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Porous silicon oxycarbide (SiOC) is emerging as a much superior ultrahigh surface area material that can
be stable up to high temperatures with great tailorability through composition and additive modifica-
tions. In this study, bulk SiOCs were fabricated from a base polysiloxane (PSO) system by using different
organic additives and pyrolysis atmospheres followed by hydrofluoric acid (HF) etching. The additives
modify the microstructural evolution by influencing the SiO, nanodomain formation. The SiOC ceramics
contain significantly less SiC and more SiO, with Ar+H,0 atmosphere pyrolysis compared to Ar atmo-
sphere pyrolysis. Water vapor injection during pyrolysis also causes a drastic increase in specific surface
areas. The addition of 10 wt% tetraethyl orthosilicate (TEOS) with Ar+H,0 pyrolysis produces a specific
surface area of 1953.94 m?/g, compared to 880.09 m?/g for the base PSO pyrolyzed in Ar. The fundamental
processes for the composition and phase evolutions are discussed as a novel pathway to creating ultra-
high surface area materials. The ability to drastically increase the specific surface area through the use
of pyrolysis atmosphere and organic additives presents a promising processing route for highly porous
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1. Introduction

Polymer derived ceramics are a family of materials with widely
tailorable properties and compositions, including SiOC, SiCN, and
SiBCN, for which polymer precursors undergo thermal decompo-
sition and bond breaking/rearrangement, resulting in amorphous
or nanocrystalline ceramics, depending on the pyrolysis temper-
ature, with a wide range of never-before properties, such as high
temperature stability, oxidation resistance, and electrical conduc-
tivity [1-3]. One such system is porous SiOC, which can be used
as catalyst supports, thermal barriers, gas separation membranes,
and lightweight components [4]. SiOC can be fabricated with a wide
range of porosity from macropores to micropores using several dif-
ferent processing routes such as sacrificial templating, sacrificial
filler [5], direct foaming, polymer precursor phase separation [6,7],
and removal of certain phases after pyrolysis [8]. Out of all these
methods, only phase separation and/or phase removal after pyrol-
ysis can create uniformly distributed pores with single nanometer
sizes (diameter <10 nm).
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In detail, single nanometer pores resulting from phase sepa-
ration can be introduced using two different methods. The first
is through phase separation of the polymer precursors during
crosslinking. Using immiscible polymers as precursors, it is pos-
sible to have two distinct phases after crosslinking. One of the
phases then decomposes during pyrolysis, leaving behind pores.
The resulting ceramics have high specific surface areas at tem-
peratures around 600°C [6]. However, depending on the specific
precursors, the specific surface area may decrease as the tem-
perature increases above 600°C, due to the sintering of transient
pores [6,9]. The second method is by controlling the phase sep-
aration and/or crystallization during pyrolysis. At temperatures
above 1100°C, the amorphous SiOC ceramic phase separates into
free carbon and amorphous SiO, nanodomains. Annealing at higher
temperatures results in further growth of the SiO, phase, as well as
nanocrystalline SiC formation [10,11]. If these ceramic phases can
be controlled to have homogenous nucleation and growth, high
concentration, and single nanometer size, they can be etched away
using hydrofluoric acid (HF) or chlorine gas, respectively, leaving
behind single nanometer pores [1,12].

Controlling the chemistry of the polymer precursors can have
drastic effects on the extent of phase separation during the
crosslinking and pyrolysis of the SiOC. In previous studies with
C-rich precursors, the resulting ceramic does not experience exten-
sive phase separation even at high temperatures; instead the
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system remains mostly amorphous SiOC and free carbon [2,13].
Alternatively, Si-rich precursors result in little to no free carbon
and extensive crystallization of SiC and Si phases [10]. Turquat
et al. [14] varied the Si, O, and C compositions of the poly-
mer precursors through the use of triethoxysilane (TREOS) and
dimethyldiethoxysilane (MDES). When the TREOS/MDES ratio is 1,
giving a carbon rich polymer precursor, the resulting ceramic after
pyrolysis and annealing at 1400°C contains only a small volume
fraction of SiC; free carbon is dispersed within the amorphous SiOC.
When the TREOS/MDES ratio is 9, representing a Sirich polymer, the
ceramic after 1400 °C annealing shows more SiC and Si nanocrystal-
lites ranging from 20 nm to 50 nm in size. Thus, the size and amount
of the nanodomains, and ultimately the pores after etching, can be
controlled by varying the compositions of the precursors.

The second method to control the phases formed during pyroly-
sis is by introducing reactive species into the pyrolysis atmosphere,
such as Hp or H,0 [15-18]. Previous work in our lab demon-
strated that injecting water vapor during the temperature range
at which precursor bond (chain) breaking occurs results in a dra-
matic decrease in carbon precipitation and an increase in Si—0—Si
bond formation [8,17,18]. The resulting SiOC sample pyrolyzed at
1300 °C after HF etching has a specific surface area of 2391.6 m?/g,
much greater than the specific surface area of the sample pyrolyzed
in Ar at the same temperature, which was 630.41 m2/g. Liang et al.
[15] investigated water vapor injection effects on the chemistry
and atomic bonding of SiOC from 500°C to 1000 °C. The samples
pyrolyzed in the water vapor atmosphere have only about half of
the carbon content compared to the samples pyrolyzed in Ar, result-
inginareduction of SiC4 and SiC, 0 structural units and an increase
in SiO4 units.

