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Herein, we present a part of a study on the preparation of SiC-based composite nanopowders by
the two-stage Aerosol-Assisted Vapor Phase Synthesis (AAVS) method from organosilicon precur-
sors (neat hexamethyldisiloxane, neat tetramethoxysilane, ethanol solutions of polydimethylsilox-
ane). Upon generation, liquid aerosol droplets were transported in a stream of argon through a
ceramic reactor tube maintained at 1200 °C. The resulting solid by-products were collected on a
nylon filter as bulk powders. Each raw powder was, subsequently, pyrolyzed in a furnace reactor
heated to 1650 °C under a flow of argon. After the final pyrolysis at 1650 °C, mostly nanocrys-
talline silicon carbide powder with small quantities of free excess carbon was obtained from the
neat hexamethyldisiloxane system, composite powder of not fully converted silica and SiC was
prepared from the neat tetramethoxysilane system, and C-rich/SiC composite was made from the
ethanol/polydimethylsiloxane solution system. The prevailing phase of the SiC component was the
regular B-SiC polytype. Most of the powders were composed of spheroidal particles — morphology
imprinted during aerosol generation at 1200 °C and not much affected by the second-stage bulk
pyrolysis at 1850 °C. The specifics of spheroidal morphology were characteristic of the applied

precursor system.
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1. INTRODUCTION

Silicon carbide SiC thanks to its many advantageous prop-
erties has found numerous applications in ceramics and
electronics. In this regard, often novel, specific properties
of nanosized materials forms coupled with their anticipated
high utilization potential have resulted in recent years in
an intensive research focused on nanocrystalline SiC. For
example, in the area of SiC nanopowders, studies have
been reported on optical properties of nano-SiC dispersed
in photopolymer matrices." * Similarly, dielectric proper-
ties of pure and doped nanopowders of SiC have been
mvestigated at microwave frequencies from 4 to 18 GHz to
probe their insulating and electromagnetic wave absorption
properties.” On the other hand, high thermal and chemi-
cal resistance of S1C makes it an advantageous modify-
Ing component in various composites and, for instance, in
composite systems with carbon C, silicon carbide extends
the range of application of such-modified carbon materials,
i.e., C/SiC composites.*:>

*Author to whom correspondence should be addressed.
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Classical methods for the preparation of SiC include
reactions of well mixed/homogenized solid substrates such
as elemental Si and C° or carbothermal reduction of SiO,
in the presence of a carbon source such as soot, carbon
black, etc.” These reactions require relatively high tem-
peratures under which conditions mostly microcrystalline
51C 1s obtained. In addition, a prerequisite extensive
milling/mixing of the solid substrates may introduce
a range of contaminants into products. Formation of
nanocrystalline S1C was reported in a study utilizing
sol-gel chemistry of organosilicon derivatives.® Other
approach has applied a solution system of sodium silicates
(Si-precursors) and sugar (C-precursor).” In our contribu-
tion, we used heterogeneous mixtures of polycarbomethyl-
silane, elemental silicon,'” and polydimethylsiloxane'
with a coal tar pitch to prepare a range of C/SiC nanocom-
posites. Conversion temperatures around 1400 °C and
higher were required in these precursor systems to produce
mainly cubic B-SiC with average crystallite sizes in the
range of 14-24 nm.

Another approach to nanocrystalline SiC employs ther-
mally driven decomposition of single-source precursors
(compounds containing Si—C moieties). One example of

