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Abstract

Silicon oxycarbide (SiOC) is a polymer derived ceramic consisting of SiO2 nanodomains,
disordered carbon, and SiC crystallites. Porous SiOC has shown great promise for applications
such as lithium ion battery anodes, gas separation membranes, thermal barriers, and catalyst
supports. The properties and microstructure of the SiOC heavily depend on the polymer precursor
and the processing conditions. In this thesis, bulk SiOC is fabricated using a base polysiloxane
system with different pyrolysis atmospheres, different organic additives to change the initial
polymer chemistry or architectures, and polymers with different functional groups. Porosity was
introduced into the SIOC ceramics through either etching the resulting SiOC with hydrofluoric
acid, removing the SiO2 nanodomains and producing micropores (pore sizes less than 2 nm) and
mesopores (pore sizes between 2 nm and 50 nm), or through selective decomposition of polymers,
producing macropores (pore sizes greater than 50 nm). All of the various processing parameters
had effects on the pore volume and pore size within the SiOC ceramics, which can be correlated

back to differences in the microstructure during pyrolysis.
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General Audience Abstract

Silicon oxycarbide (SiOC) is a ceramic obtained through the heating of a polymer precursor, which
undergoes partial decomposition to go from an organic polymer to an inorganic ceramic. The
microstructure of SiOC is not uniform at the nanometer scale, and contains nanometer sized silicon
dioxide, carbon, and silicon carbide. Porous SiOC has shown great promise in applications such
as lithium ion batteries, gas separation, and thermal barriers. The microstructure, and thus the
properties of the SiOC, is influenced by the initial polymer and the processing conditions. In this
thesis, SIOC is fabricated using a base polysiloxane polymer using different gases during heating,
different additives that change the initial polymer chemical composition or polymer shape, and
polymers with different reactive groups. Porosity was introduced into the SiOC ceramics through
either etching the SiOC with hydrofluoric acid, which removes the silicon dioxide and produces
pores with diameters less than 20 nanometers, or through decomposition during heating of a certain
polymer in a two polymer mixture, producing pores that are dozens of microns in diameter. The
effects of the processing parameters on the porosity and pore size are used to understand the

differences in the microstructure during pyrolysis.
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1 Introduction

1.1 Polymer Derived Ceramics

Polymer derived ceramics represent a very promising category of ceramics that combine
the exceptional properties of ceramic materials, such as high elastic modulus and chemical
inertness, while allowing for easier processing due to the availability of liquid based processing
techniques to produce the polymer precursors and lower processing temperatures 3. Further, the
use of preceramic polymers allows for a wide range of available ceramic systems, such as SiC,
SiOC, SiCN, and SiBCN, some of which are unable to be fabricated through traditional ceramic

processing techniques 2.

1.2 Silicon Oxycarbide

Silicon oxycarbide (SiOC) is one type of polymer derived ceramic obtained through
pyrolysis of polysiloxanes, polysilsesquioxanes, and polycarbosiloxanes 1. SiOC is stable at high
temperatures, resistant to crystallization, stable in oxidative and corrosive environments, has good
mechanical properties, and can possess many functional properties such as electrical conductivity
and piezoresistivity ' 245, The fabrication of polymer derived SiOC ceramics is composed of three
stages: the crosslinking of the polymer precursor, the polymer-to-ceramic conversion, and the high
temperature phase formation.

The first stage in preparing polymer derived ceramics involves the shaping and
crosslinking of the polymer precursors. The liquid precursors can be fabricated into the desired
shape through traditional polymer processing techniques, such as casting, drawing, injection
molding, and infiltration 2. The shaped precursors are then cured to produce highly crosslinked
polymers. The polymer precursors for SIOC were historically synthesized through sol-gel
processing involving the hydrolysis and condensation of molecular precursors such as tetraethyl
orthosilicate "°. More recently, the use of crosslinking polymer precursors has gained significant
attention, due to the ability to create dense polymers through hydrosilylation %4, A polysiloxane

crosslinked through hydrosilylation is shown in Fig. 1.1(a).
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Fig. 1.1 (a) Crosslinked polysiloxane, (b) SiOC after pyrolysis, and (c) SiOC after etching with
hydrofluoric acid 7. (Reprinted from J Am Ceram S@8, Li JK, Lu K. Highly porous SiOC bulk
ceramics with water vapor assisted pyrolysis, 2357-2365, Copyright (2015), with permission from
John Wiley and Sons.)

In more detail, the hydrosilylation reaction between hydrogen and vinyl bonds in
organosilicon species produces carbon linkages between the silicon atoms 16, An example of the
hydrosilylation reaction between a polyhydromethylsiloxane and polyvinylmethylsiloxane is
shown in Fig. 1.2, which shows the two possible products from hydrosilylation. One of the most
common catalysts for the hydrosilylation reaction is Karstedt’s catalyst, which is a platinum
catalyst and greatly favors the production of the B-product shown in Fig. 1.2 11516 QOther bonds
that are present in the organosilicon species, such as methyl or phenyl bonds, remain unchanged
during hydrosilylation and do not reduce in concentration after crosslinking 1 *°. The advantages
of using hydrosilylation over sol-gel techniques are the absence of acidic or basic chemicals, the

potential to not use any solvent, and the absence of any unwanted byproducts °.

B-product a-product

GHs CHs CH3
Sk Bod oy
b CH . HC—CHs
|
clf/f ’ (F_HZ {Sli—o}m
fsi-o} {Sll_o}m CHs
CH; CH;

Fig. 1.2 The hydrosilylation reaction between hydrogen and vinyl bonds producing a crosslink

between the two silicon atoms.



