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Nanosized SiC-based powders were prepared from selected liquid-phase organosilicon precursors by the
aerosol-assisted synthesis, the DC thermal plasma synthesis, and a combination of the two methods. The
two-stage aerosol-assisted synthesis method provides at the end conditions close to thermodynamic
equilibrium. The single-stage thermal plasma method is characterized by short particle residence times
in the reaction zone, which can lead to kinetically controlled products. The by-products and final
nanopowders were characterized by powder XRD, infrared spectroscopy FI-IR, scanning electron

Keywords: microscopy SEM, and 2°Si MAS NMR spectroscopy. BET specific surface areas of the products were
A. Nanostructures . . . . . . .
A Carbides determined by standard physical adsorption of nitrogen at 77 K. The major component in all synthesis

routes was found to be cubic silicon carbide 3-SiC with average crystallite sizes ranging from a few to tens
of nanometers. In some cases, it was accompanied by free carbon, elemental silicon or silica
nanoparticles. The final mesoporous [B-SiC-based nanopowders have a potential as affordable catalyst

C. X-Ray diffraction
C. Infrared spectroscopy
C. Nuclear magnetic resonance (NMR)

supports.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon carbide SiC due to its high mechanical strength,
semiconducting properties, chemical inertness, high-temperature
stability, and good thermal conductivity has been a subject of
numerous studies and growing applications. In addition to the
established applications of bulk SiC, there are many utilizations
that take advantage of its nanosized materials forms. For instance,
SiC-based nanostructures were considered for nanoscale light
emitters [1,2]. SiC membranes were shown to exhibit advanta-
geous properties for gas separation [3-5]. SiC was also tried in
diesel fuel particulate filters [6,7] and the carbide ceramic
microreactors were investigated for hydrogen gas production
[8,9]. In another approach, SiC was used as a support for the Ni
catalyst in methane reforming to synthetic gas [10-12].
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Several bottom-up precursor routes are available to prepare
SiC powders. For example, they were synthesized by the
carbothermal reduction method using the binary systems of the
polysiloxane/phenol and polysiloxane/xylene resins [13]. Yang
et al. reported a successful synthesis of SiC powders with particle
sizes in the range of 0.5-1 pwm by combustion synthesis from the
mixtures of silicon, carbon black, and polytetrafluoroethylene
powders [14]. Chemical vapor deposition synthesis in a hot-wall
quartz reactor was used to make nanosized cubic B-SiC with
crystallite sizes in the range of 10-30 nm using hexamethyldisilane
as a precursor [15]. Du et al. described a route for making [3-SiC
by electric pulses discharged in liquid-phase organosilicon
precursors [16]. In recent reports, microwave heating at 1200°C
of suitable mixtures of silicon, graphite, and aluminum powders
yielded either a-SiC [17] or aluminum-doped B-SiC [18]. Pure or
boron-doped (-SiC powders were also produced by various
combustion synthesis methods [19-23].

The thermal plasma synthesis offers a highly specific way to
prepare nanopowders. The attractiveness of plasma processes
stems, in general, from high energy densities in the reaction zone
resulting in high precursor flow rates and increased temperatures,
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with both factors causing significant reaction time reductions [24].
For instance, Kong and Pfender synthesized nanosized [(3-SiC
powders with the arc plasma by reacting methane and silicon
monoxide [24]. The resulting powders showed a bimodal
distribution of particle sizes in the characteristic ranges depending
on the carbon to silicon ratio. There have also been studies on using
the thermal plasma for silicon carbide coatings, namely, plasma
enhanced chemical vapor deposition PE CVD [25-33] or thermal
plasma physical vapor deposition TP PDV [34,35]. These techniques
were also used for making SiC nanoparticles [36-44].