doi:10.1166/jnn.2008.D0O58 907



Particle Morphology of Various S1C-Based Nanocomposite Powders

Czosnek and Janik

such an 1dea 1s the application of polycarbosilane polymers
for the preparation of SiC fibers'> " while nanopowder
C/SiC composites were also shown to form from the latter
precursor in combination with a coal tar pitch.'* Yet another
way to explore this i1dea 1s uvtilization of an aerosol-assisted
synthesis method that processes liquid organosilicon pre-
cursors and/or their solutions. The aerosol method has
already been used with success to prepare nanopowders of
BN, '® GaN,'"'"® TiN," and GaN-based composites.”**"
In the first stage, complex decomposition reactions take
place in submicrometer-sized droplets containing precur-
sors (and solvent, if appropriate) during aerosol transport
through a high-temperature reactor zone. The as-received
acrosol powders obtained from this processing are usually
subjected to a second-stage pyrolysis to complete chemical
changes of products that have spherical particle morphol-
ogy. In addition to the latter feature, the main advantages
of the aerosol-assisted process are the utilization of afford-
able precursors and the fact that all reactions take place
within very small liquid and solid particles suspended in a
reactive gas stream, which creates more-advantageous con-
ditions for nanosized Si1C formation compared to typical
one-stage bulk solid pyrolysis methods.

A pertinent feature of many thermochemical conversion
processes of silicon precursors, particularly, those con-
taining intrinsic oxygen such as molecular and polymeric
siloxanes, is a propensity for the formation of glassy sili-
con oxycarbide S10,C, with variable composition depen-
dent mainly on the type of precursor and, apparently, stable
up to 1200 °C.*>* In many cases, in addition to oxycar-
bide carbon centers, discrete clusters of free carbon also
have been postulated to form while being entrapped 1n the
amorphous structure of 510 C . At higher temperatures of
the order of 1400-1600 °C and under neutral gas atmo-
sphere, a separation of phases appears to prevail at the
expense of the initial oxycarbide that is manifested by the
appearance of nanocrystalline 8-Si1C, amorphous or crys-
talline silica SiO?_,.24 and, 1n certain systems rich in silicon,
elemental Si. Similar changes in the copolymer mixtures
of silsesquioxanes worked up in the 1200-1400 °C range
resulted in mostly amorphous phases of S10,C , SiC, and
510, accompanied by small amounts of crys:[alline S1C
and turbostratic graphitic carbon.”® Graphitic carbon for-
mation was also observed after a post-treatment at 1450 °C
of the immtial oxycarbide derived from the decomposition
of polyhydridomethylsiloxane.”’ Interestingly, despite the
presence of both forms of carbon, there has been no evi-
dence for etficient carbothermal reduction chemistry that,
apparently, loses the competition to phase separation phe-
nomena under the applied conditions of high temperature
post-treatment. It 1s worth pointing out that the reactiv-
ity characteristics of the decomposition of siloxanes can
be utilized to prepare more complex composite systems of
which example 1s the reaction system of polysiloxanes and
Ti-metal.”®
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In this report, are presented preliminary data on nano-
powder composites prepared by the two-stage aerosol-
assisted synthesis applied to selected oxygen-bearing
organosilicon precursor systems. Based mainly on the
results of electron scanning microscopy SEM and powder
XRD spectroscopy, the evolution of particle size and mor-
phology is discussed for the product powders. It is worth
pointing out that these products prepared after the second-
stage treatment at 1650 °C, Ar, do not contain any plausi-
ble transient oxycarbide species reported to be stable only

below 1200 °C.

2. EXPERIMENTAL DETAILS

The aerosol-assisted preparation of raw powders was car-
ried out in an experimental set-up shown schematically 1n
Figure 1.