After crosslinking, the polymer precursors are heated in inert or reactive atmospheres to
produce the desired ceramics in a process called pyrolysis. There are several stages of mass loss,
depending on the chemical composition and side groups within the polymer. In general, at
temperatures between room temperature and 400°C, no significant decomposition occurs and the
only change in mass is due to additional crosslinking reactions. At temperatures between 400°C-
800°C, the majority of mass loss occurs due to the release of cyclic siloxane species and
hydrocarbons such as methane, ethane, ethylene, and styrene 82°, This release of gaseous species
creates significant microporosity within the material, which is not maintained at higher
temperatures due to free radical reactions on the pore surfaces resulting in viscous flow and
densification of the sample 2!, Above 800°C, the only mass loss is from residual hydrogen 8 29,

The microstructure within the SiOC ceramics at pyrolysis temperatures between ~800°C-
1100°C is composed of an amorphous SiIOC matrix, in which Si is tetrahedrally bonded to either
O or C to form SiOxCax bonds, and potentially a disordered carbon phase that is termed free carbon
2224 The specific elemental composition of the SiOC can be written as SixO,C; and then plotted
on a ternary elemental diagram such as that shown in Fig. 1.3 %', Although the elemental diagram
is not a true phase diagram, it can be used to estimate the possible phases that can form 2. If the
composition of the SIOC phase lies on the tie line between SiO and SiC, then the resulting SiOC
material will be composed entirely of an amorphous SiOC phase without the presence of free
carbon 8. However, if the carbon content is significant, the resulting ceramic will be composed of
both a SIOC phase and a free carbon phase. The majority of technologically significant SiOC

ceramics contain an excess concentration of carbon and fall into the latter category & 122831,
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Fig. 1.3 Elemental composition diagram for the SiOC system; the shaded region represents SiOC
compositions in literature %. (Reprinted from Mater Sci Eng R Ref7, Lu K. Porous and high
surface area silicon oxycarbide-based materials — A review, 23-49, Copyright (2015), with

permission from Elsevier.)

The most widely accepted description for the nanostructure of SiOC is a continuous
graphitic network with SiO2-rich nanodomains dispersed throughout. Between the graphitic and
SiO; regions are the mixed SiOxCax bonds, as shown in Fig. 1.4 27. The proposed microstructure
matches with the experimental findings for the viscoelastic behavior of SiOC, its high temperature
creep resistance, and the resistance of the SiO2 phase against crystallization at temperatures as high
as 1400°C 2" 2832 Further, the existence of the SiO2 nanodomains has been confirmed through
small-angle X-ray scattering and by nitrogen adsorption after selectively etching the SiO, phase

using hydrofluoric acid 2" 333,
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Fig. 1.4 Nanodomain model of the microstructure within SiOC #’. (Reprinted from J AmCeram
So¢ 89, Saha A, Raj R, Williamson DL. A model for the nanodomains in polymer-derived SiCO,
2188-2195, Copyright (2006), with permission from John Wiley and Sons.)

At temperatures greater than ~1300°C, the SiOC phase begins to undergo phase separation
into amorphous SiO;, nanocrystalline B-SiC, and disordered carbon 23, The SiC and carbon phase
can be readily seen under TEM, as shown in Fig. 1.5, but the amorphous SiOC and SiO; phases
cannot be distinguished. The SiO2 phase does not crystallize, which is attributed to the presence
of free carbon in the material, which hinders diffusion 2. At temperatures above ~1400°C, the

SiO, and carbon phases react to form SiC and gaseous byproducts 2337,



Fig. 1.5 Microstructure of SiOC showing graphitic carbon (red lines), silicon carbide (blue
squares), and amorphous silicon oxycarbide (purple circles) *. (Reprinted from J Eur Ceram Sqc
34, Pan J, Pan J, Cheng X, Yan X, Lu Q, Zhang C. Synthesis of hierarchical porous silicon
oxycarbide ceramics from preceramic polymer and wood biomass composites, 249-256, Copyright

(2014), with permission from Elsevier.)

The phase formation within SiOC can be controlled through a number of ways. The
simplest method is through varying the ratio of Si, O, and C within the polymer precursors, which
effectively changes where on the elemental diagram (Fig. 1.3) the resulting SiOC ceramic will lie
37_ As already discussed, the amount of free carbon within the ceramic can be increased by moving
the composition away from the SiO-SiC tie line 2 28, Further, the specific distribution of SiOxCa-
x bonds can also be controlled by adjusting the composition of the starting polymer. For polymers
with higher carbon concentration, the SiOC ceramic after pyrolysis contains more carbon-rich
SiOxCax bonds 8 24 26.37 | jkewise, increasing the O:Si ratio within the polymer results in more
oxygen-rich bonds in the ceramic *.

A second route to control phase formation within SiOC is through the use of reactive
atmospheres during pyrolysis, such as hydrogen (Hz), ammonia (NHs), and water vapor (H20), "
4045 'H, and NHj3 are both used to remove carbon within the material during pyrolysis, resulting in
pure SiOC ceramics without a free carbon phase %4, A H,O atmosphere not only can react with

carbon, but can also react with Si-C bonds within the material to form Si-O bonds. This results in



a significant reduction of SiC formation at higher pyrolysis temperatures and an increased SiO>
content 174344,

A third influence on the phase formation within SiOC, which has not been thoroughly
studied, is the structure of the initial polymer. After pyrolysis of cyclic and linear siloxane
polymers with the same chemical composition, the SiO> phase within the cyclic-derived SiOC
partially crystallized into cristobalite while the SiO> remained amorphous in the linear-derived
SiOC 1646 The effects of other polymer architectures, such as caged or ladder structures, on the
phase formation within SiOC has not been studied.