In this work, micro- and meso-porous SiOC ceramics are fab-
ricated using different additives and pyrolysis atmospheres from
polysiloxane (PSO)-based precursors. After pyrolysis, the ceramics
are etched with a HF solution to create single nanometer pores. The
effects of the additives and pyrolysis atmospheres on the result-
ing thermophysical properties, phase evolution, specific surface
area, and pores of the SiOC ceramic are studied. The fundamental
microstructural evolution mechanisms are proposed.

2. Experimental procedures

A commercial polysiloxane  (PSO, [—Si(CgHs),0—]3
[=Si(CH3)(H)O—],[—Si(CH3)(CH=CH;)O—],, viscosity ~2-10Pa:s,
SPR-684, Starfire Systems, Inc., Schenectady, NY) with alkyl, aryl,
hydrogen, and vinyl side groups was chosen as the base of the
precursor and 2.1-2.4% platinum-divinyltetramethyldisiloxane
complex in xylene (Pt catalyst, Gelest Inc., Morrisville, PA)
was used as the catalyst. The chemicals used as additives
were polymethylphenylsiloxane (PMPS, [—Si(CH3)(CgHs)0—]n,
viscosity ~0.45-0.55Pa-s, Sigma-Aldrich, St. Louis, MO), poly-
dimethylsiloxane (PDMS, [—Si(CH3),0—],, Sylgard 184 10:1
base to curing agent, MW ~60000g/mol [19], Dow Corning,
Auburn, MI), polyhydromethylsiloxane (PHMS, [—Si(CH3)(H)O—]p,
MW ~ 1400-1800 g/mol, Gelest Inc., Morrisville, PA), tetraethyl
orthosilicate (TEOS, Si(OC,Hjs )4, Sigma-Aldrich, St. Louis, MO), and
tetramethyl orthosilicate (TMOS, Si(OCHs3)4, Sigma-Aldrich, St.
Louis, MO).

First, PSO and one of the five additives were mixed in a 9:1
weight ratio and magnetically stirred at approximately 350 rpm for
20 min to form a homogeneous mixture. Next, the Pt catalyst (1 wt%
relative to PSO) was added, the mixture was magnetically stirred
again at 350 rpm for 5 min, and then poured into an aluminum foil
mold. In order to reduce cracking caused by the bubbles from the
mixing of the precursors, the mixture was placed into a vacuum
chamber and vacuumed for 30 min to approximately 1500 mTorr.

After that, the mixture was put in an oven to crosslink at 50 °C for
12h and then at 120°C for 6 h. The samples with either TMOS or
TEOS additives initially had slightly greater than 10 wt% of the addi-
tive added in order to account for the evaporation of the additives
in the vacuum chamber. The TMOS and TEOS samples were also
sealed during the curing process to prevent further evaporation.
The samples designated as 100PSO corresponded to the pure PSO
sample; the samples with additives were labelled as 10X, where X
was either PMPS, PDMS, PHMS, TEOS, or TMOS.

To prepare the samples for pyrolysis, the crosslinked polymers
were first cut and polished into circular pieces roughly 10 mm in
diameter and 2 mm in thickness. Next, the samples were placed
into a zirconia crucible, covered on both sides with graphite mats
in order to reduce friction during shrinkage and prevent warping
[20,21], and put into a tube furnace (1730-20 Horizontal Tube Fur-
nace, CM Furnaces Inc., Bloomfield, NJ). The samples were heated
up to 1400°C at arate of 1 °C/min, held for 2 h, cooled to 400 °C with
arate of 1°C/min, and finally cooled to 50 °C with a rate of 2 °C/min.
The Ar gas flow rate was held constant at about 500 std cm3 /min; for
the samples with water vapor atmosphere, the Ar gas was bubbled
through water at 60 °C when the furnace was at 500 °C-700 °C, giv-
ing a gas flow with a Ar:H,0 molar ratio of approximately 5:1. The
500°C-700°C water vapor injection temperature range was chosen
because it corresponded to the temperature range at the majority
of the decomposition occurs for both the base material [21] and the
additives [6,22], allowing the water vapor to penetrate the entire
sample due to micropores created by the decomposition [15].

Etching of the bulk SiOC samples after pyrolysis was done using
a solution of HF (20 wt% HF in water). The HF solution was magnet-
ically stirred at room temperature until the SiOC samples had no
significant mass loss, taking approximately 4 days. The SiOC sam-
ples were thenrinsed with deionized water and dried at 120°C. The
mass loss due to etching was calculated by dividing the change in
mass after etching by the original mass.