The reactor tube was made of alumina, 76 mm
ID, and 1500 mm in length. The substrates included
neat hexamethyldisiloxane, [(CH;);Si],O (Aldrich), neat
tetramethoxysilane, Si(OCH,), (Aldrich), and ethanol
solutions of polydimethylsiloxane, {-Si(CH,),-O-},,
n., = 16 (Silikony Polskie, Sarzyna, Poland). Note that 1n
the last case, due to the high surface tension of neat poly-
dimethylsiloxane retarding ultrasonic aerosol formation,
ethanol solutions of the precursor were used. After genera-
tion, an aerosol mist was transported in a stream of Ar gas,
4 L/min, to a pre-heated ceramic reactor tube maintained
at 1200 °C. A solid aerosol product was collected on an
exit nylon filter. The as-prepared raw products were black
free-flowing powders except for the powder from tetra-
methoxysilane which was brownish black. After examina-
tion by analytical methods, the powders were pyrolyzed
in the second stage at 1650 °C under a flow of Ar to
yield final products. For the purpose of this report, the raw
and final products were examined with scanning electron
microscopy SEM (Hitachi, Model S-4700), powder XRD
spectroscopy (PANanalytical, Model X’Pert Pro, Holland;
Cu K, radiation, A = 1.54060 A), and FT-IR spectroscopy
(Nicolet 380, Thermo Electron Corporation). Low tem-
perature oxidation of both raw and final samples was
carried out at 700 °C in air for 1.5 hours, and weight
losses were recorded that corresponded to excess carbon
(free carbon) accessible to reactions with oxygen under
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Fig. 1. Overall scheme of the set-up for aerosol powder generation,
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applied conditions. Additionally, the carbon content was
determined by a standard combustion technique, 1300 °C,
in pure oxygen, followed by infrared determination of CO,
(Model ACS-40/1350 Analyzer, PIE, Warsaw, Poland);
this content should in principle correspond to total carbon
contents (free carbon plus carbon in SiC) in the composite
samples.

3. RESULTS AND DISCUSSION

Figure 2 presents typical SEM micrographs taken for the
as-prepared aerosol powders. Especially, in the case of
hexamethyldisiloxane (A) and ethanol solutions of poly-
dimethylsiloxane (C), particle morphology is quite typi-
cal tor the method, i.e., spherical while in many cases
the spheres show to be fused together through connect-
ing necks. Spheroidal appearance is displayed also by the
as-prepared powder from tetramethoxysilane (B) alas with
less distinct features.

In this regard, after an aerosol is generated from a neat
precursor (without solvent), the mist of particles is trans-
ported by a gas flow through a pre-heated reactor tube
and undergoing multistep and complex thermochemical
changes of which dynamics impacts the evolution of parti-
cle morphology and, therefore, its final appearance. In the
first stage, the decomposition primarily affects the outer
layers of a droplet resulting in a partially polymerized
surface of progressively increased viscosity. The decom-
position process of this kind proceeds toward the core of
the particle depending on a temperature gradient within a
particle. Since the polymerization/condensation of a liquid
precursor goes through a viscous stage to the solid state, its
overall process dynamics under applied conditions, other
things being equal, will decide about the resulting parti-
cle morphology, i.e., spherical, spheroidal, and featureless
for the relatively fast, intermediate, and slow solidification
phenomena, respectively. Complications may arise if dur-
ing decomposition volatile products are released from the
particle’s body. The interplay of the effects due to mate-
rial’s viscosity, rates of volatiles formation and solidifica-
tion can severely deform the particles and in some cases,
for example, result in “cauliflower”-type shapes or even
empty-shelled spheres. On the other hand, any hindrance
to the escape of volatiles such as extremely high viscosi-
ties or a lack of porosity in solidified volumes, especially,
i surface layers may result in bursting events and pro-
duction of irregular fines. To add even more to potential
complexity of the method, for volatile precursors with high
vapor pressure under aerosol generation conditions CVD-
like reactions may occur for the vapors in the gas phase to
result in formation of the smallest size mode of irregular
fines.

A more detailed nsight into Figure 2(A) (hexamethyl-
disiloxane system) shows spherical particles alas of poly-
disperse sizes mostly in the range of approx. 200—400 nm
while in Figure 2(C) (ethanol/polydimethylsiloxane system)

J. Nanosci. Nanotechnol. 8, 907-913, 2008

Fig. 2. SEM micrographs of the as-prepared powders obtained at
1200 °C from: neat hexamethyldisiloxane (A), neat tetramethoxysi-
lane (B). solution system ethanol/polydimethylsiloxane (C).

