbide, boron nitride and silicon car
anofibers and nanotubules by pyrolysis in nanoporous
ina templates; however, few details were given in this b

eport about the nature of the SiC nanotubes so obtaine41

.3. The template approach to nanorod and nanotube
ormation

An approach that is finding increasing interest a
ource of both nanorods and nanotubes of various m
ls, including polymers, carbon, metals, semiconductors
eramics,18–20,42 involves the absorption of precursor ma
ials into channels of nanoporous template materials con
ng monodisperse, cylindrical pores. Both gas phase (C
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and solution deposition methods have been employed in this
context, with the conversion of precursors to final solid state
materials accomplished by electrochemical, thermolytic or
chemical reactions. The most commonly used template of
this type is made of alumina and derived by anodic oxidiza-
tion of thin aluminum films.43 These thin, nanoporous, alu-
mina membranes have become commercially available and
are used predominantly for separation and nanofiltration ap-
plications.

2. Experimental

2.1. General

Poly(silaethylene) (PSE) was prepared, as previously
described,5(b) by platinum catalyzed ring-opening polymer-
ization of tetraethoxydisilacyclobutane, followed by LiAlH4
reduction. The particular sample used in this work had a
Mn of ca. 3000. A mixture of volatile carbosilanes hav-
ing the common compositional formula of [SiH2CH2], was
obtained from Starfire Systems, Incorporated (Malta, NY;
SP-4000). A GC/MS analysis of this clear liquid revealed
mostly cyclic trisilacyclohexane [SiH2CH2]3 (ca. 70%) along
with other oligomeric components, such as [SiH2CH2]n (n=
4
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0.1–0.2%, based on the amount of precursor used) were then
washed thoroughly with deionized water, methanol, and ace-
tone and dried at room temperature.

2.3. Preparation of SiC nanomaterials by heating
alumina membranes infused with liquid carbosilanes

Pieces (13 mm diameter) of the alumina membranes were
immersed in either pentane solutions of liquid carbosilanes or
PSE, and also in the neat liquid precursors, at room temper-
ature in a N2 filled glove box. After allowing the membranes
to stand in contact with the precursors for about 5 min, excess
liquids were blotted from one side of the membranes, which
were then transferred to an alumina boat and then pyrolyzed
in a tube furnace under a flow of high purity N2 to 1000◦C at
5◦C/min, and held at the final temperature for 2 h. The sam-
ples were cooled overnight under a continued flow of N2. The
alumina templates were dissolved by soaking the samples in
49% hydrofluoric acid for 48h. The resulting products were
then washed thoroughly with deionized water, methanol, and
acetone and dried.

Further heating to 1600◦C was carried out on selected
samples of the products obtained from both procedures in an
alumina tube furnace. The samples were placed in molyb-
denum boats and were wrapped with carbon cloth, the ends
f bon
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–8) and/or related isomeric compounds, such as SiH3CH2-
yclo-{ SiHCH2(SiH2CH2)x },x= 2. A second sample w
btained from Starfire Systems that had approximately
ame nominal SiH2CH2 composition, but consisted of high
olecular weight oligomers and polymers (Mn = 500–2000)

.2. Preparation of SiC nanotubes by CVD using a
olatile carbosilane mixture

Commercially obtained nanoporous alumina membr
Whatman Anodisc Membrane Filters) with a thicknes
0�m and a nominal pore size of around 250 (±50 nm)
ere used as templates without prior treatment. The C

emplate synthesis was carried out in a two-stage tube
ace system. Five grams of the carbosilane precursor h
n alumina boat was placed in the upstream end of a q

ube and centered in the first tube furnace. A piece of
late membrane (ca. 10 cm2) was placed horizontally in th
enter of the second (downstream) furnace. Nitrogen (99
00 sccm) was used as the carrier gas. After flushing the

em with nitrogen for ca. 15 min, the second furnace
eated (15◦C/min) to 1000◦C and then the temperature

he first furnace was slowly increased from room tempera
o 100◦C (ca. 30 min). The second furnace was maintain
000◦C for 1 h after exhaustion of the precursor. During
eating, a black thin film was observed in the quartz tub