In those investigations, organosilanes or hydrocarbon/silane
precursor systems were predominantly used for both the gas
phase reactions [25-33,36-38] and solid state precursor
conversions [34,35,43,45]. In the present study, two liquid-phase
oxygen-bearing organosilicon precursors were tried to prepare
SiC nanopowders of increased specific surface area that could
be considered as affordable catalyst supports. A two-stage
aerosol-assisted synthesis method was used as the basic route.
In the first stage, the method allows for the preparation of the
raw product with spheroidal particle morphology. In the second
stage, it can be either further pyrolyzed in bulk at higher
temperatures or, alternatively, processed in the thermal plasma
pyrolysis system to be converted to specific final products. As
previously mentioned, the major advantage of the thermal plasma
method is a short conversion time due to the specific reaction
conditions. This, however, results in kinetically and diffusion
controlled products. On the other hand, the aerosol-assisted
synthesis in its second-stage of bulk pyrolysis provides sufficient
time for achieving conditions close to equilibrium and, therefore,
can result in different products. Proper combination of these highly
automated synthesis methods, which are in some respects
supplemental, is anticipated to produce still different SiC-based
nanopowders.

2. Materials and methods

Two organosilicon precursors, neat hexamethyldisiloxane
(HMDS) [(CH3)s3Si],0 (Aldrich) and neat polydimethylsiloxane
(PDMS) {—Si(CH3),—0—},,n.,=10) (Silikony Polskie, Sarzyna,
Poland), were used as received. The first precursor is a molecular
compound while the second is a mixture of relatively short
polymeric chains with different lengths. From the perspective of
the anticipated major SiC product, the atomic C:Si:O ratio in the
precursor, i.e., 6:2:1 for HMDS and 2:1:1 for PDMS is a crucial factor
that determines the efficiency of carbothermal reduction and,
consequently, the composition of intermediate and final products.

First, raw powders were prepared by the aerosol-assisted
synthesis method in the experimental set-up shown in Fig. 1. The
details of the method were published elsewhere [46]. A mist of
neat hexamethyldisiloxane was generated by an ultrasound
generator whereas in the case of polydimethylsiloxane, due to
its high surface tension retarding the ultrasonic aerosol formation,
a spray generator (ATM 220, Topas, Germany) was used. The
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Fig. 1. Set-up for aerosol-assisted raw powder generation.
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precursor mist was transported in a stream of argon gas with a flow
rate 3L/min to the ceramic tube reactor placed in an electric
furnace, which was preheated to 1200 °C. The powder product that
was formed inside the reactor was collected on the exit nylon filter.
The as-prepared products were black free-flowing powders. Due to
incomplete carbothermal reduction/carbide formation, such raw
products usually contain glassy silicon oxycarbide SiO,C, and/or
free carbon and silica [47]. In order to eliminate the remaining
oxygen and promote SiC formation and crystallization, an
additional treatment of the raw powder at an elevated temperature
was necessary. In the follow-up stage, the pyrolysis of the powder
at 1650°C under flowing argon, 1L/min, was carried out, as it is
typically done in the aerosol-assisted synthesis, to yield the final
product.

In parallel experiments, each raw product was additionally
treated in a DC argon plasma stream, in the experimental set-up
shown in Fig. 2 that was described in details elsewhere [48]. The
raw powder obtained from the aerosol-assisted synthesis was fed
directly into the plasma stream of the reaction chamber at a
feeding rate of a few grams per minute, using a home-made
fluidized-bed feeder with argon gas as the transporting medium.
The thermal plasma was generated by a DC arc discharge.
Additionally, as a reference reaction system, the argon plasma
set-up was used to generate powders directly from the liquid
polydimethylsiloxane. In this case, the powder feeder was replaced
by a feeder suitable for liquid precursors. The experiments were
carried out at the input power 20 kW, argon gas flow rate 2.4 m?/h,
and the feeding rate of precursor 16 g/min.

The overall scheme of performed experiments and resulting
samples, including the sequence of applied synthesis steps/stages,
type of raw products, and realized pathways to final nanopowders
is shown in Fig. 3.

All powders were characterized by powder XRD (X'Pert Pro
Panalytical, Cu Ka source), scanning electron microscopy SEM
(Hitachi, model S-4700 and Zeiss, model ULTRA plus), FT-IR
spectroscopy (Nicolet 380, Thermo Electron Corporation, KBr
pellets), and in selected cases, solid-state 2°Si MAS NMR
spectroscopy (Tecmag Apollo spectrometer at 59.515MHz,
Bruker HP-WB MAS probe). BET specific surface areas of the
samples were determined by the standard physical adsorption of
nitrogen at 77 K on Micromeritics Gemini V 2380.

power
supply

Ar Ar _)

precursor
feeder |

reaction
chamber

cooler

cyclone
separator
system

= to exhaust

Fig. 2. DC thermal plasma jet system.
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Fig. 3. Scheme of precursors conversion to SiC-based nanopowders.