are displayed particles smaller than that, generally, in the
range of 100-200 nm. On the other hand, particles from
the tetramethoxysilane system displayed in Figure 2(B)
appear to be of a bimodal size distribution. First, there
are relatively large and bulky aggregates of fused and
severely deformed particles but of unquestionable spheri-
cal origin based on the rounded outer surfaces. Such aggre-
gates suggest either partial sintering conditions of solid
particles® or, more likely, in-flight “gluing” among very
viscous spheres in no-escape impact events followed by
solidifying still in a hot reactor zone before reaching the
exit filter. There are also present rather large individual
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Fig. 3. SEM micrographs of final powders after heat treatment at
1650 °C from: neat hexamethyldisiloxane (A), neat tetramethoxysilane
(B). solution system ethanol/polydimethylsiloxane (C).

particles of a spheroidal “cauliflower”-type with sizes in
the range of approx. 200400 nm. Second, there is a dis-
tinct fraction composed of fine and irregularly shaped par-
ticles much below 200 nm in size. As already mentioned.
the latter features indicate reaction circumstances leading
to particle bursting upon massive volatiles release and/or
accompanying reactions in the vapor phase.

Figure 3 includes the SEM images of the final pow-
ders after pyrolysis at 1650 °C under a flow of Ar (note
the different magnification bars in Figs. 2 and 3). For the
hexamethyldisiloxane and ethanol/polydimethylsiloxane
systems, i.e., Figures 3(A) and (C), respectively, the initial
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particle morphology appears to be preserved both in
terms of shape and size. A closer inspection reveals
also a number of relatively larger particles with well-
developed crystal facelets suggesting an extent of crystal
crowth/recrystallization phenomena under the pyrolysis
conditions; most of the crystallites are, however, con-
fined as nanocrystalline aggregates within the volume of
spheroidal particles (vide infra). A distinctly different pic-
ture emerges from Figure 3(B) (tetramethoxysilane sys-
tem), namely, in addition to some individual spheroidal
particles in the size range encountered in the as-received
powder (compare with Fig. 2(B)), there is also an aggre-
gated solid phase of irregular shape implicating a partial
melting of one of the components before re-solidification.
In fact, one could see with a naked-eye a few very
small, colored droplets on the crucible’s bottom after pow-
der discharge. As discussed later, the molten component
corresponds likely to elemental silicon (m.p. 1410 °C).
Another characteristic feature for this powder is its lighter,
yellowish-gray color to be compared with grayish-black
coloration of the pyrolyzed powders from the other two
systems. Additionally, in Figure 3(B) some whisker-type
features are found of which growth is usually associated
with gas phase reactions. The formation of the volatile
oxide Si(II)O from the disproportionation reaction Si+
510, — 2810 and the follow-up reaction involving CO,
e, 510+ 3CO — Si1C + 2C0O, would yield silicon car-
bide whiskers previously observed by us'' and others™’
in related precursor systems.

The SEM/EDX analyses (not shown) of all three final
products confirm qualitatively the major conclusions about
the chemical nature of different morphological features
discussed above. It 1s especially important to note that in
all these cases the distribution of the analyzed elements Si,
O, and C 1s found to be highly homogeneous in various
probed areas at micrometer scale proving an advantageous
and etficient in-situ mixing effect in the precursor-derived
composites down to the microsized region.

A detailed account of chemical transformations and
product characteristics in these precursor systems will soon
be reported elsewhere. However, in order to substantiate
relevant morphology aspects, outlined below are the phase
composition/crystallite size data derived mainly from pow-
der XRD measurements and low and high temperature
oxidation data carried out both for the raw products and
1650 °C-pyrolyzed final products.

Figure 4 shows XRD scans obtained for powders from
the neat hexamethyldisiloxane system. The pattern a is
collected for the as-prepared powder at 1200 °C and shows
two broad halos centered at 2 theta equal to approx. 25°
and 35°. The pattern is typical for a highly amorphous
material; the peak at approx. 25° could correspond to
the emergence of turbostratic graphitic domains while the
peak at approx. 35° could be traced to emerging B-SiC
nanocrystallites.'"” We note that plausible transient amor-
phous phases of the type SiO C, are not expected to be