Volumetric shrinkage and ceramic yield were calculated by
measuring the dimensions and mass, respectively, of the samples
before and after the pyrolysis; density was calculated by dividing
the mass after pyrolysis with the measured volume and through the
use of Archimedes method with ethanol as the medium. The phase
compositions of the pyrolyzed samples were analyzed in an X'Pert
PRO diffractometer (PANalytical B.V., EA Almelo, the Netherlands)
with Cu Ko radiation. The JCPDS reference cards used to identify the
crystalline phases were 00-039-1425 for SiO-, 00-029-1129 for SiC,
and 01-075-1621 for C. The chemical bonding was evaluated using
Fourier Transform Infrared Spectroscopy (FT-IR) (Nicolet 8700 with
Pike GladiATR attachment, Thermo Scientific, Waltham, MA), which
recorded between 500 and 4000 cm~! wavenumber with a resolu-
tion of 4 cm~! and averaged between 64 scans; the powder samples
for the FT-IR were prepared by grinding the bulk samples with
a mortar and pestle. The specific surface area, pore size distribu-
tion, and pore volume of the pyrolyzed samples were evaluated
using nitrogen adsorption at 77 K with a Quantachrome Autosorb-
1 (Quantachrome Instruments, Boynton Beach, FL), and the samples
were degassed before testing for 3 h at 300 °C. The pore size distri-
bution and pore volume were derived by applying the Non Local
Density Functional Theory (NLDFT) to the adsorption branch of the
data [23]. The partial pressure range used to calculate the BET spe-
cific surface area was selected following the guidelines established
by Rouquerol et al. [24] Assuming cylindrical pores, the average
pore size was estimated using 4000 V/A, where V is the pore vol-
ume and A is the specific surface area [25]. The TEM sample was
prepared by grinding the etched sample in a mortar and then dis-
persing in absolute ethanol; the microstructure was examined by
a field emission analytical transmission electron microscope (JEOL
2100, JEOL USA, Peabody, MA).
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Table 1
Volume shrinkage, ceramic yield, and density of the SiOC samples after 1400 °C pyrolysis.
Sample Volumetric Shrinkage (%) Ceramic Yield (%) Density (g/cm?) 4+ 0.02?
Ar Ar+H,0 Ar Ar+H,0 Ar Ar+H,0
100PSO 53.33+1.15 53.07+£1.16 67.08 £0.71 66.71+1.04 1.87 1.80
10PMPS 56.09+0.62 49.33+1.44 63.01+1.06 66.62+1.32 1.85 1.75
10PDMS 56.50 +1.74 52.46 +1.49 65.38+1.97 68.39+1.49 1.87 1.78
10PHMS 50.19+£0.64 50.63 £0.82 69.40 £2.15 71.93+1.52 1.89 1.82
10TEOS 56.70+1.48 50.30+1.03 61.16£0.30 66.50 +0.84 1.89 1.80
10TMOS 52.25+3.34 50.43 +£1.05 68.14+4.78 71.30+1.41 1.81 1.82

2 Estimated error using Archimedes method.

3. Results and discussion
3.1. Thermophysical properties

The volume shrinkage, ceramic yield, and density values for
the samples after pyrolysis are shown in Table 1. For the sam-
ples pyrolyzed in Ar, the volume shrinkage ranges from 50.19% to
56.70%, the ceramic yield ranges from 61.16% to 69.40%, and the
density ranges from 1.81g/cm? to 1.89 g/cm3. Likewise, the sam-
ples pyrolyzed with water vapor have shrinkage values from 49.33%
to 53.07%, ceramic yield values between 66.50%-71.93%, and den-
sities in the range of 1.75 g/cm3-1.82 g/cm3.

The shrinkage and mass loss of the samples during pyrolysis
are due to the release of hydrocarbons and hydrogen present in
the preceramic [21]. During the pyrolysis in the Ar atmosphere,
polymer preceramics containing higher amounts of hydrocarbons
should experience greater shrinkage and lower ceramic yield. The
volumetric shrinkage and ceramic yield values in Table 1 agree with
this general trend. The preceramic containing the additive with the
lowest hydrocarbon mass, PHMS, has the least shrinkage (50.19%)
and the highest yield (69.40%), while the preceramic containing
the additive with the highest hydrocarbon concentration, TEOS,
shows the highest shrinkage (56.70%) and the lowest yield (61.16%).
Further, the higher yield and low shrinkage for the 10PHMS sam-
ple may also arise due to reactions between the excess hydrogen
bonds and either residual vinyl bonds or methyl bonds that occur
between 500 and 700 °C, forming additional Si—CH,—Si bonds and
strengthening the polymer network [26]. The volumetric shrink-
age, ceramic yield, and densities for the samples are comparable
to those SiOCs derived from carbon rich precursors, and the densi-
ties are lower than other carbon poor SiOC systems due to a high
amount of turbostratic carbon (density =1.45g/cm3) [17,18,21].

Compared to the Ar pyrolysis, the SiOC samples pyrolyzed with
water vapor injection generally show less volume shrinkage, higher
ceramic yield, and lower density. The decrease in shrinkage and
density for the Ar + H, 0 samples is due to more extensive formation
of the less dense SiO, (density=2.2 g/cm3) phase rather than SiC
(density =3.2 g/cm3). The increase in ceramic yield for the Ar+H,0
pyrolysis is due to the incorporation of more oxygen within the
SiOC in place of carbon, as to be discussed in Section 3.2.

3.2. Phase evolution

To understand the effect of the additives on the bonding dif-
ferences after crosslinking, the FT-IR spectra of the crosslinked
polymers are shown in Fig. 1. All samples show sharp peaks at
approximately 695, 715, and 740cm~!, which are characteristic
of silicon bonded with two phenyl side groups, found only in the
base PSO, as well as a broad peak between 1000 and 1100 cm™!
assigned to Si—0—Si [27]. As to be explained later in Section 3.2,
the main bonds that contribute to the reactions with water vapor
are Si—H, Si—CH3, Si—CgHs, Si—CH=CH,, which are found within
the base PSO and/or the additives, as well as Si—CH,—CH,—Si due

3.0+
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1.0 -~
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Absorbance (a.u.)

Fig. 1. FT-IR spectra for the polymer precursors after crosslinking.

to the hydrosilylation reaction between hydrogen and vinyl groups
[28], and Si—CH,—Si due to reactions between hydrogen, methyl,
and Si—CH,—CH,—Si groups occurring at 500°C-700°C [26,29].

