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ARTICLE INFO ABSTRACT

Keywords Silicon oxycarbide ceramics are an important class of materials that can be modified to cover a wide range of mi-
Silicon oxycarbide crostructures and compositions during processing. This study focuses on a polysiloxane precursor to SiOC conver-
3-pentanone sion when crosslinked in the presence of 0, 50, 100, and 200 vol% of 3-pentanone, n-heptane, or isobutylbenzene,
n-heptane relative to the volume of the polysiloxane. The solvent modified samples show a decrease in bulk density and an
isobutylbenzene increase in open porosity. The addition of the solvents facilitates the formation of crystalline SiC, especially for

SiC formation 3-pentanone. The ability of the solvents to encourage SiC formation is directly related to the solvent molecular

size, with smaller solvents being more likely to increase polymer chain entanglement and remain trapped within
the polymer after drying and subsequently creating more C-C and Si-C bonds after pyrolysis. This work shows the
unique function of solvents in modifying the SiOC microstructures and properties.

1. Introduction

Silicon oxycarbide (SiOC) is an amorphous ceramic, consisting of
Si04C4x bonds, where 0 < x < 4, and free carbon when pyrolyzed at
temperatures lower than ~1250°C. At >1300 °C pyrolysis temperatures,
an amorphous/nanocrystalline composite forms. Due to SiOC being a
polymer derived ceramic, its properties and compositions are highly
configurable simply by controlling the chemistry of the preceramic poly-
mer(s) and the processing conditions. SiOC has a wide range of tai-
lorable properties, such as porosity, high temperature stability, oxi-
dation resistance, and electrical conductivity [1-3]. Porous SiOC has
gained much attention for applications such as electrodes in lithium ion
batteries, catalyst supports, gas separation membranes, lightweight com-
ponents, and thermal barriers [4-6]. Likewise, dense SiOC is promising
in applications such as coatings and structural components due to its re-
sistance to oxidation/crystallization at elevated temperatures and excel-
lent mechanical properties [1,7,8].

Solvents have been widely used during gelation in the fabrication of
silica gels [9]. After gelation, the solvent is removed either by super-
critical drying, most often using supercritical CO5, or through subcritical
drying, such as drying at ambient temperature and pressure [6,9-12].
For polymer derived ceramics, porosity can be introduced through the
use of a solvent during crosslinking followed by removal of the sol-
vent by drying. The selection of the solvent and solvent concentration
has significant effects on the drying behavior, pore size, and pore mor-
phology of both the polymer and the SiOC after pyrolysis [12-15].
Sasikumar et al. [12] crosslinked polyhydromethylsiloxane and divinyl-
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benzene in the presence of either acetone or cyclohexane as a solvent,
followed by CO, supercritical drying. After pyrolysis in argon, the sam-
ple crosslinked in acetone had a specific surface area of 215m?/g and a
pore volume of 0.87 m3/g, while the sample crosslinked in cyclohexane
had a specific surface area of 108 m?/g and a pore volume of 0.20m3/g.
Furthermore, the pore size of the acetone sample was between 20 and
30nm, while the pore size of the cyclohexane sample was much smaller,
around 4 nm. It should also be pointed out that the porosity introduced
during crosslinking or the early stages of pyrolysis is transient and usu-
ally disappears at temperatures greater than 600-800°C [16,17].
Although the use of various solvents to alter the polymer pore struc-
ture before pyrolysis has been investigated, the effect of solvents on
the thermophysical properties, structural evolution, and microstructure
of SiOC has not been carefully studied. Tamayo et al. [13] investi-
gated the effect of aging polydimethylsiloxane (PDMS) and tetraethyl
orthosilicate (TEOS) hybrid gels in acetone, isopropanol, and n-hexane
on the properties of the obtained SiOC after pyrolysis. It was claimed
that polar solvents, such as acetone and isopropanol, more easily re-
move non-bonded PDMS molecules from the gel [13,15]. With increas-
ing aging time, the polar solvents decreased the carbon crystallite sizes
within the SiOC after pyrolysis at 1100 °C while the non-polar solvent
showed the opposite trend [13]. For the SiOC synthesized using polyhy-
dromethylsiloxane and divinylbenzene and crosslinked in the presence
of either acetone or cyclohexane, the sample crosslinked in acetone had
a slightly smaller carbon domain size compared to the non-polar cy-
clohexane after pyrolysis at 900°C [12]. Since the properties of SiOC,
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such as its stability in air, are heavily dependent on its chemical and
phase compositions, further understanding of the solvent effects is
needed.