J. Nanosci. Nanotechnol. 8, 907-913, 2008
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Fig. 4. XRD patterns of powders obtained from neat hexamethyldisilox-
ane; (a) as-prepared at 1200 °C, (b) after heat treatment at 1650 °C, Ar.

detected by this method. In this regard, infrared spectra
for the aerosol powder (not shown) suggest the presence
of such species by confirming S1—O bonds. The upper pat-
tern b 1s obtained for the product pyrolyzed at 1650 °C
under an argon flow. The most intense set of the relatively
sharp peaks 1s attributed to the regular phase of nanosized
B-SiC with an average crystallite size calculated from
Scherrer equation of approx. 32 nm. There is also a minor
phase of hexagonal «-S1C. Interestingly, no clear evidence
can be drawn from the pattern about the occurrence of a
plausible phase of turbostratic graphitic carbon. The lat-
ter could be expected based on pattern a suggesting an
excess of carbon 1n the as-prepared product at 1200 °C. In
this regard, the low temperature oxidation of this material
yielded 9.5 wt% of excess carbon consistent with the XRD
data. However, carbothermal reduction reactions involving
the partially carbided SiO C, species that take place at
1650 °C would have resulted in consumption of this small
surplus carbon, at least down to detection limits of the
XRD method. This 1s supported by the low temperature

oxidation results for the final product showing 7.7 wt%

excess carbon. On the other hand, total carbon determi-
nation for this product gave 33.7 wt% C to be favorably
compared with the value of 35.4 wt% C calculated for the
composite system of 92.3 wt% SiC+ 7.7 wt% C, the lat-
ter derived from the low temperature oxidation data. It is
useful to be reminded that any severe deficiency of carbon

J. Nanosci. Nanotechnol. 8, 907-913, 2008

In the system versus the quantity necessary for the reduc-
tion of S1—0O moieties would have yielded also a crystalline
S10, by-product. Therefore, it appears that the 1650 °C-
product from the system is mainly the nanocrystalline sil-
icon carbide B-SiC containing small quantities of excess
free carbon.

Figure 5 shows the XRD scans collected for materials
in the neat tetramethoxysilane system, iLe., pattern a for
the as-prepared aerosol powder at 1200 °C and pattern b
for the product pyrolyzed at 1650 °C under argon. In the
former, the very broad halo centered at approx. 20-22°
1s consistent with highly amorphous silica formed from
decomposition of the precursor during aerosol generation.

The 1650 °C-pyrolyzed material shows the presence of
the prevailing nanocrystalline B-Si1C, minor quantities of

a-S1C, and some crystobalite S10,. It i1s worth noticing
that the average crystallite size of B-SiC 1s approx. 9 nm
much less than 32 nm ftound for the similar product from
the previously discussed hexamethyldisiloxane system. We
also note that the sample used here for the XRD determi-
nation was deprived of a very small quantity of a molten
component, i.e., a couple of small spheres found on the
crucible’s bottom. The component is likely to be molten
stlicon (m.p. 1410 °C). This fact coupled with the presence
of 510, points out to insutficient carbon in the system that
otherwise acts towards silica as a reducing agent to yield
S1C. Consistent with this 1s the negligible excess carbon
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@ Cristobalite
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3
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| ' 1 1 - ! !
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Fig. 5. XRD patterns of powders obtained from neat tetramethoxysilane;
(a) as-prepared at 1200 °C, (b) after heat treatment at 1630 °C. Ar.
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Fig. 6. XRD patterns of powders obtained from the solution system
ethanol/polydimethylsiloxane; (a) as-prepared at 1200 °C, (b) after heat
treatment at 1650 °C, Ar.

derived from low temperature oxidation (<1 wt%) and
total carbon content of 7.2 wt% in the 1650 °C-pyrolyzed
material (SiC + S10,).