he hot zone (1000◦C), corresponding to the deposition o
iC thin film. Next, the samples were cooled overnight un
constant flow of N2 and the alumina templates were d

olved by immersing the samples in 49% hydrofluoric
or 48 h. The resulting black materials (typically 5–10 m
olded over to cover completely, and tied up with car
hread, to limit their contact with residual O2(g) in the ambi-
nt atmosphere during the annealing experiment. The
ere inserted into the cool end of the alumina furnace t
hich was outside the furnace and, after sealing the tube,
llowed to flush with argon for about 30 min before slid

hem (under a counter-flow of argon) into the hot zone w
as idling at 800◦C. The furnace temperature was increa
t 3◦C/min to 1600◦C, and held at that temperature for
flowing argon atmosphere was maintained throughou

ntire process.

.4. Analysis of the products

Characterization of the products before and after
ealing was carried out by using transmission electron
roscopy (TEM: Philips CM-12, 3.14A resolution), high r
lution transmission electron microscopy (HRTEM; JE
SM-2010 FASTEM, 2.0A resolution, GIF/EELS/EDS), a
nergy dispersive X-ray spectroscopy (attached to the P
M-12 TEM). The SiC tubular materials were also cha

erized and studied by scanning electron microscopy (S
EOL, JSM-4335FE, 15A resolution, SE + BSE imag
DS), X-ray Powder Diffraction (XRD, Cu K�), and Micro-
aman spectroscopy (Renishaw, AR + Diode lasers). A
lectron spectroscopy (AES), and infrared spectroscopy
lso used to verify the presence of crystalline SiC in the
ealed samples. TEM samples were prepared by dispe

he powder in alcohol by ultra sonication, dropping onto a
ey carbon-coated copper grid, and drying in air. Eleme
nalyses of the epoxy-mounted samples were carried o
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using a focused beam on a JEOL 733 electron microprobe au-
tomated with dQant software from Geller MicroAnalytical,
at a current of 25 nA and an accelerating voltage of 15 kV,
using the Heinrich ZAF correction model.44 Standards in-
cluded BN, SiC, and Al2O3, which were calibrated under the
same operating conditions. Samples and standards were si-
multaneously coated with a thin film (roughly 300Å) of Cr
metal to eliminate charging from the electron beam. Analyses
were performed by analyzing the K alpha X-ray lines using
a LDE1 crystal for C and O, and a TAP crystal for Si.

3. Results and discussion

3.1. CVD-derived SiC nanotubes

Fig. 1shows typical scanning electron microscopy (SEM)
images of a sample of nanotubes prepared by heating up to
1000◦C in a CVD reactor, using a volatile carbosilane mix-
ture as the precursor, after dissolution of the alumina template
by using HF(aq). It can be seen that the tubules appear to be
uniform, smooth, open on both ends, and straight, with a ca.
250–300 nm outer diameter.

The length of most of these SiC nanotubes is about 60�m,
which is equal to the thickness of the original alumina mem-
b nched
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Fig. 2. An assemblage of SiC nanotubes held together by the SiC film formed
on the alumina membrane surface, after dissolution of the alumina in HF(aq).

Efforts to make the tube walls thicker by lengthening the
deposition time with the precursor carbosilanes failed. In
these cases, as the film formed at the surface of the alu-
mina templates became thicker, it tended to close off the
opening to the pores, preventing further influx of the pre-
cursor. The SAED pattern obtained for these nanotubes (not
shown) indicated an amorphous structure for the SiC. The
elemental composition of a collection of these as-obtained
nanotubes was determined by scanning electron microprobe
analysis. Average wt.% values measured for several (9) in-
dividual “bundles” of these nanotubes indicated 59.7% Si,
36.0% C, and 3.6% O (Si1C1.4O0.1). Thus, the composition
of these nanotubes appears to be that of a C-rich SiC, with
ca. 6 mol% oxygen present, probably mainly on the outer
and inner wall surfaces of these high surface area samples
(estimated at ca. 80 m2/g).

