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Abstract

The work described in this thesis was carried out on the synthesis of silicon carbide using
microwave processing and aimed to develop procedures to reduce processing complexity

and cut processing times.

Si-C/SiO,-C systems were first studied due to the ready availability at reasonable cost of
the starting powders and the excellent microwave absorption properties of carbon. Silicon
carbide was synthesised from silicon or silica combined with activated carbon or graphite
via microwave heating over timescales from minutes to seconds without the need for inert

atmospheres or subsequent purification.

In the reactions performed in a MMC, graphite was found fundamental not only as a
microwave susceptor, but also as a reductant, preventing the oxidation of silicon carbide.
Another important beneficial factor was water, used as a binder in the pellet making
process, it minimised the intergrain void space between particles and possibly acted as a

polar liquid microwave susceptor.

It was found the carbide morphology and phase purity can be controlled by the microwave
cavity used, the power applied and hence by the heating rate. Short irradiation times (ca. 5
minutes) in a multimode cavity using silicon and activated carbon powders produced single
phase B-SiC nanofibres as small as 5 nm in diameter while large crystallites of B-SiC can
obtained in ~1 minute using high power, single mode cavity microwave techniques.
Furthermore, similar microwave cavity systems shown that the removal of the susceptor,
starting from silica and carbon mixtures, is possible and the successful conversion to
silicon carbide can be performed using loose powders. This represented a major step with

respect to designing a flow process and reducing carbon contamination.

Studies of microwave processing of silicon carbide were then extended to x-aerogels, to
probe whether the produced silicon carbide would mimic the porous microstructures
offered by the precursor. This indeed resulted in the production of porous silicon carbide
(in 15 minutes) and also sintered crystallites of micrometre sizes (after 3.5 minutes)

whether MMC or SMC systems were employed.
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Figure 5-28 SEM micrograph of samples (a) 1; (b) 2; (c) 12;(d) 13 and (e) 14 (Table 5-1).

Confirming the results from TGA, from the Raman spectra of samples post-TGA (Figure
5-29) it is noticeable that the D and G bands relating to the carbon content in the sample
are essentially absent for most of the samples, apart from a very broad feature for sample
12 and possibly sample 13, where also second order Raman features of silicon carbide can
be found in the same region (Figure 5-29¢-d). Along with the a decrease in intensity of the
carbon bands, the main silicon carbide band due to Transverse Optical (TO) Raman-active
mode in B-SiC considerably sharpens and shifts to the common value of 780 - 790 cm™.
The Longitudinal Optical (LO) band of -SiC is also present at 990 em™ along with an
overtone in the high wavenumber region at ca. 1500 cm™.* Broad and weak features in the

low wavenumber region are most likely to be connected to the presence of Si-O bonds due
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to a possible slight (surface) oxidation of silicon carbide during the TGA analysis in the
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Figure 5-29 Raman spectra and assignments for samples (a) 1; (b) 2; (c) 12; (d) 13 and (e) 14 (Table

5-1).

5.3.5 Discussion

These studies have shown B-SiC can be synthesised starting from carbon coated silica
aerogels (stage C of the Leventis process) in air after 20 min (PXD Figure 5-9). The length
of the soaking treatment in distilled water prior to microwave irradiation influences the

reaction. The longer the samples are soaked in water, the more crystalline the product is (as
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evidenced from a flat PXD background in Figure 5-9b). Graphite reflections present in
sample 2 are in fact believed to be due to the surrounding susceptor powder that was not
completely physically removed from the product. The enhanced crystallinity in water
soaked samples can be explained considering interfacial polarisation during the microwave
heating process, in fact water, as already mentioned in Chapter 3, is a polar liquid and can
act as MW susceptor, to promote initial local dielectric heating of the carbon coating.*
Once the carbon coating has reached higher temperatures, it becomes “lossy” enough to
subsequently continue the heating process independently, while water evaporates and
leaves the system. A similar multistep heating process has been proposed by Meek in the
microwave sintering of oxide materials using sintering aids.*® One drawback of increasing
the length of the soaking time is that it also increases the brittleness of the sample, in fact it
is believed that by increasing the soaking stage, water has enough time to infiltrate the

structure causing stress and increase pressure inside the pores when it evaporates.