3. Results and discussion

The successful chemistry behind the carbothermal reduction of
oxygen-bearing organosilicon compounds under the neutral gas
atmosphere relies on three main processes. First, thermally driven
precursor decomposition at elevated temperatures has to occur.
Second, the high affinity of the resulting carbonaceous species to
react with Si-O-bearing decomposition by-products with the
formation of gaseous carbon oxides leads via carbothermal
reduction to oxygen-deprived silicon species. And third, given a
sufficient supply of carbon species and appropriately high
temperatures, silicon should react with still available carbon to
form silicon carbide SiC. However, this somewhat simplified
reaction pathway has to take into account a possibility of
amorphous oxycarbide SiOxC, formation as well as of free
carbon C and silica SiO, as composite components at moderate
temperatures up to 1400 °C[47,49,50]. This complication is directly

100 nm
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linked to the chemical composition of the precursor which can be
conveniently described by its C:Si:O atomic ratio.

In this regard, hexamethyldisiloxane, C:Si:O=6:2:1, contains a
sufficient amount of constitutional carbon atoms for both the
carbothermal reduction/oxygen removal and formation of SiC. In
the case of polydimethylsiloxane, which is an inexpensive
organosilicon precursor with C:Si:0=2:1:1, the relative amount
of carbon atoms only theoretically allows for the formation of SiC
and elimination of oxygen under highly favorable time/diffusion
conditions. In some cases, however, a local availability of carbon
may be insufficient for efficient oxygen removal and, consequently,
oxygen-bearing silicon oxycarbide SiO.C, and/or silica SiO, could
appear in the products.

3.1. Synthesis of raw powders

The raw powder products were prepared from the liquid
organosilicon precursors by the aerosol-assisted synthesis method
at 1200°C using argon as a neutral gas carrier. The SEM
micrographs of the products show a typical particle morphology
for the method - the particles are spheroidal and often fused
together (Fig. 4). It should be noted that nanopowders most
often form extensively agglomerated assemblies of amorphous
by-products or product crystallites, so that particle refers to an
entire agglomerate, not necessarily in the nanosized range. The
specific feature of the aerosol-assisted method is the formation of
raw powders consisting of spherical particles. This effects the way
the final product forms and, subsequently, crystallizes to yield
agglomerated nanocrystallites in the second-stage treatment.

After the first stage, the products exhibit merely weak
crystalline characteristics if any, as demonstrated by the
XRD patterns (Fig. 5). In the pattern for the product from
hexamethyldisiloxane (HMDS), a broad halo located at ca.
260=35° (Fig. 5A) could be linked to emerging [3-SiC (JCPDS-ICDD
No. 29-1129). In contrast to the HMDS-derived product, the
powder from PDMS appears to be entirely amorphous (Fig. 5B).

The FT-IR spectra for the raw products are shown in Fig. 6. They
are remarkably similar in the characteristic spectral ranges. The
absorption bands corresponding to the expected silicon moieties,
i.e., stretching mode of Si—O bonds at ca. 1060cm~! and that of
Si—C bonds at 840 cm ! are observed. An additional band appears
at ca. 464 cm~! which is probably due to the bending vibrations of
Si—O0 bonds (Fig. 6B). The remaining weak absorption bands at ca.
3430cm™! and 1600cm~! correspond to the stretching and
bending vibrations of O—H groups, respectively, in adventitiously
adsorbed water molecules. In our related study, we pointed
out that at relatively low synthesis temperatures in the range
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Fig. 4. SEM images of raw powders prepared with the aerosol-assisted synthesis method at 1200°C, Ar, from: A - HMDS, B - PDMS.
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Fig. 5. XRD patterns for raw powders prepared with the aerosol-assisted synthesis
method at 1200°C, Ar, from: A - HMDS, B — PDMS.