1.3 Porous Silicon Oxycarbide

Due to its high temperature stability, chemical and oxidation resistance, and good
mechanical properties, porous SiOC is quite a promising material in several applications, such as
anodes in lithium ion batteries, thermal barriers, filtration, and catalyst supports * . Porosity can
be introduced into the SiOC systems throughout the fabrication process, during the crosslinking
of the polymer precursor, during pyrolysis, or even after pyrolysis, resulting in a high degree of
control of the size and distribution of pores. Microporous (pore sizes less than 2 nm), mesoporous
(pore sizes between 2 nm and 50 nm), and macroporous (pore sizes greater than 50 nm) SiOC can
be produced, depending on the specific technique used. During crosslinking of the preceramic
polymer, techniques such as freeze casting, foaming, and sacrificial organic additives can be used,
all of which produce macropores 24748 During pyrolysis, decomposition of a specific polymer
after phase separation in a polymer blend can be used to create porosity ranging from micropores
to macropores 14950 After pyrolysis, the SiO2 phase can be selectively etched using HF, while
the remaining SiOC, SiC, and carbon phases are resistant to HF etching 3* 5. The pore size after
etching ranges between micropores and mesopores, and is dependent on several processing
parameters such as pyrolysis temperature and the SiOC composition 1633 3¢,

The porosity produced through phase separation, introduced either by etching ceramic
phases after pyrolysis or selective polymer decomposition, can also serve as a means to understand
the complex microstructural evolution during pyrolysis. The SiO2 phase can be etched using HF,
leaving a porous template with pore sizes directly correlating to the original SiO; size, 334, As
previously mentioned, the pore size after HF etching, measured with nitrogen adsorption, and the



estimated size of the SiO> nanodomains before etching, measured with small-angle X-ray
scattering, show good correlation 2”34, Likewise, the pores produced by polymer decomposition
can be used to understand how the polymer was bonded to the matrix before decomposition .
Thus, by thoroughly investigating the effects of various processing parameters on the resulting
pore sizes, in combination with other characterization techniques, a fundamental understanding of

the microstructure evolution can be obtained to further improve the processing of SiOC ceramics.

1.4 Characterization of Porous Materials

1.4.1 Microscopy

The size and distribution of pores within materials can be qualitatively or quantitatively
studied using either scanning electron microscopy (SEM) or transmission electron microscopy
(TEM) depending on the pore size. For macroporous materials, pores are readily visible using
SEM. If the pores and surrounding material have significant contrast differences, the pores size
and pore size distribution can be obtained quantitatively using image processing software, such as
ImagelJ 2. First, a threshold is applied to the original image to only select regions within a specific
grey value range. Then the resulting area and diameter of each region is recorded. The pore size
distribution is given as the derivative of the cumulative pore area rather than based on counts in
order to more accurately reflect the contribution of each pore to the total porosity. An example of
obtaining a pore size distribution from a SEM image is shown in Fig. 1.6. By repeating the process

for several images of a sample, a reliable pore size distribution can be obtained.
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Fig. 1.6 (a) SEM image of a sample cross section, (b) the image after processing, and (c) the

resulting pore size distribution and cumulative pore area.

For microporous/mesoporous SiOC materials however, obtaining usable information from
microscopy images can be challenging and often misleading due to several factors. Due to the
mainly amorphous microstructure of SiOC, the contrast between the SiIOC matrix and any pores
can be quite low. Further, since the SIOC materials are usually crushed from bulk samples for
TEM imaging, the majority of the sample is too thick to image except for on the edges where the
free surface may allow pores to appear larger than in the bulk of the sample. For example, in Fig.
1.7(a)-(d), the imaged samples all contain significant porosity in the micropore and mesopore
range, but the pores are difficult to distinguish except in a few regions #. Further, although the

sample in Fig. 1.7(c) seems to contain more porosity than the sample in Fig. 1.7(d), their measured
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pore volumes are 0.574 cm®/g and 1.024 cm?/g, respectively 7. Thus, quantification of the pore
size and distribution can be quite erroneous if based off of TEM images, so TEM was not heavily

used in this thesis.

Fig. 1.7 SiOC samples with no water injection (a), water injection during 500-700 °C with no
holding (b and c), and with water injection during 500—700 °C with 5 h holding (d). All the samples
are etched using HF #4. (Reprinted from J Eur Ceram Sqa6, Lu K. Fundamental understanding
of water vapor effect of SIOC evolution during pyrolysis, 411-422, Copyright (2016), with

permission from Elsevier.)

1.4.2 Nitrogen Adsorption

Nitrogen adsorption is a popular characterization technique used to measure specific
surface area, pore volume, and pore size distribution. With this technique, the sample and testing
chamber are cooled to the boiling point of nitrogen (77.4 K) and nitrogen gas (N2) is introduced,
which physically adsorbs onto the sample surface. The amount of N> that is adsorbed onto the
sample surface is measured at different relative pressures, giving information on the pore

characteristics of the sample *2.
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The specific surface area, with units of m?/g, can be calculated from the nitrogen isotherms

by application of the Brunauer-Emmett-Teller (BET) equation, which is given as >

P p# P (1.1)
7000 p 7 # 7% 00

where W is the adsorbed weight, W, is the monolayer weight, P/Pq is the relative pressure, and C

is a constant that is related to the energy of adsorption. Plotting the left side of Eq. (1.1) versus the
relative pressure should give a linear plot as shown in Fig. 1.8. The constant C and the monolayer

weight can be calculated from the plot as >3 °*:

S (1.2)
|
. (1.3)
S + i

where sis the slope of the plot and i is the intercept. Finally, the specific surface area, SSA, for the
tested sample can be calculated %3 >

W, NAA, (1.4)

SSA M,

where Na is Avogadro’s number (6.02x10% 1/mol), A4 is the cross-sectional area of the adsorbate
molecule (16.2 A? for N2), and M is the adsorbate molecular weight (28.01 g/mol for N) 2.
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Fig. 1.8 Plot showing application of the BET equation.