In this work, SiOC ceramics are fabricated after pyrolysis of a poly-
siloxane crosslinked in the presence of three different solvents: 3-pen-
tanone, n-heptane, or isobutylbenzene. The effects of different solvents
and the amount of solvents on the resulting thermophysical properties,
phase evolution, and microstructure of the SiOC ceramics are studied.

2. Experimental procedures

A commercial polysiloxane (PSO,
[-Si(C5Hg)20-13[-Si(CH3)(H)O-]2[-Si(CH3)(CH = CH2)O-]>, SPR-684,
Starfire Systems, Inc., Gelest Inc., Schenectady, NY) was chosen as
the base precursor and 2.1-2.4% platinum-divinyltetramethyldisiloxane
complex in xylene (Pt catalyst, Gelest Inc., Morrisville, PA) was used as
the catalyst. The three solvents used were 3-pentanone (Fisher Scien-
tific, Pittsburgh, PA), n-heptane (Fisher Scientific, Pittsburgh, PA), and
isobutylbenzene (Fisher Scientific, Pittsburgh, PA). The chemical struc-
tures of the three solvents are shown in Fig. 1.

First, solutions with PSO and either 0, 50, 100, or 200 vol% solvent
(relative to the PSO volume) were sonicated for 10min and then mixed
in a high energy mill (SPEX 8000M Mixer/Mill, SPEX SamplePrep,
Metuchen, NJ) for 10 min to form a homogeneous mixture. Next, the Pt
catalyst (1wt% relative to PSO) was added, the mixtures were mixed
again in a high energy ball mill for 5min, and then poured into alu-
minum foil molds. The mixtures were placed into a vacuum chamber
and vacuumed for 10 min at 200 Torr to remove any bubbles in the so-
lutions. The molds were then sealed in acid digestion vessels to prevent
evaporation of the solvents and placed in an oven to crosslink at 50 °C
for 12h and then at 120°C for 6h. After crosslinking, the molds were
removed from the acid digestion vessels and dried at room temperature
for 24h, 50°C for 12h, and 120°C for 6 h to remove all the solvent. The
samples designated as PSO corresponded to the pure PSO composition;
the samples with solvent additions were labelled as X-p, X-h, and X-i,
where h, p, and i correspond to 3-pentanone, n-heptane, and isobutyl-
benzene, respectively, and X was the volume percent of solvent (50, 100,
or 200).

To prepare the samples for pyrolysis, the crosslinked specimens were
cut and polished into square pieces roughly 10 mm in length and 2mm
in thickness. Next, the samples were placed into a zirconia crucible, cov-
ered on both sides with graphite mats in order to reduce friction dur-
ing shrinkage and prevent warping [18,19], and put into a tube furnace
(1730-20 Horizontal Tube Furnace, CM Furnaces Inc., Bloomfield, NJ).
With an Ar flow rate of about 500 std cm®/min, the samples were heated
up to 1300°C at a rate of 1°C/min, held for 2h, cooled to 400 °C with a
rate of 1°C/min, and finally cooled to 50 °C with a rate of 2°C/min. Dur-
ing heating from 500°C to 700 °C, the Ar gas flow was bubbled through
water at 60°C, giving a gas flow with a Ar:H,O molar ratio of approxi-
mately 5:1; the water vapor injection encouraged SiO, formation within
the SiOC, but was not the focus of this study [20,21].