By virtue of their unique surface chemistry, both the orig-
inal SiC nanotubes and the silica nanotubes obtained from
them by oxidation45 are of potential interest for nanoscale
molecular separations, and as channels or active compo-
rane. We also found that some of the tubules have a bra
tructure and some have Y junctions, replicating the c
ponding features in the original alumina templates. In
ition to tube formation, a thin layer of SiC formed on
urface of the templates. The layer serves to hold the tu
n their parallel arrangement after removal of the alum
emplate, giving a highly aligned configuration (Fig. 2). Ul-
rasonication in alcohol at room temperature for a short
ca. 1 min.) is sufficient to break up the SiC thin film a
eparate the individual nanotubes.

Fig. 3shows a TEM image of the as-prepared (at 1000◦C)
ubules after sonication. It can be seen that the tubule
traight and fairly uniform and have a wall thickness ab
0–40 nm, with some gradation in thickness from the en

he center, where the tubes are the thinnest.

Fig. 1. SEM image of a collection of individual SiC nan
 , prepared by CVD inside of nanoporous alumina membranes.
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Fig. 3. TEM image for the as-produced, CVD-derived, SiC nanotubes.

nents in microfluidic devices. Thus, unlike carbon nanotubes,
which typically undergo significant degradation in order to
generate surface functionality sufficient for covalent attach-
ment of organic groups at the tube wall, the SiOH contain-
ing surface of these SiC or SiO2 nanotubes are well suited
to convenient functionalization by using the same type of
silylating groups (such as (MeO)3Si R) that are commonly
used for modification of glass surfaces.46 This should allow
dispersal into polymers and organic solvents and changes in
hydrophobicity/hydrophilicity, as well as the attachment of
groups that are selective for the adsorption of certain chemical
and biological species.47 The optical transparency of silica in
particular offers the potential for immobilization of minute
amounts of selected, tagged, analytes in a specific region of a
functionalized nanotubule where it can be observed by optical
absorption or emission methods.

anneal

3.2. Results of annealing experiments on the
CVD-derived SiCx nanotubes

Annealing the initially formed, CVD-derived, SiCx nan-
otubes at 1600◦C leads to two main kinds of morphology
for the resultant partially crystallized products. One type, as
shown inFig. 4a, consisted of tubules having a rough surface
and small particles on the tube surface. These tubules had
a high degree of crystallization, as indicated by the SAED
pattern.

The rings observed in the SAED pattern corresponded to
the {1 1 1}, {2 2 0}, {3 1 1} crystal planes of cubic�-SiC.
Under high magnification in the TEM, individual SiC parti-
cles on the tube surface could be observed. The second type of
morphology consisted of nanotubes having smooth surfaces
and a relatively low degree of crystallization as nanocrys-
talline �-SiC (Fig. 4b). The proportion of these two types
of nanotubes varied with the batch obtained and, based on
separate studies to be reported elsewhere45 that were car-
ried out by using disilacyclobutane [SiH2CH2]2 as a single-
source CVD precursor, appears to depend, at least in part,
on the purity and composition of the precursor source em-
ployed. Thus, the single-source precursor yielded stoichio-
metric SiC nanotubes that formed an agglomeration of highly
crystallized particles upon high temperature annealing. It is
w n is
e ed
o rent
p unts
c the
d ob-
t the
p ssi-
b light
v uted
Fig. 4. TEM images and SAED pattern obtained after
 ing the CVD-derived SiC nanotubule samples in Ar at 1600◦C.

ell known that even a small amount of excess carbo
ffective in limiting the size of the SiC crystallites form
n pyrolysis of organosilicon precursors and its appa
resence in these CVD-derived samples in varying amo
ould certainly account for the differences observed in
egree of crystallinity and average SiC grain size in the

ained nanotubes. In addition to possible variations in
recursor composition from batch to batch, it is also po
le that changes in the rate of deposition caused by s
ariations in the deposition procedure may have contrib
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to the variability in SiCx nanotubule composition and post-
annealing microstructure that we have observed. In a hot wall,
atmospheric pressure reactor system with a flowing carrier
gas and a multi-component carbosilane precursor, such as
was employed here, the composition of the precursor vapor
stream can vary considerably at different points in the reac-
tor hot zone, effectively concentrating the small amount of C-
containing hydrocarbon byproducts, relative to Si-containing
species, as the vapor stream proceeds through the reactor.
Also the temperature profile of the substrate can play an im-
portant role in determining the composition of the deposition
product.