The relative pressure range typically used for calculation of the specific surface area from

adsorption isotherms is 0.05 — 0.30. Over this relative pressure range, the adsorbing gas molecules
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should form several layers on the surface of the material according to the BET theory. If the sample
contains micropores, however, the pores may be filled with the adsorbate well before reaching
such large relative pressures. Use of the BET equation with microporous materials can often give
negative intercepts and negative C values as a result, which have no physical meaning 3. Thus,
determining the correct relative pressure range for applying the BET equation is critical to obtain
accurate values for the specific surface areas of microporous materials. Rouquerol et. al®® proposed
a method to determine the correct relative pressure range to use for microporous materials.
According to this method, the specific volume adsorbed at each relative pressure is multiplied by
(1-P/Po), and that quantity is plotted versus the relative pressure. The plot should reach a maximum
value, which is the highest relative pressure that should be used for the BET equation *°. An
example of such a plot is shown in Fig. 1.9, and according to Rouquerol’s method, the highest
relative pressure to use for that sample would be 0.25.
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Fig. 1.9 Application of Rouquerol's method to determine the correct relative pressure range.

The pore size distribution can also be obtained from the adsorption isotherms.
Traditionally, the Barrett-Joyner-Halenda (BJH) method has been used, which calculates the pore
size distribution using the Kelvin equation 6. The BJH method works well for mesoporous
materials, but it cannot account for the overlapping of the surface potentials as the pore size reaches
micropore size and thus underestimates the pore size °3. In recent years, the use of theoretical

models using non-local density functional theory (NLDFT) has become more available and useful
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in accurately fitting the pore size distributions for porous materials containing both micropores

and mesopores %7,

1.5 Thesis Objectives and Overview

The overall objective of this thesis is to fabricate porous SiOC ceramics, with the pore size
ranging from micropores to macropores, in order to correlate different pore characteristics to
differences in the SiOC microstructural evolution. This is achieved through various studies:

i) The effects of different pyrolysis atmospheres and additives are studied for a
polysiloxane (PSO). The two atmospheres used are inert argon, and an argon and water vapor
mixture which will react with the polymer precursor. The different molecules added to the base
PSO are polymethylphenylsiloxane, polydimethylsiloxane, polyhydromethylsiloxane, tetraethyl
orthosilicate, and tetramethyl orthosilicate to vary the Si:O:C ratios in the preceramic polymer to
study their effects on phase formation in SiOC. Both the atmosphere and additive effects are
studied after pyrolysis at 1400°C. The SiO> phase is etched with hydrofluoric acid (HF) to produce
micropores/mesopores and further study the SiO2 phase size and distribution in the different
ceramics.

i) 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane and octavinyl-polyhedral
oligomeric silsesquioxane, which exhibit cyclic and caged molecular structures, respectively, are
added to a base PSO to investigate the effects of the polymer architecture on the formation of SiO>
nanodomains after pyrolysis. The SiOC ceramics are etched with HF to study the SiO> evolution
within the ceramics as functions of both additive concentration and pyrolysis temperature.

iii) Polydimethylsiloxane (PDMS) polymers with or without vinyl bonds are added to base
polymers with or without excess hydrogen bonds to study the effects of the vinyl bonds on the
polymer phase separation during crosslinking and decomposition during pyrolysis. The differences
in the porosity left after the PDMS decomposition reflect the differences in bonding caused by the

vinyl bonds.
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2 Additive and Pyrolysis Atmosphere Effects on Polysiloxane-Derived Porous
SiOC Ceramics

2.1 Abstract

Porous silicon oxycarbide (SiIOC) 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
modifications. 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 SiO2 nanodomain
formation. The SiOC ceramics contain significantly less SiC and more SiO, with Ar+H20
atmosphere pyrolysis compared to Ar atmosphere 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 ultrahigh 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 SiOC ceramics.

2.2 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
decomposition and bond breaking/rearrangement, resulting in amorphous or nanocrystalline
ceramics, depending on the pyrolysis temperature, with a wide range of never-before properties,
such as high temperature stability, oxidation resistance, and electrical conductivity *. One such
system is porous SiOC, which can be used as catalyst supports, thermal barriers, gas separation
membranes, and lightweight components #. SiOC can be fabricated with a wide range of porosity
from macropores to micropores using several different processing routes such as sacrificial

templating, sacrificial filler °, direct foaming, polymer precursor phase separation ® 7, and removal
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of certain phases after pyrolysis 8. Out of all these methods, only phase separation and/or phase
removal after pyrolysis can create uniformly distributed pores with single nanometer sizes
(diameter < 10 nm).

In detail, single nanometer pores resulting from phase separation 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 possible 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 temperatures around 600°C °. However,
depending on the specific precursors, the specific surface area may decrease as the temperature
increases above 600°C, due to the sintering of transient pores & °. The second method is by
controlling the phase separation 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 SiO2 phase, as well
as nanocrystalline SiC formation ' % 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 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 extensive phase separation even at high
temperatures; instead the 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 °. Turquat et al. '* varied the Si, O, and C compositions of the polymer
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 Si
rich polymer, the ceramic after 1400°C annealing shows more SiC and Si nanocrystallites 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.
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The second method to control the phases formed during pyrolysis is by introducing reactive
species into the pyrolysis atmosphere, such as H, or H.O 18 Previous work in our lab
demonstrated that injecting water vapor during the temperature range at which precursor bond
(chain) breaking occurs results in a dramatic decrease in carbon precipitation and an increase in
Si-O-Si bond formation & 1718 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 m?/g. Liang et al. ** 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, resulting in a reduction of SiC4 and SiC,0 structural
units and an increase in SiO4 units.

In this work, micro- and meso-porous SiOC ceramics with open porosity are fabricated
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 resulting pyrolysis behavior, phase
evolution, specific surface area, and pores of the SiOC ceramic are studied. The fundamental

microstructural evolution mechanisms are proposed.