Results from syntheses performed starting from monoliths of aromatised PAN crosslinked
on silica aerogels (stage B of the Leventis process) demonstrate that at irradiation times as
short as 1.5 min, the monoliths could be successfully used as silicon carbide precursors.
Even when aromatised PAN cross-linked silica aerogels monoliths can be employed as
precursors without the aid of water, the monoliths crack and fragment into small pieces
during microwave reactions, making it difficult to recover only products without the
graphite used as susceptor. The persistent cracking is due to the high heating rates
achievable in a microwave oven and the evolution of gases involved in the carbothermal
reaction mechanism (see mechanism of formation later in this section). Extensive cracking
has been reduced by reducing the irradiation time and, as it can be seen from the PXD
patterns in Figure 5-14, B-SiC showing good crystalline properties can be produced after
only 2 minutes in an MMC, making it possible to treat and recover sizeable monoliths from
susceptor contamination (Figure 5-14a-e). The morphology of the product can be tuned
depending on the irradiation time. It can be noted from the SEM micrographs reported in
Figure 5-17, that prolonging the irradiation time leads to enhanced sintering and an
increase of particles size. In fact, while after 1 minute the product retains the morphology
and size of the agglomerated nanoparticles of the starting materials (Figure 5-16a-b), once
silicon carbide crystallites are formed, they start agglomerating (as it can be seen from
Figure 5-17a) and growing in particle size. After 4 minutes, the sample carbide produced is
almost pure single phase SiC (Figure 5-14e) and presents large monocrystalline particles in

the range of micrometers (Figure 5-17b). A mechanism for bulk diffusion in SiC has been
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reported by Kevorkijan ef al. important at temperatures above 1500 °C, and these
conditions are possibly met in the MMC during reaction.'

The morphologies of resulting SiC products can be very different when PAN cross-linked
silica aerogel samples (stage A of the Leventis process) are used as precursors. For
example, nanowires are found in sample 12 along with agglomerations of nanoparticles,
By comparison, the silicon carbide sample produced by Leventis ef al.*® in a conventional
oven at 1600 °C in a dynamic flow of Ar does not show the presence of such
nanostructures. While in the conventional case the PAN polymer undergoes several
structural changes due to temperature treatments, in the microwave case the decomposition
of PAN happens in-situ due to the fast heating rate of microwave processing. A common
formation mechanism proposed for the synthesis of SiC nanowires is a vapour growth
process where the gaseous species SiO and CO formed during reaction yield nanowires."’
The generation of CO coming from the decomposition of PAN polymer could be the

driving force behind the formation of nanowires in the microwave reactions here.

Consideration of the effect of the type of cavity used in the reactions leads to two
interesting observations:

¢ First, despite a lower power applied, 450 W in the SMC vs. 800 W in the MMC,

the reaction was nearly five times faster.

e Second, the crystallinity and density of the samples produced is higher in the SMC.
These results correlate directly to the type of cavity used and are in agreement with the
results found in the previous chapters. In particular, it has already been mentioned how the
power dissipated in the material (or power density) is a function of the cavity dimensions
and design (through the relationship with the electric field strength inside the material
squared).”® This would agree with the supposition that higher reaction temperatures are
achieved in the SMC due to the creation of power densities several orders of magnitude
higher than the MMC counterpart and explain why the SEM micrographs of material
processed in the SMC shows large, well-formed crystallites (Figure 5-22).

When it comes to the formation mechanism, it has been already mentioned in the
introduction to this chapter how critical it is to ensure intimate contact between silica and
carbon for the carbothermal reaction to be successful. PAN cross-linked aerogels have
been specifically designed to achieve that and their structures represent effectively a
composite material where the core is a porous silica aerogel covered by a carbon layer.

Therefore the reaction can be explained in terms of the same carbothermal reaction steps
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already discussed in the previous chapter where the precursor to silicon carbide is a
mixture of silica and carbon powders. One issue arises when using PAN cross-linked silica
aerogels as opposed to powders. While with the powders silica and carbon are mixed
relatively homogeneously, when using the aerogel precursor once silicon carbide is
synthesised at the contact point between the silica aerogel and the carbon coating, the
process should stop. This does not happen and Leventis et al. have proposed the continued

conversion of silica to silicon carbide to progress by the following solid — solid reaction:*
SiC (s) + 2 SiO; (s) — 3 SiO (g) + CO (g) 1)

This would ensure the regeneration of SiO gas at the interface between the silica core and
the freshly formed silicon carbide layer (1). The SiO gas subsequently diffuses through the
synthesised silicon carbide layer and reacts with the outer carbon coating, ensuring a

complete conversion of silica to silicon carbide (2).
SiO (g) +2 C (s) — SiC (s) + CO (g) 2)

In one sense, comparing the results in this chapter with those in Chapter 4, although
essentially the same carbothermal reaction is employed for the synthesis of silicon carbide,
the process could be considered less attractive for scale-up, because the precursors would
cost more. Furthermore, while Leventis et al. managed to preserve monolithicity and
porosity, justifying the choice of a more expensive precursor, the retention of
microstructure and integrity has proven more difficult when using microwave irradiation.
The SiC product often cracks during reaction and emerges brittle. As stated in the
introduction, porous silicon carbide has raised a lot of interest in the past years as a
potential replacement for oxide caltallysts1 and as has also been shown in the methods in
previous chapters, it is possible to prepare porous SiC from appropriate precursors under

optimum experimental conditions.