1200-1400°C, it was possible to prepare products that contain
amorphous/glassy silicon oxycarbide SiO,C,, in which a certain
number of four-coordinated carbon atoms were replaced by
two-coordinated oxygen atoms [47]. Therefore, it is difficult to say
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Fig. 6. FT-IR spectra for raw powders prepared with the aerosol-assisted synthesis
method at 1200°C, Ar, from: A - HMDS, B — PDMS.

on the basis of the FT-IR results only whether such oxycarbides are
formed or not in the present study.

An additional insight into this question is provided by 2°Si MAS
NMR spectroscopy, a technique sensitive to the local chemical
environment of silicon atoms. In general, local environments
denoted in short as SiC4, SiC30, SiC,0,, SiCO3, and SiO4 will be
manifested by distinct peaks with the first one typical for SiC, the
last characteristic for SiO,, and the remaining assigned to various
combinations of oxygen and carbon around silicon centers in
SiOxC,. The corresponding peak positions for SiCy4, SiC30, SiC;0,,
SiCOs, and SiO4 units are ca. -16 ppm, 1 ppm, -34 ppm, -72 ppm,
and -107 ppm, respectively [49]. The MAS NMR spectrum for the
raw powder from hexamethyldisiloxane is dominated by a broad
peak extending from ca. 17 ppm to -55 ppm with maximum at
about -15 ppm, which reasonably corresponds to the SiC4 units in
[3-SiC (Fig. 7A). There is a slight discrepancy between our data and
the available literature references [51]. It can be explained by
the presence of overlapping additional peaks from the SiC,0,
(-34 ppm) and SiC30 units (1 ppm) in the silicon oxycarbide that
could plausibly be formed under such conditions. A considerably
smaller peak is observed at ca. -67 ppm which corresponds to the
SiCOs units. Due to relatively low signal to noise ratio, it is difficult
to confirm in this case the presence of SiO4 units in SiO,.

The NMR spectrum for the raw powder prepared from
polydimethylsiloxane (Fig. 7B) exhibits essentially the same peaks.
However, the peak intensity at -70 ppm corresponding to the
SiCO3 units is increased. A peak of low intensity at -107 ppm for
the SiO4 units is now convincingly detected, confirming that some
silica is formed in addition to the main oxycarbide product. This
observation can be explained by the C:Si:O atomic ratios in the
precursors and the relative deficiency of carbon in the case of
polydimethysiloxane, which favors the oxygen retention in the
derived products.

#Si NMR
4 kHz MAS

100 0 -100 -200
ppm from TMS

Fig. 7. 2°Si MAS NMR spectra for raw powders prepared with the aerosol-assisted
synthesis method at 1200°C, Ar, from: A - HMDS, B - PDMS.
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Fig. 8. SEM images of final powders obtained after additional bulk pyrolysis at 1650 °C, Ar, of raw powders from: A - HMDS and B - PDMS.

3.2. Second stage pyrolysis of raw powders

The raw powders prepared in the first stage of the
aerosol-assisted synthesis were subjected to further pyrolysis by
two different methods of thermal treatment, namely, by bulk
pyrolysis of powders in a tube furnace at 1650°C, or under the
conditions of DC thermal plasma. Both methods of the heat
treatment were carried out in the argon atmosphere. Under
such conditions, chemically bound oxygen in SiO.C, and/or SiO,
is expected to undergo an efficient carbothermal reduction by
carbon available either from silicon oxycarbide and/or dispersed as
a free excess carbon phase, resulting in pure SiC or C/SiC composite
nanopowders.

It is worth to point out that both these highly automated
methods inherently lead to some material losses that are related
rather to the process yield than to the chemical reaction yield. In
the aerosol synthesis, the exit section of the ceramic tube reactor is
gradually covered with a thin powder layer that grows thicker with
time/consecutive runs, until reaching a limited working thickness.
Once the tube is “conditioned”, subsequent runs proceed without
virtually any product losses of this type. Similarly, there are parts of
the thermal plasma synthesis apparatus from which it is difficult to
recover the product. It is retained there during the first run, mainly.
The overall process yield for a single run in either of the methods is
estimated at 70-80% but it can be higher if consecutive runs are
made to prepare larger quantities of the product.