2.3 Experimental Procedures

A commercial polysiloxane (PSO, [-Si(CeH5)20-]3[-Si(CHz3)(H)O-][-
Si(CH3)(CH=CH2)O-]», viscosity ~ 2-10 Pa 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)(CsHs)O-]n, Vviscosity ~ 0.45-0.55 Pa s, Sigma-
Aldrich, St. Louis, MO), polydimethylsiloxane (PDMS, [-Si(CH3).0-]s, Sylgard 184 10:1 base to
curing agent, MW ~ 60000 g/mol*®, Dow Corning, Auburn, MI), polyhydromethylsiloxane
(PHMS, [-Si(CH3)(H)O-]n, MW ~ 1400-1800 g/mol, Gelest Inc., Morrisville, PA), tetraethyl
orthosilicate (TEQOS, Si(OCzHs)s, Sigma-Aldrich, St. Louis, MO), and tetramethyl orthosilicate
(TMOS, Si(OCHBa)4, Sigma-Aldrich, St. Louis, MO).
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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 minutes 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 minutes, 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 minutes to approximately 1500 mTorr. After that, the mixture was put in an oven
to crosslink at 50°C for 12 hrs and then at 120°C for 6 hrs. The samples with either TMOS or
TEQOS additives initially had slightly greater than 10 wt% of the additive 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, TEQOS, 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 2% 2!, and put into a tube furnace (1730-20 Horizontal Tube
Furnace, CM Furnaces Inc., Bloomfield, NJ). The samples were heated up to 1400°C at a rate of
1°C/min, held for 2 hrs, cooled to 400°C with a rate 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 cm®/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, giving a gas flow with a Ar:H20O molar ratio of approximately 5:1 (partial
pressure of water vapor ~ 0.2 atm). 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 2 and the additives ® 22, allowing the water vapor to penetrate the
entire sample due to micropores created by the decomposition *°.

Etching of the bulk SiOC samples after pyrolysis was done using a solution of HF (20 wt%
HF in water). The HF solution was magnetically stirred at room temperature until the SiOC
samples had no significant mass loss, taking approximately 4 days. The SiOC samples were then
rinsed 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.
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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 SiO2, 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 resolution 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 distribution, 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 hrs at 300°C. The pore
size distribution and pore volume were derived by applying the Non Local Density Functional
Theory (NLDFT) to the adsorption branch of the data %. The partial pressure range used to
calculate the BET specific surface area was selected following the guidelines established by
Rouquerol et al.?* Assuming cylindrical pores, the average pore size was estimated using 4000V/A,
where V is the pore volume and A is the specific surface area 2°. The TEM sample was prepared
by grinding the etched sample in a mortar and then dispersing in absolute ethanol; the
microstructure was examined by a field emission analytical transmission electron microscope
(JEOL 2100, JEOL USA, Peabody, MA).

2.4 Results and Discussion

2.4.1 Pyrolysis Behavior

The volume shrinkage, ceramic yield, and density values for the samples after pyrolysis
are shown in Table 2.1. For the samples pyrolyzed in Ar, the volume shrinkage ranges from
50.19% - 56.70%, the ceramic yield ranges from 61.16% - 69.40%, and the density ranges from
1.81 g/cm?® - 1.89 g/cm?. Likewise, the samples pyrolyzed with water vapor have shrinkage values
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from 49.33% - 53.07 %, ceramic yield values between 66.50% - 71.93%, and densities in the range
of 1.75 g/cm?® - 1.82 g/cm®.

Table 2.1 Volume shrinkage, ceramic yield, and density of the SIOC samples after 1400°C

pyrolysis.

) ) o Density (g/cm®)
Volumetric Shrinkage (%) Ceramic Yield (%)
Sample +0.02*
Ar Ar + H>0O Ar Ar + HO Ar Ar + H>O

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

*Estimated error using Archimedes method.

The shrinkage and mass loss of the samples during pyrolysis are due to the release of
hydrocarbons and hydrogen present in the preceramic 2!. 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 2.1 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 sample may also arise due to reactions between the excess hydrogen
bonds and either residual vinyl bonds or methyl bonds that occur between 500-700°C, forming
additional Si-CH.-Si bonds and strengthening the polymer network 2°. The volumetric shrinkage,
ceramic yield, and densities for the samples are comparable to those SiOCs derived from carbon
rich precursors, and the densities are lower than other carbon poor SiOC systems due to a high

amount of disordered carbon (density = 1.45 g/cm?) 171821,
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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,O samples is due to more extensive formation of the less dense
SiO; (density = 2.2 g/cm?®) phase rather than SiC (density = 3.2 g/cm?). The increase in ceramic
yield for the Ar+H>O pyrolysis is due to the incorporation of more oxygen within the SiOC in

place of carbon, as to be discussed in Section 2.4.2.

2.4.2 Phase Evolution

To understand the effect of the additives on the bonding differences after crosslinking, the
FT-IR spectra of the crosslinked polymers are shown in Fig. 2.1. All samples show sharp peaks at
approximately 695, 715, and 740 cm™®, 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-O-Si %’. As to be explained later in Section 2.4.2, the main bonds that contribute to
the reactions with water vapor are Si-H, Si-CHs, Si-C¢Hs, Si-CH=CHz, which are found within the
base PSO and/or the additives, as well as Si-CH2-CH-Si due to the hydrosilylation reaction
between hydrogen and vinyl groups 2, and Si-CH,-Si due to reactions between hydrogen, methyl,
and Si-CH2-CH,-Si groups occurring at 500°C-700°C 2%,

30+
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Fig. 2.1 FT-IR spectra for the polymer precursors after crosslinking.
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The base PSO polymer contains equal molar amounts of hydrogen and vinyl groups, so the
Si-H and Si-CH=CH, groups should be consumed during crosslinking 2. Indeed, none of the
polymers show the characteristic Si-H peak at 2160 cm™ except for L0PHMS, due to the additional
hydrogen bonds in the PHMS additive. The vinyl side group, which shows peaks at 1600 cm™,
3050 cm?, and 3070 cm™ 8, 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-CHs, Si-C¢Hs, Si-CH2-CH.-Si, and Si-CH>-Si, as well as Si-
H for the 10PHMS sample. The main bonds found in the FT-IR spectra for the polymers are
summarized in Table 2.2.