Ceramic yield was calculated by measuring the mass of the sam-
ples before and after the pyrolysis. The bulk density and porosity of
the resulting SiOCs were measured using the Archimedes method with
ethanol as the saturating and submersion medium. The chemical bond-
ing of the polymers was evaluated using Fourier Transform Infrared
Spectroscopy (FT-IR) (Nicolet 8700 with Pike GladiATR attachment,
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Fig. 1. Molecular structures of (a) 3-pentanone, (b) n-heptane, and (c) isobutylbenzene.
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Thermo Scientific, Waltham, MA), which recorded light absorbance be-
tween 500 and 4000 cm~! wavenumber with a resolution of 4cm™! and
averaged between 64 scans. The decomposition behavior of the polymer
samples was measured using thermogravimetric analysis (TGA) (Q50,
TA Instruments, New Castle, DE) with a heating rate of 2°C/min and
an argon flow of 40 mL/min. The specific surface area and pore volume
of micro-/meso-pores within the bulk samples after pyrolysis were mea-
sured using nitrogen adsorption at 77K (NOVA 2200e, Quantachrome
Instruments, Boynton Beach, FL). The phase compositions of the py-
rolyzed samples were analyzed in an X'Pert PRO diffractometer (PANa-
lytical B.V., EA Almelo, the Netherlands) with Cu Ka radiation. A field
emission SEM (LEO 1550, Carl Zeiss Microlmaging, Inc, Thornwood,
NY) was used to characterize the microstructures of the pyrolyzed sam-
ples.

3. Results and discussion
3.1. Thermophysical properties

The ceramic yield values for the pyrolyzed samples are shown in
Table 1. For all the pyrolyzed samples, the ceramic yields range from
67% to 72%. The addition of the solvents makes insignificant difference.
In general, the ceramic yield increases slightly with the solvent content.

The open porosity of the SiOC samples after pyrolysis at 1300°C
ranges from 4.4vol% — 14.3vol%. The addition of the solvents increases
the open porosity of the SiOC samples relative to the pure PSO sam-
ple. For 3-pentanone, the porosity decreases from 9.5vol% for the 50-p
sample to 4.4vol% for the 200-p sample. For the n-heptane samples, the
open porosity increases from 7.9vol% for the 50-h sample to 14.3 vol%
for the 200-h sample. The porosity for the isobutylbenzene samples de-
creases from 8.8vol% for the 50-i sample to 7.9vol% for the 200-i sam-
ple. The faster drying of the polymer in this study may have contributed
to the lack of a significant amount of porosity compared to those in lit-
erature. For example, Aravind et al. [22] sealed the gel using aluminum
foil and let it sit for two weeks before making a hole in the aluminum
foil seal and further drying for one week at 50 °C. Further, there was a
lack of micro- and meso-porosity within the samples as measured by ni-
trogen adsorption (0.001 cm?3/g for 200-p, 0.003 cm3/g for 200-h, and
0.001 cm3/g for 200-i) due to pore collapse during the aggressive dry-
ing.

The decrease in the open porosity with increasing solvent concen-
tration for 3-pentanone and isobutylbenzene can be understood as fol-
lows. For low solvent concentrations, the PSO-solvent system is com-
posed of the PSO polymer matrix with solvent molecules within the ma-
trix. During drying, the system does not experience significant shrink-
age due to the low solvent amount. For the higher solvent concen-
trations, the roles are reversed, with the PSO polymer within the

Table 1
Ceramic yield, open porosity, and bulk density of the SiOC samples after pyrolysis at
1300°C.

Sample Ceramic Yield (%) Open Porosity (%) Bulk Density (g/cm?)
PSO 69.38 = 1.12 6.0 2.3 1.76 + 0.01
50-p 69.31 = 0.64 9.5+4.1 1.61 +0.01
100-p 69.05 + 0.49 6.5+ 2.0 1.67 £ 0.07
200-p 70.25 *+ 0.62 4.4+0.5 1.69 = 0.06
50-h 70.25 = 1.55 7.9+24 1.72 = 0.02
100-h 70.29 + 1.04 11.2+26 1.65 + 0.02
200-h 72.35 = 0.85 143 1.6 1.53 £ 0.02
50-i 67.16 = 0.50 8.8+5.0 1.70 £ 0.07
100-i 69.62 * 0.39 87+1.1 1.54 + 0.07
200-i 69.63 = 0.38 79+15 1.71 = 0.01
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solvent solution; drying then removes a more significant amount of sol-
vent and causes the polymer to collapse and pores to close. The decrease
in open porosity for the samples with 3-pentanone and isobutylbenzene
compared to the increase in open porosity for the samples in n-heptane
may be due to the differences in the solvent surface tension. During dry-
ing, the pores experience a capillary pressure P, which depends on the
solvent surface tension y, pore radius r, and contact angle 0 as [9]:

P

cos (0) @

r

=2y

The surface tensions of the three solvents are 24.7 mN/m, 19.7 mN/
m, and 28.8mN/m for 3-pentanone, n-heptane, and isobutylbenzene,
respectively [23]. Thus, with the same pore radius, 3-pentanone and
isobutylbenzene would exert more capillary pressure on a pore during
drying, due to their higher surface tensions, leading to more pore clo-
sure, less porosity in the polymer, and thus less porosity after pyrolysis.

The bulk density of the samples after pyrolysis ranges from 1.53g/
cm?® - 1.76 g/cm®. For all conditions, the addition of the solvents de-
creases the bulk density of the SiOC samples relative to the pure PSO
sample. However, the bulk density trends are somewhat convoluted due
to some residual closed pores and the differing amounts of SiC in the
samples (Section 3.2). For the n-heptane samples, the density decreases
from 1.72 g/cm? for the 50-h sample to 1.53 g/cm? for the 200-h sample.
For the 3-pentanone samples, the density slightly increases from 1.61 g/
cm? for the 50-p sample to 1.69 g/cm? for the 200-p sample. However,
the density of the isobutylbenzene samples shows no trend and varies
between 1.70 g/cm? for the 50-i sample, 1.54 g/cm? for the 100-i sam-
ple, and 1.71 g/cm? for the 200-i sample.
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3.2. Structural evolution

The FT-IR spectra of the crosslinked polymers with the solvents after
drying are compared to that of the PSO sample to determine whether
the solvent presence during crosslinking affects the chemical bonding or
crosslinking behavior of the polymer. Fig. 2(a) shows the FT-IR spec-
tra of the pure PSO sample and the 200vol% condition for each of
the three solvents. All the samples show sharp peaks at ~695, 715,
740, 1130, and 1426 cm~! wavenumber, which are characteristic of the
phenyl side group in the base PSO. The peak at 1260 cm~! wavenumber
corresponds to the methyl side group, and a broad peak between 1000
and 1100cm™~! wavenumber can be assigned to Si-O-Si [24]. The sam-
ples crosslinked with the different solvents show no major differences
in their FT-IR spectra, which is to be expected since the solvents should
not participate in the crosslinking. Fig. 2(b) shows the FT-IR spectra for
the PSO polymer and the 50, 100, and 200 vol% 3-pentanone polymers.
Similar to Fig. 2(a), there are no significant changes compared to the
PSO sample when increasing the solvent content, signifying again that
there is no detectable influence from the solvent on the polymer bond-
ing.

For linear polysiloxanes, thermal decomposition first begins at tem-
peratures ~350°C due to depolymerization of the siloxane chain form-
ing volatile cyclic siloxane species [25,26]. Thus, any significant mass
loss before 350°C can be attributed to residual solvent trapped within
the polymer after drying. From the dTG curves in Fig. 2(c), all the
200vol% solvent samples display a slight mass loss between
50°C-300°C, up to ~ 3%, consistent with another study [27]. Thus, al-
though the residual solvent could not be detected using FT-IR, the TGA
results show that there is a small concentration of solvents remaining in
the polymers after drying. Also, 3-pentanone has the most delayed and
least mass loss and mass loss rate than the other samples, meaning that
it is the most effectively trapped within the dried polymer.
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Fig. 2. FT-IR spectra for the polymer precursors after crosslinking. (a) 200 vol% solvents, and (b) three solvent amounts for 3-pentanone. (¢) TGA and dTG of the 200 vol% solvent samples.
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More significantly, n-heptane decreases the overall thermal stability
of the PSO, causing a mode peak in the dTG at ~350°C rather than
at ~450°C for the pure PSO, while 3-pentanone increases the thermal
stability of the PSO polymer, delaying the dTG peak mode to >500°C.
Typically, an increase in the thermal stability of linear polymers with
the same side groups can be attributed to an increase in the crosslink-
ing density, due to either chemical bonds or physical entanglements
[28,29]. Given that the solvents do not appreciably change the chemi-
cal bonding within the polymers, apparent from the FT-IR curves in Fig.
2(a) and (b), the increased thermal stability produced by 3-pentanone
(especially considering its small size), and to a less extent isobutylben-
zene, is due to the solvents encouraging physical entanglements during
crosslinking. In addition, in Fig. 2(c), the 3-pentanone sample has the
least mass loss during the entire thermal analysis range, meaning that
the solvent extends its impact into the final pyrolyzed samples. Isobutyl-
benzene also extends its influence to high temperatures, but not as sig-
nificantly as the 3-pentanone.