055 .
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The characteristic SEM images of the final products after the
bulk pyrolysis at 1650°C, Ar, are presented in Fig. 8. The powder
from HDMS preserves the initial particle morphology formed in
the first stage of the synthesis (Fig. 8A). The bimodal size
distribution of the particles in the raw powders (Fig. 4) appears
to survive the high temperature treatment. Most of the spheroidal
particles possess a blackberry-like appearance. Somewhat
different particle morphology is observed in the PDMS-derived
powder (Fig. 8B). The spheroidal morphology of the particles is
frequently deformed and a closer inspection reveals a number of
larger particles with well-developed crystal facets. This suggests
that under such pyrolysis conditions the crystal growth takes place
although most of the crystallites appear as nanocrystalline
aggregates.

The SEM images of the powders prepared from HDMS and
PDMS by the aerosol-assisted synthesis after the second-stage
treatment in the DC thermal plasma are presented in Fig. 9A and B,
respectively. The particle morphology is, generally, very much like
from the first stage of the aerosol synthesis. However, in this case
the particles seem to be less deformed (compare with Fig. 8).
Interestingly, the powders from PDMS (Figs. 8 and 9B) after the
second stage of pyrolysis contain much more deformed particles in
comparison with the appropriate products from HMDS, indepen-
dently of the pyrolysis method. This probably results from specific
thermochemical changes yielding certain by-products that show
an apparent partial melting [46]. This, in turn, could be related to
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Fig. 9. SEM images of powders obtained after additional treatment in DC thermal plasma of raw powders from: A - HMDS and B - PDMS.
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the C:Si atomic ratio in the precursors (3:1 in HMDS and 2:1 in
PDMS). Due to higher relative deficiency of carbon in PDMS, the
formation of elemental silicon Si (m. p. 1414°C) or silica SiO,
(m. p. around 1670°C) is feasible. In fact, such a conclusion is
consistent with the relevantXRD results (vide infra), especially, for
the powder after the pyrolysis in plasma stream.

The diffraction patterns for powders after the second stage of
the heat treatment are shown in Fig. 10. The HMDS patterns after
the bulk pyrolysis in the tube furnace and after the treatment in the
DC thermal plasma are shown in Fig. 10A and B, respectively,
whereas the corresponding PDMS patterns in Fig. 10C and D.
Additionally, the diffraction pattern of the powder prepared by a
direct conversion of liquid PDMS in a single-stage conversion
carried out in the DC thermal plasma is presented in Fig. 10E. The
major features in all these patterns are the diffraction peaks
attributed to the dominant cubic phase 3-SiC. A small shoulder at
ca. 34° is assigned to the minor hexagonal polytype «-SiC which
frequently accompanies the formation of nanocrystalline [-SiC
from chemical precursors. The average crystallite sizes of the [3-SiC
phase as calculated from the Scherrer equation for the samples
shown in Fig. 10A and D are, respectively, 32 nm, 26 nm, 24 nm, and
18 nm. The detailed examination of the diffraction pattern shape
for the powder from the direct pyrolysis of PDMS in thermal
plasma (Fig. 10E) suggests a bimodal size distribution of [3-SiC
crystallites. The crystallite size calculations for this sample applied
to the deconvoluted strongest (111) diffraction peak at 35.6° yield
the average sizes of 15 nm and 2 nm in the amounts of ca. 30% and
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Fig. 10. XRD patterns for final powders obtained after additional treatment of raw
powders from the aerosol-assisted synthesis — precursor (treatment): A - HMDS
(bulk pyrolysis, 1650°C, Ar), B - HMDS (DC thermal plasma), C - PDMS (bulk
pyrolysis, 1650 °C, Ar), D - PDMS (DC thermal plasma), and E - powder prepared by
direct conversion of liquid PDMS in DC thermal plasma. The crystalline phases were
identified based on JCPDS-ICDD reference data, i.e., 3-SiC (JCPDS-ICDD: 29-1129),
«-SiC (JCPDS-ICDD: 01-072-0018), Si (JCPDS-ICDD: 00-027-1402).