Table 2.2 Major FT-IR peaks identified in the crosslinked polymers.?” *°

Wavenumber (cm™) Functional Group
693 Si-phenyl

715 Si-phenyl

739 Si-phenyl
950-1100 Si-O-Si

1130 Si-phenyl
1259 Si-CHs

1426 Si-phenyl
1590 C=C in phenyl
2150 Si-H
2890-2976 C-Hx
3000-3100 C-H in phenyl
3100-3700 -OH

Fig. 2.2(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° %, In addition, all the samples exhibit a peak at ~44°, which corresponds to the (100) plane of
graphite 2>31-33 Based on the lack of other diffraction peaks of graphite, the carbon phase can be
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considered to be turbostratic carbon, in which the hexagonal graphene layers are misaligned
compared to the ideal stacking in graphite 2. The presence of the SiO2, 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 % 34:

2SiOC — SiOz(amorphous) + SiC(B) + C (2.1)

SiOz(amorphous) + 3C — SiC(l ) + 2CO. (2.2)

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 SiOa.

Fig. 2.2(b) shows the XRD patterns for the SiOC samples pyrolyzed in Ar+H0 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 . With the presence of water
vapor between 500°C and 700°C, the polymer to ceramic transformation occurs with the following

additional possible reactions 1> 17:

Si-H + H20 — Si-OH + Hz1 (2.3)
Si-CHs + H20 — Si-OH + CHa? (2.4)
Si-CH2-Si + H20 — Si-OH + Si-CHs (2.5)
Si-CH2-CH>-Si + 2H20 — 28Si-OH + C2He? (2.6)
Si-CH=CH2 + H20 — Si-OH + CzH41 (2.7)
Si-CsHs + H.O — Si-OH + CsHe1 (2.8)
The Si-OH bonds further condense to form Si-O-Si bonds:
Si-OH + Si-OH — Si-O-Si + H201 (2.9)

In addition, free carbon that precipitates between 500°C and 700°C also oxidizes following the
reaction 1% 18.35;

Ctree + H2O — H21 + CO? (2.10)
According to Egs. (2.3)-(2.10), water vapor facilitates Si-O bond formation while reducing Si-C
bonds and consuming free carbon; the diffraction patterns in Fig. 2.2(b) for all of the samples
clearly reflect this.
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Fig. 2.2 XRD patterns for different polymer precursors after 1400°C pyrolysis in (a) Ar and (b)
Ar+H0.

The XRD patterns for the SIOC samples pyrolyzed at 1400°C in Ar and Ar+H0 after the
HF etching are shown in Fig. 2.3(a) and Fig. 2.3(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 diffused 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 % 36 The etching of the SiO, nanodomains by the HF solution follows the
reaction®®:
SiO2 + 6HF — H3SiFs + 2H,0 (2.11)
Thus, the shift of the 23° hump in Fig. 2.3(a) and Fig. 2.3(b) signifies that the SiO, nanodomains
are removed by HF, while the remaining SiOC, SiC, and C are largely unaffected *'. In addition,
a new diffraction peak emerges after etching at approximately 78°, which corresponds to the (110)
plane of carbon 2. The increase in the intensity of the SiC and C peaks after the HF etching,
especially for the Ar+H>O samples, is due to the removal of SiO2 from the sample, which

effectively increases the concentration of the remaining phases.
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Fig. 2.3 XRD patterns after the HF etching of the SiOC samples pyrolyzed in (a) Ar and (b)
Ar+H-0.

The amount of mass loss due to the HF etching for the samples pyrolyzed in Ar and
Ar+H>0 are shown in Fig. 2.4. For the samples pyrolyzed in Ar, the mass loss from the HF etching
ranges from 27.7 - 39.1%. For the samples with water vapor injection, the mass loss after etching
increases for all the samples and ranges from 33.9 - 62.5%. The increase in the mass loss with the
water vapor atmosphere can be attributed to SiO> enrichment due to Si-C bonds being converted
to Si-O 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
formation than SiO> formation, which is also supported by the nitrogen adsorption data in Section
2.4.3.
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Fig. 2.4 Mass loss after the HF etching for both the Ar and Ar+H20 pyrolysis conditions.

The FT-IR patterns for two of the SiOC samples, 100PSO and 10TMQOS, after pyrolysis at
1400°C in Ar and Ar+H>0, are shown in Fig. 2.5(a) and Fig. 2.5(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. 2.2 and Fig. 2.3. Both the 100PSO and
10TMOS samples pyrolyzed in Ar show peaks around 1050 cm™ and 800 cm™, corresponding to
Si-O-Si and Si-C bonds, respectively 3. The relative intensities of the peaks show no major
difference between the two precursors; the 1050 cm™: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>0, there is
a drastic increase in the height of the Si-O-Si peak relative to the Si-C peak compared to the sample
pyrolyzed in Ar. The 10TMOS sample, however, does not show such a drastic difference between
the Arand Ar+H>O conditions, as also seen in Fig. 2.2(b), due to a lesser extent of reaction between
H20 and the polymer. For the Ar+H,0 pyrolyzed samples, the 1050 cm™: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. 2.5 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.