The base PSO polymer contains equal molar amounts of hydro-
gen and vinyl groups, so the Si—H and Si—CH=CH,, groups should be
consumed during crosslinking [28]. Indeed, none of the polymers
show the characteristic Si—H peak at 2160 cm~! except for 10PHMS,
due to the additional hydrogen bonds in the PHMS additive. The
vinyl side group, which shows peaks at 1600 cm~1!, 3050 cm~1, and
3070cm~! [18], is hard to distinguish for these polymers due to
their overlap with the peaks of the phenyl side group; however,
due to the lack of the Si—H peaks for all the samples except for the
10PHMS, it can be assumed that the majority of vinyl groups have
been likewise consumed during crosslinking. Thus, the major bonds
present in the samples that will react with water vapor during
pyrolysis are Si—CHjs, Si—CgHs, Si—CH,—CH,—Si, and Si—CH,—Si,
as well as Si—H for the 10 PHMS sample. The main bonds found in
the FT—IR spectra for the polymers are summarized in Table 2.

Table 2
Major FT-IR peaks identified in the crosslinked polymers [27,30].

Wavenumber (cm~1) Functional Group

693 Si-phenyl

715 Si-phenyl

739 Si-phenyl
950-1100 Si—O0—Si
1130 Si—phenyl
1259 Si—CH3

1426 Si-phenyl
1590 C=Cin phenyl
2150 Si—H
2890-2976 C—Hx
3000-3100 C—H in phenyl
3100-3700 —OH
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Fig. 2. XRD patterns for different polymer precursors after 1400 °C pyrolysis in (a)
Ar and (b) Ar+H,0.

Fig. 2(a) shows the XRD patterns for the SiOC samples pyrolyzed
in Ar at 1400°C. All the samples show an amorphous SiO, halo
centered around ~23° and SiC peaks at 35.6°, 60°, and 72° [25]. In
addition, all the samples exhibit a peak at ~44°, which corresponds
to the (100) plane of turbostratic carbon [25,31-33]. 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 the
following reactions [11,34]:

2Si0C — SiOz(amorphous) + SiC(B) + C (1)
SiOz(amorphous) +3C — SiC(8) +2CO 4 (2)

Comparison of the intensity of the SiO, halo to that of the SiC
peak at 35.6° for each sample shows that the 10PMPS sample has
the highest SiC to SiO, ratio with a value of 2.0, while the 10PHMS
sample has the lowest with a ratio of 1.5; this result is due to the
higher concentration of carbon for the 10PMPS sample, which leads
to more carbothermal reduction of SiO5.

Fig. 2(b) shows the XRD patterns for the SiOC samples pyrolyzed
in Ar+H,0 at 1400 °C. All samples show reduced SiC peaks at 35.6°,
60°, and 72° compared to the samples pyrolyzed in Ar due to the
decrease of Si-C bonds in the water vapor environment [15]. With
the presence of water vapor between 500°C and 700 °C, the poly-
mer to ceramic transformation occurs with the following additional
possible reactions [15,17]:

Si—H + H,0 — Si—OH + Hyt (3)
Si—CH3 + H,0 — Si—OH + CHa?t (4)

(a)
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Fig. 3. XRD patterns after the HF etching of the SiOC samples pyrolyzed in (a) Ar
and (b) Ar+H,0.

Si—CH,—Si + H,0 — Si—OH + Si—CH3 (5)
Si—CH,—CH,—Si + 2H;0 — 2Si—OH + C;Hg?t (6)
Si—CH=CH; + H,0 — Si—OH + CyH4?t (7)
Si—CgHs +H,0 — Si—OH + CgHgt (8)
The Si—OH bonds further condense to form Si—O—Si bonds:
Si—OH + Si—OH — Si—0—Si + H,0 ¢ (9)

In addition, free carbon that precipitates between 500°C and
700 °C also oxidizes following the reaction [15,18,35]:

Cfree +H20 — Hzt +CO ¢ (10)

According to Eqgs. (3)-(10), water vapor facilitates Si—O bond
formation while reducing Si—C bonds and consuming free carbon;
the diffraction patterns in Fig. 2(b) for all of the samples clearly
reflect this.

The XRD patterns for the SiOC samples pyrolyzed at 1400°C in
Ar and Ar+H,O0 after the HF etching are shown in Fig. 3(a) and
(b), respectively. Dotted lines show the original position of the
amorphous hump before etching. The samples no longer show the
amorphous SiO, hump around 23°; rather, the center of the dif-
fused peak shifts to approximately 24.5°, due to the contributions
of both the remaining SiOC and the turbostratic carbon which has
a peak at 26° from the (002) plane [32,33,36]. The etching of the
SiO, nanodomains by the HF solution follows the reaction [18]:

Si0y + 6HF — H,SiFg +2H,0 (11)

Thus, the shift of the 23° hump in Fig. 3(a) and (b) signifies
that the SiO, nanodomains are removed by HF, while the remain-
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Fig. 4. Mass loss after the HF etching for both the Ar and Ar+H;O0 pyrolysis condi-
tions.

ing SiOC, SiC, and C are largely unaffected [37]. In addition, a new
diffraction peak emerges after etching at approximately 78°, which
corresponds to the (110) plane of carbon [33]. The increase in the
intensity of the SiC and C peaks after the HF etching, especially for
the Ar+H,0 samples, is due to the removal of SiO, from the sam-
ple, which effectively increases the concentration of the remaining
phases.