Fig. 3(a) shows the XRD patterns for the pyrolyzed SiOC samples.
All the samples show an amorphous SiO; halo centered around 22°
[30]. In addition, all the samples exhibit a peak at approximately 44°,
corresponding to the (100) plane of turbostratic carbon [30-33]. The
200vol% conditions for each of the three solvents also display B-SiC
peaks at 35.6°, 60°, and 72°, which is not seen for the pure PSO sam-
ple. No «-SiC is observed in any of the samples, consistent with pre-
vious studies using the same PSO precursor [20,21,34]. The 3-pen-
tanone sample shows the greatest amount of SiC, and the isobutylben-
zene shows the least SiC formation for the three solvents. Additionally,
the peak at 22° is shifted to ~23.5° for the 200-p sample (as shown by
the dashed line in Fig. 3(a)). Likely, the lower content of SiO, within
the 200-p sample leads to the more prominent (002) peak of the tur-
bostratic carbon at ~26° [21,33] and causes the observed peak shift. A
similar shift has been observed for SiOC ceramics after etching out SiO,
with hydrofluoric acid [20,21,34,35].

The XRD patterns for the samples with 50, 100, and 200 vol% 3-pen-
tanone are shown in Fig. 3(b). The 50-p sample shows diffraction peaks
similar to the PSO sample. However, with the addition of 100vol% or
200vol% 3-pentanone, the sample shows significant formation of SiC.

The fracture surfaces of the pyrolyzed SiOC samples with 200 vol%
solvents have been examined using scanning electron microscopy. All
of the fracture surfaces show identical, featureless microstructures de-
spite the differences in phase composition. This is to be expected due to
the nanostructure of SiOC, in which the various phases have only single
nanometer sizes [19,36-38]. Thus, the SEM images of the fracture sur-
faces confirm that the microstructure for the SiOC samples remains in
the nanometer size range despite the addition of the various solvents.
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3.3. Fundamental understanding

The presence of the SiO,, SiC, and carbon diffraction peaks for the
samples after pyrolysis occurs due to the phase separation of SiOC, as
well as the carbothermal reduction of SiO, into SiC. The main reactions
that produce SiO,, SiC, and C within the ceramics are given by Refs.
[37,39]:

28i0C — SiOy(amorphous) + SiC(f) + C 2)