2.4.3 Specific Surface Areas and Pores

Fig. 2.6(a) and Fig. 2.6(b) show the nitrogen adsorption curves for the samples pyrolyzed
in Ar and Ar+H0O, respectively. It should be noted that the tested samples were not powdered
before testing, so all of the porosity from the HF etching is open porosity. 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 | isotherm, according to the IUPAC classification, which indicates that the samples are
prominently microporous with only monolayer adsorption *°. 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 252.8 cm®/g to 311.4 cm®/g at P/Po=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 adsorption 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 *°. The 10TMOS, 10TEOS, and 10PDMS samples still display the Type
| isotherm adsorption behavior after the Ar+H>O atmosphere pyrolysis. This means that the
Ar+H>0O atmosphere creates significant mesopores for the more C-rich additive systems but not
for the more O-rich additives. As a result, the adsorption volume is from 324.3 cm®/g to 662.3
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cm?®/g at P/P,=1, varying greatly compared to that of the Ar atmosphere pyrolyzed samples. In
general, 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 micropores and the volume adsorbed does not increase

significantly as the relative pressure increases, indicating that mesopores are not widely present in

the sample.
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. 2.6 Nitrogen adsorption curves for the samples pyrolyzed at 1400°C in (a) Ar and (b) Ar+H20.

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>O pyrolysis atmospheres are summarized in Table 2.3.

Table 2.3 Nitrogen adsorption results for the SiOC ceramics pyrolyzed in Ar and Ar+H»O after
the HF etching.

Specific surface Micropore Total pore Average pore
Sample area (m?/g) volume (cm®/g)® | volume (cm®/g) size (nm)
Ar Ar+H;O Ar Ar+H;0 Ar Ar+H;0O Ar Ar+H;0O
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 0.54 041 0.59 1.85 248
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10PHMS 952.6 | 1200.0 | 0.45 0.86 0.45 0.98 1.89 3.27
10TEOS 921.1 | 19539 | 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

8From t-plot analysis.

For the samples pyrolyzed in Ar, the specific surface area ranges from 653.41 - 952.64
m?/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
m2/g; TMOS greatly reduces the specific surface area by ~300 m?/g from 952.64 m?/g to 653.41
m?/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 - 1953.94 m?/g. This means
that water vapor pyrolysis 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
2.4.4.,

After pyrolysis in Ar, the average pore sizes range from 1.77 - 2.27 nm. In general, the
average pore size increases as the carbon content of the polymer precursor decreases
(100PSO—10PMPS—10PDMS—10PHMS—10TEOS—10TMOS). For the Ar+H20 atmosphere
pyrolysis, all the samples except for 10TEOS experience an increase in average pore size, ranging
from 1.66 - 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>O pyrolysis. The reason
for this phenomenon can be understood as follows. During the Ar+H>O atmosphere pyrolysis,
TEQOS has a high amount of Si-O 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 SiO2 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+H20 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
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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. (2.12)) yet cannot lead to independent SiO2 nucleation.
Subsequently, it leads to more advanced SiOC matrix-induced SiO2 nucleation and growth. As a
result, the SiO2 nanodomain size is larger than that without TMOS, and the specific surface areas
for both the Ar and Ar+H>O atmosphere pyrolysis conditions are lower; the pore volumes are
similarly smaller. In addition, the pore size distribution is wider (as seen in Fig. 2.6 and Fig. 2.7(f)).

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

For the samples pyrolyzed in Ar, the total pore volume ranges from 0.37 cm®/g - 0.45
cm?®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 volume increases for all the samples and ranges from
0.48 cm®/g - 0.98 cm?®/. The micropore volumes for all of the samples with the Ar+H2O atmosphere,
except for 10TEQS, 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 volume with the water
vapor atmosphere can be attributed to the SiO2 enrichment as discussed previously. The 10PHMS
and 10PMPS samples have the largest pore volumes, 0.98 cm®/g and 0.93 cm?®/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 2°.

Fig. 2.7 shows the pore size distributions and cumulative pore volumes for all the samples.
For the additives that have the same Si/O ratio as the base PSO but different Si/C ratios (LOPHMS,
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 (LOPHMS). After the pyrolysis
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in Ar, the 10PHMS 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 ~4 nm.
This can be explained using the nanodomain model proposed by Saha et al. 4°, and experimentally
shown using small angle X-ray scattering “° and nitrogen adsorption of etched SiOC % 2%,
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 *. 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 SiO2 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.
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Fig. 2.7 Pore size distribution (filled symbols) and cumulative pore volume (unfilled symbols) for
(a) 100PSO, (b) 10PMPS, (c) 10PDMS, (d) 10PHMS, (e) 10TEQS, and (f) 10TMOS.

From the cumulative pore volume plots in Fig. 2.7, only 10TMOS and 10TEOS show an
increase in pore volume at pores < 2.1 nm from the Ar+H>O pyrolysis compared to the Ar
pyrolysis. In addition, the Ar+H,O pyrolysis causes all the samples except for 10TEOS to have a
larger average pore size and a wider pore size distribution, although the pore size distribution of
the 20TMOS 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. (2.3)-(2.8), the TEOS and TMOS additives themselves may also hydrolyze in the
presence of water vapor:

Si-O-R + H20 — Si-OH + ROH (2.12)
Where R is either CHz or CzHs. The Si-OH groups will then further condense into Si-O-Si
following Eq. (2.9). This additional reaction for the 10TEOS and 10TMQOS samples promotes
further nucleation of SiOz-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 nis 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:
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n= cd% (2.13)

where C is a numerical factor that depends on the exact geometry of the pore. Since all pores in
the tested samples should have approximately the same shape, the value of C will not affect the
relative differences between the pore number densities for the samples. Setting C to be 1, Eq.
(2.13) is plotted in Fig. 2.8 using the pore volume and average pore diameter values listed in Table
2.3. For the samples pyrolyzed in Ar, the pore number density is nearly constant for all the samples
except for L0TMOS, 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+HO 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 contrast, 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 the Ar+H,O atmosphere according to Eq. (2.12).
Interestingly, the 10TMOS sample does not show the same increase with the Ar+H,O atmosphere
although it should also hydrolyze according to (Eq. 2.12).
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Fig. 2.8 Pore number density results calculated from Eq. (2.13) for the Ar and Ar+H>O atmosphere
pyrolyzed SiOC samples.
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2.4.4 Fundamental Understanding