The amount of mass loss due to the HF etching for the samples
pyrolyzed in Ar and Ar+H,0 are shown in Fig. 4. For the samples
pyrolyzed in Ar, the mass loss from the HF etching ranges from 27.7
to 39.1%. For the samples with water vapor injection, the mass loss
after etching increases for all the samples and ranges from 33.9 to
62.5%. The increase in the mass loss with the water vapor atmo-
sphere can be attributed to SiO, enrichment due to Si—C bonds
being converted to Si—0 bonds, as discussed previously. The impact
is significant, up to 77% increase in the mass loss. Interestingly,
the 10TMOS sample shows similar mass losses for both the Ar and
Ar +H,0 atmospheres. This means that the TMOS additive does not
contribute significantly to the SiO, formation. It is likely that the
molecular mixing with the PSO precursor leads to more SiOC forma-
tion than SiO, formation, which is also supported by the nitrogen
adsorption data in Section 3.3.

The FT-IR patterns for two of the SiOC samples, 100PSO and
10TMOS, after pyrolysis at 1400°C in Ar and Ar+H,0, are shown
in Fig. 5(a) and (b), respectively. No other samples were tested due
to their similar phase behaviors with the 100PSO sample in both
of the atmospheres as already seen with the XRD results in Fig. 2
and Fig. 3. Both the 100PSO and 10TMOS samples pyrolyzed in
Ar show peaks around 1050 cm~! and 800 cm™!, corresponding to
Si—0—Si and Si—C bonds, respectively [38]. The relative intensities
of the peaks show no major difference between the two precur-
sors; the 1050 cm~1:800 cm~! peak intensity ratio for 100PSO and
10TMOS is 1.8 and 2.1, respectively. For the pure PSO sample
pyrolyzed in Ar+H,O, there is a drastic increase in the height of
the Si—O—Si peak relative to the Si—C peak compared to the sam-
ple pyrolyzed in Ar. The 10TMOS sample, however, does not show
such a drastic difference between the Ar and Ar+H,0 conditions,
as also seen in Fig. 2(b), due to a lesser extent of reaction between
H,0 and the polymer. For the Ar+H,0 pyrolyzed samples, the
1050 cm~1:800 cm~! peak intensity ratios for 100PSO and 10TMOS
are 4.2 and 3.1, respectively. After etching with HF, both samples
show a drastic decrease in the Si—O—Si peak due to the HF removal
of SiO, as explained earlier. As a matter of fact, the Si—O—Si peak
for all the HF etched samples almost disappears.
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Fig. 5. FT-IR patterns for the SiOC samples with different additives pyrolyzed in (a)
Ar and (b) Ar+H,0 before and after the HF etching.

3.3. Specific surface areas and pores

Fig. 6(a) and (b) show the nitrogen adsorption curves for the
samples pyrolyzed in Ar and Ar + H, O, respectively. All the samples
pyrolyzed in Ar show a large adsorption volume at low relative
pressures, followed by a relatively constant adsorption volume at
higher relative pressures; this adsorption behavior corresponds to
the Type I isotherm, according to the IUPAC classification, which
indicates that the samples are prominently microporous with only
monolayer adsorption [39]. The 10TMOS sample also displays more
adsorption at higher relative pressures, indicative of a broader
pore size distribution. In general, the adsorbed volume is from
252.8cm3/gto311.4cm3/g at P[Py =1.

For the samples pyrolyzed in Ar+H,0, the 100PSO, 10PHMS,
and 10PMPS samples display similarly large adsorption volumes at
low relative pressures, followed by a further increase in adsorp-
tion at higher relative pressures due to multilayer gas adsorption.
These adsorption characteristics correspond closer to the Type IV
isotherm, indicative of materials containing both micropores and
mesopores [39]. The 10TMOS, 10TEOS, and 10PDMS samples still
display the Type I isotherm adsorption behavior after the Ar+H,0
atmosphere pyrolysis. This means that the Ar+H,0 atmosphere
creates significant mesopores for the more C-rich additive systems
but not for the more O-rich additives. As a result, the adsorption vol-
ume is from 324.3 cm3/g to 662.3 cm3/g at P/P, = 1, varying greatly
compared to that of the Ar atmosphere pyrolyzed samples. In gen-
eral, the adsorption volumes are much higher (100PSO, 10PMPS,
and 10PHMS samples are more than 100% higher) than those of the
samples pyrolyzed in the Ar atmosphere. Alternatively, the 10TEOS
sample for the Ar + H, O condition shows a much greater adsorption
volume at low relative pressures due to a large number of micro-
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Fig. 6. Nitrogen adsorption curves for the samples pyrolyzed at 1400°C in (a) Ar
and (b) Ar+H;0.

pores and the volume adsorbed does not increase significantly as
the relative pressure increases, indicating that mesopores are not
widely present in the sample.

The specific surface area, average pore size, micropore volume,
and total pore volume for all of the samples in the Ar and the
Ar +H,O0 pyrolysis atmospheres are summarized in Table 3.

For the samples pyrolyzed in Ar, the specific surface area ranges
from 653.41 to 952.64 m2/g. The addition of PMPS and PDMS has
little effect on the specific surface area of the base PSO, and the
addition of TEOS and PHMS increases the specific surface area
slightly by 40-70 m?/g; TMOS greatly reduces the specific surface
area by ~300 m2/g from 952.64 m2/g to 653.41 m2/g. Pyrolysis with
water vapor, however, drastically increases the specific surface area
for all the samples, with the specific surface areas ranging from
804.24 m? /g to 1953.94 m2/g. This means that water vapor pyroly-

Table 3

sis can significantly facilitate the SiO, cluster formation during the
pyrolysis and thus the resulting porous SiOC specific surface area,
as to be discussed in Section 3.4.