A crucial point of this thesis has been the removal of purification steps needed after
reaction to produce SiC. The nature of the aerogel processing leads to excess carbon in the
product after reaction as proven by the TGA/MS analysis (Figure 5-25). While the PXD
analysis is able only to asses the crystalline fraction of the sample and has been suggesting
graphite from the susceptor is present, Raman spectroscopy has been used to probe the
presence of amorphous phases and suggested the presence of unreacted amorphous carbon

after SiC formation.
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A purification temperature treatment has been followed by TGA/MS proving the only
gaseous species leaving the system are the oxidative products coming from the removal of
the excess of carbon. Looking at the SEM micrographs pre and post-TGA one can note the
absence of porous material after TGA, yielding well-formed, faceted crystallites with an
atomic ratio in agreement with silicon carbide (as evidenced by the EDX measurements).
The successful removal of carbon has been further evidenced by the Raman spectra of the
post-TGA samples, which show only silicon carbide overtones band in the high
wavenumber region. The fact silica is not detected at any point in the microwave process
by Raman spectroscopy suggests that the carbon present in samples should be due to a
higher carbon : silica ratio than would be ideal for carbothermal reduction and
carburisation. Other evidence that suggests even though reactions have been performed in
air, no silica reflections exist in PXD patterns for any irradiation times. The reaction
temperature would be high enough to permit the recrystallisation of the silica aerogel (that

melts completely at temperatures below 1050 °C, the sintering temperature reported in*).

5.4 Conclusions

In summary, samples from the three different stages of Leventis process (A, B and C) have
been successfully converted to B-SiC, significantly reducing processing time compared to
the conventional process (Figure 5-6). In fact, the synthesis of -SiC can be achieved from
PAN coated silica aerogels without previous temperature treatments, in air and in less than
4 minutes in a single mode cavity system. The mode and rate of microwave heating has
once again proven crucial for the improvements in product purity, reduction of processing
complexity (and cost) and reduction of processing times. Furthermore, the morphology and
porosity of the silicon carbide products can be controlled via mode of heating and it has

been shown how SMC syntheses lead to dense, sintered, single crystalline products.

Ultimately, aerogels offer a good possibility for making porous SiC in a controlled way.
Given the high surface area of the gels, choosing appropriately high power and
temperature, it is possible to achieve very rapid sintering and produce two different silicon
carbide products. Porous silicon carbide produced at low power using a MMC, could be
potentially used in catalysis. Instead, a well sintered material (achievable applying high

power in a SMC) could be good for structural application.
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One of the remaining challenges is achieve monolithic preservation. More tests should be
performed using SMC systems with tunable applied powers to understand the feasibly of
microwave processing in the synthesis of monolithic silicon carbide using polymer coated
silica aerogels. Controlling a key condition such as the power applied would help to
control the heating rate and allow further understanding of the reaction mechanism. Such
experiment would probe whether a lower power applied could be capable of preserving the

structure.
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6 Conclusions

In the production of advanced ceramic powders, along with the continuous studies of
chemical routes able to control product properties, the development of processes that are
also energy efficient and sustainable has become a high priority. Traditionally, the
processing of ceramics has been energy intensive, demanding extreme temperatures and
long treatment times and leads to a products presenting different grades. Microwave
processing is a viable alternative approach to synthesise carbides due to the excellent

microwave susceptor properties of carbon in the starting materials.

Silicon carbide, SiC, is arguably the most industrially important non-oxide ceramic. Since
its first synthetic production at the end of the 18" century, the potential of silicon carbide
was immediately recognised as a structural material due to its mechanical and thermal
properties. Nowadays, it is still emerging as a highly promising and versatile material for
applications such as heterogeneous catalyst support and in power electronics. All these
applications rely on chemical routes that allow precise control of both crystal structure and

nanostructure.