In addition to the partially crystallized, intact, nanotubes,
some broken SiC nanotubes and small fragments were also
observed after the heat treatment. After crystallization, the
highly crystalline nanotubes, in particular, appeared to suffer
a considerable loss in strength and were easily fragmented
on handling or on ultrasonication. The XRD data obtained
for the bulk sample after heat-treatment at 1600◦C (4 h) also
shows that crystallization of the SiC has occurred. The X-ray
diffraction pattern of the heat-treated SiC samples is consis-
tent with that of�-SiC; no other crystalline impurities were
observed. The Raman spectrum of these heat-treated SiC nan-
otubes was taken upon excitation with the 514.5 nm line of
an argon ion laser. The absorption peaks observed at 792 and
9 −1

S
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3.3. Preparation of SiC nanostructures by polymer
pyrolysis

After removal from the alumina templates, the SEM mi-
crographs of the as-prepared SiC nanomaterials obtained
from direct heating of alumina membranes infused with the
oligomeric/polymeric carbosilanes and PSE were quite sim-
ilar in external appearance to those observed for the CVD-
prepared “SiC” nanotubes. Thus bundles of fibers having a
uniform outer surface of 250–300 nm diameter and lengths
of ca. 60�m corresponding to the thickness of the template
were observed. Again, a thin layer of SiC that is formed on
one end of the fibers serves to hold them in a parallel arrange-
ment after removal of the alumina template, giving a highly
aligned, brush-like, configuration for the fiber bundles. Ul-
trasonication in alcohol at room temperature for a short while
(20 s) is sufficient to break up the SiC thin layer and sepa-
rate the individual fibers, although the yield of intact 60�m
fibers was somewhat less in this case, due apparently to the
relatively weaker nature of these fibers. Details of the mor-
phology of one of these types of SiC nanofibers are shown in
the TEM images inFig. 5.

The halo-like ring patterns in the corresponding se-
lected area electron diffraction (SAED) (inset) revealed that
these SiC nanofibers were completely amorphous. However,
i solid
n fiber
o nm
i er-
a like
n eter-
m t.%
O to C
a in
70 cm are consistent with expectations for crystalline�-
iC.48

On a few occasions, a small amount of straight nano
ith diameters from 20–100 nm and lengths exten
p to several micrometers were also observed, a
ith the SiC nanotubes, after heat treatment of the
repared SiC nanotubes at 1600◦C. HRTEM and SAED re
ealed that these nanorods were�-SiC single crystals (se
elow).

Fig. 5. TEM images and SAED pattern obtained
 bamboo-like nanofibers derived by polymer pyrolysis.

n these cases the nanofibers are neither completely
anorods nor hollow nanotubes, but instead have porous
r bamboo-like structures with wall thicknesses of 20–50

n the hollow portion of the bamboo-like fibers. The av
ge composition of individual bundles (5) of the bamboo-
anofibers obtained from the carbosilane mixture were d
ined by EMPA (43.7 wt.% Si; 25.0 wt.% C; and 19.4 w
), revealing a substantial amount of oxygen, in addition
nd Si, in this case (Si1C1.3O0.8). The high oxygen content
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this case may be due to the reaction of the SiH containing
polymers employed with adventitious oxygen or adsorbed
water during the infusion of these polymers into the alumina
membranes, or upon heating to pyrolyze the polymers, as nei-
ther of these polymers contained substantial oxygen initially.

The use of pentane solutions of the precursors instead of
the neat carbosilanes seemed to produce a higher proportion
of the bamboo-like fibers but, in our hands, did not lead to
completely hollow SiC nanotubes. The formation of tubules
versus solid (or porous) fibers upon pyrolysis of such pre-
cursor polymers in nanoporous alumina templates clearly
depends on a variety of factors, including the amount of
precursor present in the nanopores, its tendency to adsorb
onto the alumina wall surface versus self-associate as droplets
throughout the nanopore, the changes in volume, composi-
tion and adherence occurring during pyrolysis of the precur-
sor, including the need to eliminate the gases, as well as the
structure of the final solid product (layered versus a 3D net-
work structure).