After pyrolysis in Ar, the average pore sizes range from
1.77 to 2.27nm. In general, the average pore size increases
as the carbon content of the polymer precursor decreases
(100PSO — 10PMPS — 10PDMS — 10PHMS — 10TEOS — 10TMOS).
This is because the graphitic carbon domains that separate the
SiO, clusters act as diffusion barriers for SiO, and prevent further
growth of the SiO, clusters [34]. Thus, for the samples with
lower carbon content, the size of the pores created by etching
the SiO, clusters would be larger since the diffusion and growth
of Si0, are greater relative to those of the samples with higher
carbon content. For the Ar+H,0 atmosphere pyrolysis, all the
samples except for 10TEOS experience an increase in average
pore size, ranging from 1.66 to 3.27 nm. Also, the average pore
size for the samples generally decreases as the precursor carbon
content decreases, with the exception of the 10PHMS sample; the
10TMOS sample has similar average pore sizes for both pyrolysis
conditions, and the 10TEOS sample actually experiences a decrease
in the average pore size after the Ar+H,0 pyrolysis. The reason
for this phenomenon can be understood as follows. During the
Ar+H,0 atmosphere pyrolysis, TEOS has a high amount of Si—0
bonds available to form new SiO, clusters independently. These
SiO, clusters are small yet numerous in number. After the HF
etching, the average pore size from the SiOC matrix-induced SiO,
nanoclusters and the TEOS-induced SiO, nanoclusters is smaller
than the SiO, size from the SiOC matrix only. This compounding
effect is also reflected from the pore volume results. The pore
volume for the Ar+H,0 pyrolyzed sample is higher than that for
the Ar atmosphere pyrolyzed sample; it is also much higher than
the pore volume with the TMOS additive. Based on these results,
it can be stated that for an additive to increase the specific surface
area, separate SiO, nucleation must be activated yet controlled
so that the new SiO, final size is no larger than the SiOC phase
separation induced SiO, size. Any additive that simply facilitates
the SiOC matrix-based SiO, formation and growth is not desired.
This is conjectured to be what happens to the TMOS additive,
which likely has an intimate mix with the PSO matrix. TMOS may
hydrolyze (as described in Eq. (12)) yet cannot lead to independent
SiO, nucleation. Subsequently, it leads to more advanced SiOC
matrix-induced SiO, nucleation and growth. As a result, the
Si0, nanodomain size is larger than that without TMOS, and the
specific surface areas for both the Ar and Ar+H;0 atmosphere
pyrolysis conditions are lower; the pore volumes are similarly
smaller. In addition, the pore size distribution is wider (as seen in
Figs. 6 and 7(f)).

The significant dependence of the specific surface area on the
pore size can be seen by comparing the 100PSO and 10TEOS sam-
ples. Both samples have approximately the same pore volume
(0.84cm3/g and 0.81 cm3/g, respectively), but the specific surface
areas vary significantly (1108.50 m2/g versus 1953.94 m?/g) due to
the smaller pore size for the 10TEOS sample.

Nitrogen adsorption results for the SiOC ceramics pyrolyzed in Ar and Ar +H,O after the HF etching.

Sample Specific surface area (m?/g) Micropore volume (cm3/g)? Total pore volume (m3/g) Average pore size (nm)
Ar Ar+H,0 Ar Ar+H,0 Ar Ar+H,0 Ar Ar+H,0
100PSO 880.1 1108.5 0.39 0.75 0.39 0.84 1.77 3.03
10PMPS 892.1 1356.9 0.40 0.82 0.40 0.93 1.79 2.74
10PDMS 886.9 952.9 0.41 0.54 0.41 0.59 1.85 2.48
10PHMS 952.6 1200.0 0.45 0.86 0.45 0.98 1.89 3.27
10TEOS 921.1 1953.9 0.43 0.81 0.44 0.81 1.91 1.66
10TMOS 653.4 804.2 0.35 0.45 0.37 0.48 2.27 2.39

2 From t-plot analysis.
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Fig. 7. Pore size distribution (filled symbols) and cumulative pore volume (unfilled symbols) for (a) 100PSO, (b) 10PMPS, (c¢) 10PDMS, (d) 10PHMS, (e) 10TEOS, and (f)

10TMOS.

For the samples pyrolyzed in Ar, the total pore volume ranges
from 0.37 cm3/g to 0.45 cm3/g. The micropore volumes for the Ar
samples are very close to the total pore volumes, indicating that
all the samples are predominantly microporous (pore size <2 nm).
For the samples with water vapor injection, the total pore vol-
ume increases for all the samples and ranges from 0.48 cm3/g to
0.98 cm3/. The micropore volumes for all of the samples with the
Ar+H,0 atmosphere, except for 10TEOS, are slightly less than the
total pore volume, indicating that mesopores (pore size 2-50 nm)
are also present in the samples. The increase in total pore vol-
ume with the water vapor atmosphere can be attributed to the
SiO, enrichment as discussed previously. The 10PHMS and 10PMPS
samples have the largest pore volumes, 0.98 cm3/g and 0.93 cm?3/g,
respectively. However, the correlation of the pore volume increase
after the HF etching with the additive type is a complex one because
pore volume is a convoluted function of pore number density and
pore size; it is also possible that some pore volume changes are not
a simple result of SiO, removal if some C or SiOC is washed away
during the HF etching due to their discontinuous distribution in the
matrix [25].