70%, respectively. It is worth to note that the average crystallite size
of 3-SiC formed from polydimethylsiloxane is smaller than that
from hexamethyldisiloxane irrespective of the second-stage heat
treatment method. Moreover, the powder that was thermally
treated in the DC thermal plasma consists of smaller (3-SiC
crystallites than the powder from the respective bulk pyrolysis in
the tube furnace. The last observation can be explained by different
residence times of particles in the high temperature zone of the
two heat treatment methods — a much longer residence time of
bulk pyrolysis at 1650°C favors the crystal growth and the
formation of larger crystallites.

Interestingly, a considerable amount of elemental silicon Si in
addition to B-SiC is observed in the PDMS powder that was treated
in the DC thermal plasma (Fig. 10D). On the other hand, silicon is
not detected in the product from the direct conversion of liquid
PDMS in the thermal plasma under otherwise the same conditions.
This suggests that significant differences occur in the course of
relevant transformations. Due to the C:Si:O ratios in the
precursors, ie., 6:2:1 for HMDS and 2:1:1 for PDMS, the raw
powders from the aerosol-assisted synthesis have different
elemental and constitutional compositions. This is confirmed by
the 2°Si MAS NMR determinations and corroborated by the FT-IR
results (Figs. 6 and 7). The black raw powders after the first stage of
the aerosol synthesis at 1200 °C contain the SiO,C, species and free
excess carbon from the decomposition of methyl groups.
Additionally, the raw powder from HMDS contains some
amorphous SiC while that from PDMS has SiO, as seen in 2°Si
MAS NMR (Fig. 7B) and FT-IR spectroscopy (Fig. 6). The
predominant thermochemical change leading in the second stage
to B-SiC can, in principle, be described by carbothermal reduction
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Fig. 11. FT-IR spectra for final powders obtained after additional treatment of raw
powders from the aerosol-assisted synthesis — precursor (treatment): A - HMDS
(bulk pyrolysis, 1650°C, Ar), B - HMDS (DC thermal plasma), C — PDMS (bulk
pyrolysis, 1650 °C, Ar), D - PDMS (DC thermal plasma), and E - powder prepared by
direct conversion of liquid PDMS in DC thermal plasma.
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Fig.12. 2°Si MAS NMR spectra for selected final powders after additional treatment
of raw powders from the aerosol-assisted synthesis — precursor (treatment):
A - HMDS (DC thermal plasma), B - HMDS (bulk pyrolysis, 1650°C, Ar), C - PDMS
(bulk pyrolysis, 1650 °C, Ar). The peaks marked by asterisks in the A spectrum are
the spinning sidebands.

of the type SiO,+2C—SiC+CO,1 which occurs in both raw
powders. In the case of PDMS, the elemental Si is likely formed
during an incomplete carbothermal reduction of the type SiO,+
C— Si+CO0,1. It becomes significant under turbulent flow con-
ditions of the thermal plasma method coupled with the deficiency
of available carbon. Moreover, the way the raw powder is
transported in argon to the plasma chamber is thought to reduce
the physical contact of carbon particles with the SiO, and/or SiOxC,,
particles, creating conditions that favor the formation of elemental
Si. This can be compared with the outcome of the direct pyrolysis of
liquid PDMS in the DC thermal plasma and exclusive formation of
B-SiC in the lowest nanosized regime as confirmed by the XRD
results (Fig. 10E).

Fig. 11 shows the FT-IR spectra of all final powders arranged in
the same order as the XRD patterns in Fig. 10. All spectra exhibit a
band at ca. 820 cm~! which is typical for the Si—C bond stretches in
SiC. Additionally, a relatively strong absorption band at ca.

1060 cm ™! that is characteristic for the Si—O stretches is observed
in the spectra presented in Fig. 11D and E, corresponding to the
PDMS-derived powder obtained after the heat treatment in
thermal plasma of the raw product from aerosol synthesis and
the powder from the single-step direct pyrolysis of liquid PDMS in
the DC thermal plasma, respectively. No such band is observed for
the final powder prepared from the PDMS-derived raw product
after the bulk pyrolysis in the tube furnace (Fig. 11C). This suggests
that advantageous conditions exist in the latter method, including
sufficient amounts of carbon and suitably long reaction time to
yield oxygen-deprived products, mainly, SiC. A similar spectrum
for the final powder from HMDS after the second-stage bulk
pyrolysis is seen as well, confirming the high specificity of such a
two-stage synthesis method.