3

The fundamental reason for the increased SiC formation when the
solvents are used can be understood based on the diffusion and pen-
etration of the solvents in-between the PSO chains, which causes in-
creased polymer chain entanglement along with some trapped residual
solvent, as illustrated in Fig. 4. 3-pentanone has the smallest molec-
ular volume of the three solvents (3-pentanone: 0.18nm?>; n-heptane:
0.24nm?3; isobutylbenzene: 0.26nm®), so it would most easily diffuse
within the PSO polymer, be trapped during drying, increase the poly-
mer chain entanglement, and thus influence the SiOC phase evolution
during pyrolysis. The 3-pentanone molecules can also supply additional
carbon and facilitate SiC formation following Eq. (3) due to its com-
plete mixing with the polymer chains/decomposed radical species. Fig.
5 shows the Raman spectroscopic results of the SiOC samples with dif-
ferent types of solvents (Fig. 5(a)) and different amount of 3-pentanone
solvent (Fig. 5(b)) after pyrolysis at 1100 °C. The most dominant fea-
tures of the free carbon are the disorder-induced D band at 1350 cm™!
and the ordered graphite G band at 1588 cm™!. The broad G’ band at
2682cm~! and the weak band at 2934cm™! can be assigned to a com-
bination of the defect/disordering and graphitic modes (G + D). The
Lorentzian curve fitting of the D and G bands can be used to extract
the Ip/Ig intensity ratio, which is also shown in Fig. 5. It should be
noticed that the complete mixing of the solvents with the PSO pre-
cursor is a pre-condition as the Ip/Ig peak ratios from the Raman re-
sults in Fig. 5(a) do not correlate with the XRD results in Fig. 3(a).
However, the Ip/Ig peak ratios for the samples of different 3-pentanone
solvent amounts correlate consistently with the amount of the solvent
amount used. On a relative sense, more 3-pentanone leads to more or-
dered graphitic carbon formation. At the same time, the total amount
of carbon and thus the absolute amount of amorphous carbon should
also increase and lead to more SiC formation, as shown in Fig. 3(b).
For n-heptane and isobutylbenzene, their larger sizes hinder their abil-
ity to efficiently penetrate in-between polymer chains or cause polymer
chain alignment. Even with more isobutylbenzene presence (Fig. 2(c)),
its impact on SiC formation is negligible. It should be understood that
the trapped solvent amount on the sample surface must be small, as it
is undetectable by FT-IR (Fig. 2). Thus, intimate mixing of the residual
solvent with the polymer chains becomes a key factor. Such effect does

SiO,(amorphous) + 3C — SiC(B) + 2CO?T
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Fig. 3. XRD patterns for the PSO samples with different solvents after pyrolysis at 1300 °C. (a) 200 vol% for each solvent, and (b) different amounts for 3-pentanone.
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Fig. 4. Solvent size effect on its ability to increase polymer chain entanglement, remain
within the polymer after drying, and affect SiC formation.
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Fig. 5. Raman spectroscopic results of the SiOC samples with different types of solvents
(a) and different amount of 3-pentanone solvent (b) after pyrolysis at 1100 °C.

not directly translate to macroscopic properties as discussed in Section
3.1.

The more dominant influence of 3-pentanone in forming SiC com-
pared to the other two solvents is shown in Fig. 6, which displays the
integrated area percentages for SiO, (21.6°), SiOC (22.7°), SiC (35.6°,
60°, 72°), and C (26°, 43°) for the PSO and 200vol% solvent samples.
The 200vol% sample has the highest amount of SiC. It should be noted
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Fig. 6. XRD intensity ratios of SiO (21.6°), SiOC (22.7°), SiC (35.6°, 60°, 72°), and C (26,
43°) for the PSO and 200vol% solvent samples after 1300 °C pyrolysis.

that the data in Fig. 6 are not meant as a quantitative measure of the
actual phase compositions due to the largely amorphous nature of the
SiOC but rather a means to compare the relative phase compositions be-
tween the samples. All of the solvent-containing samples contain much
less free C compared to the PSO sample. Further, the 200-p sample has
the highest SiC content and the lowest SiO; and SiOC contents.

4. Conclusions

The crosslinking of polysiloxane-based polymers with different sol-
vents and solvent concentrations has been investigated. Compared to the
sample crosslinked with no solvent, most of the solvent-containing sam-
ples show a decrease in bulk density and an increase in porosity. The
presence of the solvents during crosslinking encourages the formation
of nanocrystalline SiC, which is absent in the pure PSO sample. The SiC
formation is more prominent when high concentrations of solvents are
present during crosslinking. Additionally, the SiC formation is depen-
dent on the size of the solvent molecules, with smaller solvent molecules
leading to more SiC formation. Based on the concentration and molecu-
lar size, the SiC formation can be linked to the increased polymer chain
entanglement and retention of the solvent in the crosslinked polymer af-
ter drying.
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