Fig. 7 shows the pore size distributions and cumulative pore vol-
umes for all the samples. For the additives that have the same Si/O
ratio as the base PSO but different Si/C ratios (10PHMS, 10PDMS,

10PMPS), the pore size distributions for the Ar pyrolysis show that
the polymers with higher carbon content (100PSO, 10PMPS) lead
to narrower pore size distributions with smaller average pore sizes
than the polymer with a lower carbon content (10PHMS). After
the pyrolysis in Ar, the 1T0PHMS sample shows a slightly broader
pore size distribution with pore widths up to approximately 6 nm
while the 100PSO and 10PMPS samples have no pores larger than
~4nm. This can be explained using the nanodomain model pro-
posed by Saha et al. [40], and experimentally shown using small
angle X-ray scattering [40] and nitrogen adsorption of etched SiOC
[3,25]. According to this model, the SiO, clusters within the SiOC
are separated by layers of turbostratic carbon. The carbon boundary
layers effectively prevent nucleation and subsequently growth of
the amorphous SiO, nanodomains by slowing diffusion [34]. Thus,
the samples that are lower in carbon content (PHMS) produce larger
SiO, domains, and larger pores after the HF etching. The effect of
carbon preventing SiO, growth is further demonstrated from the
results with water vapor pyrolysis: the 10PMPS sample again has
a much narrower pore size distribution than the 10PHMS sample.
From the cumulative pore volume plots in Fig. 7, only 10TMOS
and 10TEOS show an increase in pore volume at pores <2.1 nm from
the Ar+H,0 pyrolysis compared to the Ar pyrolysis. In addition,
the Ar+H,O0 pyrolysis causes all the samples except for 10TEOS
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to have a larger average pore size and a wider pore size distribu-
tion, although the pore size distribution of the 10TMOS sample only
slightly widens. This difference between the effects of the water
vapor treatment on the 10TEOS and 10TMOS samples compared to
the rest of the samples can be attributed to the reaction differences
for these additives with water vapor. In addition to the reactions
in Egs. (3)-(8), the TEOS and TMOS additives themselves may also
hydrolyze in the presence of water vapor:
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Where R is either CH3 or C;Hs. The Si—OH groups will then further
condense into Si—0—Si following Eq. (9). This additional reaction
for the 10TEOS and 10TMOS samples promotes further nucleation
of SiO,-rich regions within the samples after the Ar + H,O pyrolysis
at 700°C, which leads to a higher number of SiO, domains after
pyrolysis at 1400°C.

The pore number density within the SiOC can be estimated using
the pore volume and average pore size results. Assuming cylindrical
pores, the pore density n is proportional to the pore volume divided
by the product of the square of the average pore diameter d and the
pore length. Further assuming that the pore length is proportional
to the pore diameter, the pore number density is then given as:

no d13 (13)

Eq. (13) is plotted in Fig. 8 using the pore volume and average
pore diameter values listed in Table 3. For the samples pyrolyzed
in Ar, the pore number density is nearly constant for all the sam-
ples except for 10TMOS, which has approximately half the pore
number density of the other samples and is consistent with our
earlier conjecture that TMOS hydrolysis contributes partly to the
SiOC matrix-based SiO, nucleation and growth. For the Ar+H;0
pyrolysis, the 100PSO, 10PMPS, 10PDMS, and 10PHMS samples all
have approximately half of the pore number density of that from
the Ar pyrolysis, and the 10TMOS sample shows a pore number
density approximately equal to that from the Ar pyrolysis. In con-
trast, the 10TEOS sample after Ar + H, O pyrolysis has a pore number
density nearly three times higher than that for the Ar pyrolysis. This
significant increase can be attributed to the hydrolysis of TEOS in

Si—O—R + H,0 — Si—OH + ROH (12) the Ar+H,0 atmosphere according to Eq. (12). Interestingly, the
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Fig.10. TEM image of the 10TEOS Ar + H, 0 sample after etching, with dashed circles
indicating selected pores.

10TMOS sample does not show the same increase with the Ar+ H,0
atmosphere although it should also hydrolyze according to Eq. (12).

3.4. Fundamental understanding

The effect of additives and pyrolysis atmosphere on the
microstructural evolution of the SiOC is depicted in Fig. 9, tak-
ing into account the XRD, FT-IR, and nitrogen adsorption results.
For PSO with different additives, pyrolysis in inert Ar produces
very similar morphologies, with SiO, domains, amorphous SiOC
surrounding SiO,, and turbostratic carbon outside SiOC. The SiO,
amount and size vary based on the additive used (as discussed
in Section 3.3). Pyrolysis with water vapor injection, however,
removes radical carbon species before they evolve into free car-
bon and are locked in the SiOC matrix. As a result, this reduces the
turbostratic carbon layer thickness and converts more of the amor-
phous SiOCinto SiO; rich domains [ 15]. For polymer precursors that
are rich in carbon, the resulting ceramic is able to retain more of
the free carbon and produce smaller sized SiO, domains compared
to the carbon-poor samples. The addition of water-reactive species
produces more SiO, nuclei with the water vapor pyrolysis, leading
to a higher concentration of small SiO, domains after pyrolysis.