In all systems examined, the successful synthesis in air of silicon carbide was achieved
with good purity in less than 15 minutes even for low power multimode cavity setups. By
using single mode cavity systems not only was pure SiC produced in second timescales,
but also that the morphology of the sample has been proved to be highly dependent on the
form of the microwave cavity and the incident microwave power.

While performing reactions in a multimode cavity system, the use of a graphite susceptor
was essential to initiate reactions. By absorbing microwaves, the graphite powders raised
the temperature of the system to a point where the sample itself started acting as a

microwave absorber and the formation of silicon carbide took place.

When the synthesis of silicon carbide was attempted from a mixture of silicon and carbon
powders, it was found that one can switch between high aspect ratio nanofibres (from 5 nm
in diameter) using water as a binder and porous silicon carbide to crystallites many
microns across, primarily as a function of heating rate and reaction temperature. In fact, the
power density at the sample is proportional to the electric field strength squared, therefore
the choice of the cavity type is fundamental and generally speaking the high power density
reached in a SMC system was revealed to be crucial both in more rapid product formation

but also in the production of samples with increased particle sizes.
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Reactions from starting powder mixtures of silica and carbon were studied to explore the
possibility of employing more cost effective starting materials, even though a more
difficult reaction initiation was expected due to the worse dielectric properties as compared
to a mixture of silicon and carbon. Furthermore, while the reaction containing silicon
implied a straightforward solid reaction between silicon and carbon, when using silica the
reaction mechanism was more complex involving gaseous intermediates in an open
reaction vessel. Nonetheless, synthesis of porous silicon carbide was achieved starting
from pellets embedded in a graphite susceptor at short reaction times (5 min) in a MMC
and when employing a SMC the successful synthesis of silicon carbide starting from
mixtures of powders with no susceptor once again proved the choice of cavity is a key
point. This result was certainly important when considering the ease of process towards a

potential industrial scale up.

Finally, the last system examined in this thesis was composed of silica aerogel covered
with a layer of polymer. In fact, since the first step of the reaction between silica and
carbon relies on an intimate contact between the powders, samples prepared by Prof.
Leventis seemed very interesting to study also in the view of mimicking the silica aerogel
porous structure. Indeed synthesis in a controlled way has been achieved and depending on
the cavity used, porous SiC was synthesised in a MMC and when employing a high power
in SMC very rapid sintering of the silicon carbide product could be achieved. The two
different forms of silicon carbide produced could be used for catalyst support and the latter

for structural ceramics, especially if the matrix of sintered SiC could be infiltrated with Co.

Ultimately, microwave processing has been demonstrated to be an advantageous and
successful experimental procedure to achieve silicon carbide products with different purity
level, density, porosity and microstructures; that can be exploited for different applications.
The combination of different parameters, such as the choice of applied MW source
(applied microwave power and cavity), the use of water as binder and susceptor have been

found to be key parameters in controlling the reaction product.
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Appendix

1. Microwave synthesis studies in the Si-C system

Figure 0-1 Optical pyrometer output during reactions in a SMC at 3 kW from Si + activated C. The
images are relevant to samples (a) 17 to (f) 22.
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Figure 0-2 Optical pyrometer output during reactions in a SMC at 3 kW from Si + graphite. The
images are relevant to samples (a) 23 to (d) 26.

Figure 0-3 Optical pyrometer output in a SMC at 9 kW during 13 s reaction from Si + graphite (27).
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Figure 0-4 PXD patterns of mixtures of Si + C prior to reaction where C is (a) activated carbon and (b)
graphite. Reflections from graphite (o) and silicon (o) are also indicated.
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Figure 0-5 SEM micrographs of mixtures of Si + C prior to reaction where C is (a) activated carbon
and (b) graphite. The micrographs show the smaller particle sizes in the case of activated carbon.
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2. Microwave synthesis studies in the SiO,-C system
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Figure 0-6 Optical pyrometer output during reactions in a SMC from SiO, + graphite. The images are
relevant to samples (a) 5 to (j) 13 (see Table 3, Chapter 4).

Figure 0-7 Optical pyrometer output during reactions in a SMC: (a) Si + activated C at 600 W for 2:42
s (14), (b) Si + activated C at 600 W for 0:54 s (15), (c) Si + graphite at 600 W for 2:42 s (16), (b) Si +
graphite at 600 W for 1:08 s (17).
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3. Microwave synthesis studies using x-aerogel

precursors

Figure 0-8 Optical pyrometer output during reactions of PAN-crosslinked silica aerogel in a SMC at
450 W for (a) 3 min (13) and (b) 3.5 min (14).