Figure 6 displays XRD scans for materials made in
the solution system ethanol/polydimethylsiloxane. Spec-
trum a collected for the as-prepared aerosol powder at
1200 °C 1s characteristic of the broad peaks at 2-theta
of approx. 235, 43, and 80° that are associated with tur-
bostratic graphitic domains. No other lines/peaks are seen
in this spectrum indicating a highly amorphous nature of
any inorganic intermediate phase(s) present in this temper-
ature range. These observations are consistent with abun-
dance of carbon in the system from thermal cracking
of ethanol. A good illustration of the 1200 °C-material’s
composition is the excess carbon of 85.5 wt% and total
carbon of 94.9 wt%. Spectrum b was obtained tfor the
1650 °C-pyrolyzed product in this system. It features the
broad peaks due to turbostratic graphite that are almost of
the same fundamental characteristics as discussed earlier
for the as-prepared aerosol powder. Additionally, some-
what broadened peaks typical for B-SiC are seen sup-
porting efficient carbide formation under the condition of
excess carbon 1n the system. The calculated average crys-
tallite size of [B-SiC i1s 9 nm similarly as found in the
neat tetramethoxysilane system. The inhibiting effect of
the in-situ formed nanocrystalline S1C on graphitic domain
growth/crystallization in the C-matrix in this temperature
range was also observed by us in other precursor systems
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leading to C/SiC nanocomposites.'” The excess carbon for
this material of 73.5 wt% and the total carbon content of
94.5 wt% in comparison with the similar data for the raw
1200 °C-material appear to indicate the efficiency of car-
bothermal reduction after the high temperature treatment
in this system.

To conclude this section, the picture that emerges
from the discussed SEM, XRD, and analytical data for
the final products supports the persistence of an overall
spheroidal morphology of composite particles, a feature
of the applied aerosol synthesis method. It is obvious that
phase separation/recrystallization phenomena and accom-
panying carbothermal reduction chemistry taking place in
the various products at 1650 °C cause relatively minor
alas specific changes in morphology versus the appearance
of the initial aerosol-generated products. These changes
depend on the particular precursor system. For example,
for neat hexamethyldisiloxane in which due to the appar-
ently advantageous proportion of C/Si/O silicon carbide
was prevailingly synthesized, an evolution of relatively
larger crystallites of SiC is evident in addition to the bulk
of spheroidal particles the latter composed of nanosized
SiC. In the system of neat tetramethoxysilane with an
abundance of intrinsic oxygen, the amount of available
carbon needed for an efficient reduction towards SiC 1s
too small and the SiC + SiO, composite is formed; this
has important implications for the product morphology
since the silica particles partially melt to form irregu-
larly shaped secondary features. Finally, in the solution
system of ethanol/polydimethylsiloxane characterized by
large excess of carbon, an overall spheroidal particle mor-
phology of the C/SiC composite 1s retained while recrys-
tallization of silicon carbide results in the appearance of
some regularly shaped SiC crystallites still in the low
nanosized region.

4. CONCLUSIONS

The convenient two-stage aerosol-assisted synthesis
method showed its utility for the preparation of a range
of SiC-based nanomaterials from various single-source
and solution precursor systems. After final pyrolysis at
1650 °C under argon, mostly nanocrystalline silicon car-
bide powder was obtained from the neat hexamethyldis-
iloxane system, composite powder of not fully converted
Si0, and SiC was prepared from the neat tetramethoxysi-
lane system, and C-rich/SiC composite was made from the
ethanol/polydimethylsiloxane solution system. The pre-
vailing phase of SiC was in all cases the regular 8-SiC
polytype with the average crystallite size in the 9-32 nm
range. The component particles of the composites were
homogeneously distributed throughout the bulk of pow-
ders. Most of the powders were composed of spheroidal
particles — morphology imprinted during aerosol genera-
tion at 1200 °C and only slightly affected by the second-
stage bulk pyrolysis at 1650 °C under argon. In general,
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the utilization of the different Si—O-bearing precursor
systems resulted not only in various powder compo-
sittons  but yielded differing morphologies with overall
spheroidal characteristics. Finally, the aerosol-assisted syn-
thesis method appeared to minimize the consequences of
the formation of transient oxycarbide species in these pre-
cursor systems while creating advantageous conditions for
carbothermal reduction towards various SiC-based com-
posite powders.
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