These amorphous nanofibers can be crystallized by heat
treatment at 1600–1650◦C in argon. However, the annealing
changed significantly the morphologies of these as-prepared
nanofibers.Fig. 6 shows some typical TEM images and a
SAED pattern for the product obtained after annealing a
sample of nanobamboo-like fibers at 1600◦C for 4 h. The
a ared,
l ods,
p er ca.
4 rted,
S

r) of
u and
d ssen-

F norods olymer
p

tially single crystal SiC nanorods, much like those observed
as a very minor product in the CVD-derived samples (see
above), but in much higher proportion (as much as 40–50%)
relative to the other products in this case. When the time in
the annealing furnace at 1600◦C was reduced from 4 to 1 h,
the sample was found to contain relatively few crystalline
SiC nanorods; however, extensive breakdown of the initial
nanofibers into a fine-grained powder was observed, suggest-
ing that the nanorods are formed from the powder rather than
directly from (or in) the nanofibers.

In these annealing studies, in order to avoid the oxidation
of SiC at high temperature by residual O2 in the argon car-
rier gas, a carbon cloth was used to cover the Mo boats that
contained the nanofiber samples. As a comparison, anneal-
ing without the carbon cloth was also examined. Under the
same annealing conditions, the products obtained without the
carbon cloth contained far fewer SiC nanorods (only about
5%). Therefore, it is clear that the presence of the C cloth,
as well as the initial composition of the amorphous ceramic
starting material, plays an important part in the formation of
these SiC nanorods.

Three different mechanisms have been identified in past
work involving the growth of SiC nanorods.29–36 One is
the vapor–liquid–solid (VLS) growth mechanism (usually in-
volving a liquid metal catalyst); the other two are the conven-
t ess.
T f the
n VLS
m ese
T ism.
T rs to
b ech-
a

ligned and brush-like nanofiber bundles had disappe
eaving a collection of randomly distributed, dense, nanor
lus some crystalline SiC nanoparticles (average diamet
0 nm) and a few sections of the larger diameter, unconve
iC nanofibers.
The nanorods had high aspect ratios (length/diamete

p to ca. 100:1 with lengths up to several micrometers
iameters of 50–200 nm. HRTEM showed these to be e

ig. 6. TEM images and SAED patterns for the single-crystal�-SiC na
yrolysis.
obtained upon annealing the bamboo-like nanofibers derived by p

ional spiral growth mechanism and the VS growth proc
here were no droplets observed at the end of any o
anorods, which are the most characteristic sign of the
echanism. Similarly, the lack of spiral nanowires in th
EM images appears to rule out the spiral growth mechan
hus, the growth of the SiC nanorods in this case appea
e more consistent with expectations for a VS growth m
nism.
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It is perhaps notable that, in the case of the carbosilane-
derived nanofibers, the starting material for the annealing
experiments contains a significant amount of oxygen, as well
as silicon and carbon (Si1C1.3O0.8), and is thus is best de-
scribed as a silicon oxycarbide, rather than as amorphous
SiCx. Moreover, our observations suggested that the initially
obtained SiCxOy nanofibers were not stable at 1600◦C and
that they underwent fragmentation to form small particles,
before forming crystalline SiC nanorods. At these tempera-
tures, the rapid decomposition of silicon oxycarbide is known
to occur, leading to SiO(g) and CO(g), and ultimately, dis-
proportionation to crystalline SiO2 and SiC.49 This would
explain the breakdown of the initial nanofiber structure into
smaller particles, as the crystallization and the loss of gaseous
species proceeds. The SiO(g) and CO(g) could then react di-
rectly at some nucleation site (presumably the surface of a
�-SiC crystallite) to grow�-SiC nanorods via the VS mech-
anism. The reaction, SiO(g) + 2CO(g) → SiC(s) + CO2(g),
which has been suggested in at least one other case of SiC
whisker growth from intimate mixtures of sol–gel derived
SiO2 and C30 may also to be operative here. In addition to
the decomposition reaction, the CO in this reaction could also
be coming from the reaction of residual oxygen in the Ar gas
stream with the carbon cloth covering the sample container,
which is supported by the observation that the use of a C
c rtion
o
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