Fig. 12 shows the 2°Si MAS NMR spectra for the selected
samples, i.e., powder from HDMS obtained after the second-stage
treatment in thermal plasma (Fig. 12A) and powders from HDMS
and PDMS obtained after the second-stage bulk pyrolysis in tube
furnace (Fig. 12B and C, respectively). One narrow peak at ca.
-16 ppm assigned to crystalline (3-SiC is observed in Fig. 12B and C,
which is consistent with the XRD results. Broad spinning sidebands
in the frequency range extending from 300 to —300ppm (not
shown) are present in the spectrum shown in Fig. 12 A. They are
due to an inhomogeneous broadening that can be caused by some
paramagnetic impurities. This explains much smaller intensity of
the central band at -16 ppm because the integral over the entire
spectrum including the sidebands is proportional to the Si content
in the sample. In spite of the poor signal to noise ratio in the
spectrum, a small asymmetry of the central band is apparent. It
suggests that apart from the dominant SiC4 units (in SiC), some
SiC,0, moieties can be present (reported resonance at —35 ppm).
This agrees with the FT-IR data that show besides the main peak at
820 cm™! corresponding to SiC a broad shoulder at ca. 1100cm ™! as
well. It is indicative of some Si—O bonds in the product, probably in
the amorphous SiO,C, component. All this is consistent with the
notion that despite the abundance of carbon in the precursor, the
operating conditions in the DC thermal plasma method are not
effective in removing all oxygen to yield pure SiC or C/SiC
composites: the residence time and the particle-to-particle contact
time are too short to complete the reactions taking place, mostly,
in the solid state.

The BET specific surface areas, Sggy, of final powders were
determined by standard low temperature nitrogen adsorption
revealing some differences among them (Table 1). The lowest area,
16 m?/g, is for the PDMS-derived powder after the bulk pyrolysis in
the tube furnace which is consistent with the presence of relatively
large particles of SiC. The product from HMDS prepared by the
same method has the surface area of 49 m?/g, three times bigger,
and this can likely be attributed to the presence of free carbon in
this composite powder. For the products prepared from the two
precursors by the coupled aerosol-assisted/plasma method, the
larger surface area of 77 m?/g is for the powder from PDMS. This
can be due to the presence of [3-SiC crystallites with the smallest
crystallite sizes among the samples and, additionally, to the fine
forms of crystalline silicon and amorphous silicon oxycarbide in
the PDMS-derived powder. The nitrogen adsorption/desorption
curves (not shown) are consistent with the mesoporous

Table 1
BET specific surface areas of final powders.
Precursor Sger [M?/g]
Two-stage aerosol-assisted synthesis Coupled aerosol-assisted/plasma synthesis
Hexamethyldisiloxane (HMDS) 49 32
Polydimethylsiloxane (PDMS) 16 77
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characteristics of powders which is advantageous for the particle
surface modifications.

4. Conclusions

Two individual methods and their coupled version for the
conversion of selected organosilicon precursors toward SiC-based
nanopowders were compared, namely, the aerosol-assisted and
the DC thermal plasma methods. The composition of final powders
can be related to the specifics of the applied method. The two-stage
aerosol-assisted synthesis provides in the second stage of bulk
pyrolysis at 1650°C conditions that are close to equilibrium and
the appropriate products. On the other hand, the DC thermal
plasma method is characterized by relatively short particle
residence times and limited solid particles interactions in the
plasma stream. It leads to the products that are kinetically and
diffusion controlled. The chemistry behind the conversion of
oxygen-bearing organosilicon compounds to SiC or C/SiC is
rather complex and it includes a viable silicon oxycarbide SiO,C,
by-product formation. Therefore, a choice of one of the two
synthesis methods or their coupled version will warrant the
preferred nature of the final nanopowder at the optimized reaction
time. An additional flexibility of this approach stems from the
pool of available liquid precursors that can be used. The prepared
SiC-based nanopowders are mesoporous of increased specific
surface areas with capacity to be utilized as catalyst supports.
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