In the special case of the TEOS addition, TEOS itself can hydrolyze
significantly and form independent SiO, clusters. As a result, the
SiO, domains in the resulting SiOC matrix come from two sources:
the SiOC matrix and the TEOS hydrolysis. Because of their small
sizes (<2 nm), these SiO, nanodomains of different origins remain
independent as depicted in Fig. 9 and lead to high specific sur-
face areas after the HF etching. The pore morphology for the
10TEOS Ar+H,0 sample after the HF etching under TEM exami-
nation is shown in Fig. 10. Compared to the 100PSO sample, whose
microstructure after the water vapor pyrolysis and HF etching is
shown by Lu et al. [17], the T0TEOS sample contains more numer-
ous, small, independent pores which supports the microstructure
formation shown in Fig. 9.

Assuming that the turbostratic carbon content remains con-
sistent for all the samples in the same pyrolysis atmosphere,
the intensity ratios of SiO,/C and SiC/C for the Ar and Ar+H,0
pyrolyzed samples are shown in Fig. 11. The selected peaks for
deriving the ratios are 26 values of 23°, 36°, and 44° for SiO,, SiC,
and C, respectively. As seen, for the Ar atmosphere, the SiO,/C ratio
is lower than the SiC/C ratio, meaning that the Si—O—Si bond for-
mation is unfavorable. For different samples, the SiO,/C and SiC/C
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Fig. 11. SiO,/C and SiC/C XRD relative intensity ratios for (a) Ar and (b) Ar+H,0
atmospheres.

ratios change consistently. Higher SiO,/C ratios lead to higher SiC/C
ratios and vice versa. This means that SiO; is easily consumed and
SiC formation is directly dependent on the Si amount in the SiOC
system. However, based on Egs. (1)-(2), SiC formation is not at the
expense of Si0,. Otherwise, C content would significantly decrease.
This means thatin the evolving system, the phase separation of SiOC
into SiO,, SiC, and C (Eq. (1)) is more dominant than the carboth-
ermal reaction in Eq. (2). Thus, the consumption of SiO, for the SiC
formation is minimal. The generation of C from the SiOC phase sep-
aration also means that the C content increases without changing
the SiO,/C and SiC/C ratios.

For the Ar+H;0 atmosphere, the SiO,/C ratio is much higher
than the SiC/C ratio. For different samples, the SiO,/C and SiC/C
ratios also change consistently. This means that the Si for the SiO,
and SiC formation is still from the phase separation of SiOC, which
is not surprising considering the more dominant presence of SiOC
(Fig. 3). However, due to the significant presence of SiO,, the for-
mation of SiC is suppressed and the SiC/C ratio is much lower than
the SiO,/C ratio.

A direct comparison of the SiO,/SiC ratios in the Ar and Ar+H,0
samples are shown in Fig. 12(a). The SiO, intensity is 3-6 times of
the SiC intensity for the Ar+H;0 sample while for the Ar sample
the ratio is 0.5. The suppression of the SiC formation with the high
amount of SiO, present in the Ar +H,0 atmosphere is clear, mainly
because of the low amount of SiOC available for phase separation.
The drastically smaller amount of SiO, content for the 10TMOS
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Fig. 12. (a) Si0,/SiC XRD intensity ratios for Ar and Ar +H,O pyrolysis, and (b) per-
cent change of the SiO, /C and SiC/C XRD ratios from the Ar + H, O pyrolysis compared
to the Ar pyrolysis.

sample is likely a result of the intimate mixing of the hydrolyzed
Si—0 bonds within the SiOC matrix. Thus, less SiO; is present even
though the SiC formation is not hindered to any observable degree.
Fig. 12(b) shows the percentage change of the SiO,/C and SiC/C
ratios with the Ar + H, O pyrolysis compared to the Ar pyrolysis due
to the SiO, formation increase and SiC formation decrease. In the
Ar +H,0 atmosphere, PDMS has the least impact on the SiO,/C ratio
for the carbon-rich additives, PMPS has the highest impact, and
PHMS gives a similar ratio as the pure PSO. For the TEOS and TMOS
additives, the effect is lowest. For the 10TMOS sample, especially,
the impact is negligible. This means that TMOS is highly mixed
with the PSO precursor in the matrix. As a result, the SiO,/C ratio
only increases to a negligible degree. The percent change of the
SiC/C ratio with the Ar+H,0 pyrolysis in Fig. 12(b) is relatively
constant for all of the samples. This confirms that the SiO,, SiC,
and C formation occurs almost solely from the phase separation of
SiOC following Eq. (1) because the phase separation of SiOC creates
equal amounts of SiC and C. If carbothermal reduction of SiO, was
the cause of the SiO,/C ratio differences between additives seen in
Fig. 12(b), then the SiC/C ratio would show a similar change rather
than being nearly the same for all the samples.

4. Conclusions

Highly porous SiOC ceramics are produced by pyrolysis in Arand
Ar +H,0 environments. The presence of water vapor during pyrol-

ysis facilitates the formation of Si—0 bonds, leading to significantly
more SiO, after pyrolysis to 1400 °C. SiO, formation in Ar creates
an average pore size ranging from 1.77 nm to 2.27 nm. The spe-
cific surface area and pore volume values range from 653.41 m2/g
to 952.64m?2/g and 0.37 cm3/g to 0.45cm3/g, respectively. With
water vapor pyrolysis, there is a significant difference in specific
surface areas for different additives, ranging from 804.24 m2/g for
the 10TMOS sample to 1953.94 m2/g for the 10TEOS sample; the
average pore sizes remain in the <4nm range. The effects of the
additives and atmosphere on the SiOC microstructural evolution
are explained and the SiO vs. SiC formation mechanisms are pre-
sented. The ability to drastically increase the specific surface area
of the SiOC ceramics through additives and pyrolysis atmosphere
presents a new and promising processing route for creating highly
porous ceramics.
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