The effect of additives and pyrolysis atmosphere on the microstructural evolution of the
SiOC is depicted in Fig. 2.9, taking into account the XRD, FT-IR, and nitrogen adsorption results.
For PSO with different additives, pyrolysis in inert Ar produces very similar morphologies, with
SiO2 domains, amorphous SiOC surrounding SiO2, and turbostratic carbon outside SiOC. The SiO:
amount and size vary based on the additive used (as discussed in Section 2.4.3). Pyrolysis with
water vapor injection, however, removes radical carbon species before they evolve into free carbon
and are locked in the SIOC matrix. As a result, this reduces the turbostratic carbon layer thickness
and converts more of the amorphous SiOC into SiOz rich domains *°. 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 SiO2 nuclei with the water vapor pyrolysis, leading to a higher
concentration of small SiO, domains after pyrolysis.
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Fig. 2.9 lllustration showing the effect of additives and pyrolysis atmosphere on the microstructure
of SiOC.

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 SiO2 nanodomains of different origins remain independent as depicted in Fig. 2.9 and lead
to high specific surface areas after the HF etching. The pore morphology for the 10TEOS Ar+H20
sample after the HF etching under TEM examination is shown in Fig. 2.10. Compared to the

100PSO sample, whose microstructure after the water vapor pyrolysis and HF etching is shown
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by Lu et al.’, the 10TEOS sample contains more numerous, small, independent pores which

supports the microstructure formation shown in Fig. 2.9.

Fig. 2.10 TEM image of the 10TEOS Ar+H,O sample after etching, with dashed circles and arrows

indicating selected pores.

2.5 Conclusions

Highly porous SiOC ceramics are produced by pyrolysis in Ar and Ar+H>O environments.
The presence of water vapor during pyrolysis facilitates the formation of Si-O 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 specific surface area and pore volume values range
from 653.41 m?/g to 952.64 m?/g and 0.37 cm®/g to 0.45 cm®/g, respectively. With water vapor
pyrolysis, there is a significant difference in specific surface areas for different additives, ranging
from 804.24 m?/g for the 10TMOS sample to 1953.94 m?/g for the 10TEOS sample; the average
pore sizes remain in the < 4 nm range. The effects of the additives and atmosphere on the SiOC
microstructural evolution are explained and the SiO> vs. SiC formation mechanisms are presented.
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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3 Effect of Additive Structure and Size on SiO2 Nucleation in Polymer

Derived SiOC Ceramics

3.1 Abstract

Silicon oxycarbide (SiOC) ceramics with highly adjustable properties and microstructures are
promising candidates for many applications such as batteries, catalysis, gas separation, and
supercapacitors. In this study, additive structures on the nucleation and growth of SiO2 within
SIOC ceramics are investigated by adding cyclic tetramethyl-tetravinylcyclotetrasiloxane
(TMTVS) or caged octavinyl-polyhedral oligomeric silsesquioxane (POSS) to a base polysiloxane
(PSO) precursor. The effects of the two additives on the polymer-to-ceramic transformation and
the phase formation within the SiOC at pyrolysis temperatures between 1100°C-1400°C are
discussed. POSS encourages SiO2 nucleation at as early as 1100°C and leads to more SiO;
formation with significantly increased ceramic yield. High TMTVS content decreases both the
specific surface area and pore volume of the resulting porous SiOCs. POSS additions of 10-40
wt% leads to slightly increased surface area. This study demonstrates a new approach of using Si-
rich additive POSS to increase the SiOC yield while maintaining or even increasing the specific

surface area.

3.2 Introduction

Polymer derived ceramics, such as SiOC, SiCN, and SiBCN, offer exciting properties
because the microstructures and compositions of the ceramic materials can be controlled on the
molecular level by focusing on the crosslinking and pyrolysis of the polymer precursors 3. In
particular, silicon oxycarbide, SiOC, in both bulk and porous forms, has great application
potentials in batteries, catalysis, gas separation, and supercapacitors due to its high temperature
stability, resistance to devitrification, and oxidation resistance * 4. After pyrolysis of the
preceramic polymer, SiOC is composed of mixed SiOxCs-x bonds (0<x<4). Upon further heating
to temperatures above 1000°C, SiO2 and free carbon form in the SiOC matrix; at temperatures

above approximately 1300°C, the SiOC matrix further phase separates into additional SiO> and
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carbon, as well as SiC nanocrystals > > ¢, The formation temperature and content of each of the
phases can be controlled by tailoring the polymer precursors and pyrolysis conditions -%°.

Several studies have been conducted on the effect of the polymer precursor architecture
(e.g. linear, cyclic, cage) on the phase formation within the SiIOC after pyrolysis. The effect of
using a cyclic precursor, tetramethyl cyclotetrasiloxane (TMTS), versus a linear precursor,
polyhydromethylsiloxane ~ (PHMS), was investigated using either  tetramethyl-
tetravinylcyclotetrasiloxane!! or divinylbenzene!? ** as crosslinking agents. The cyclic TMTS
resulted in the formation of both crystalline and amorphous SiO2 whereas the linear PHMS only
led to amorphous SiO, after pyrolysis at 1400°C. For the effects of caged molecules on the
pyrolysis of polymers, several studies added polyhedral oligomeric silsesquioxane (POSS) to
polymer precursors for fabricating SiOC, but pyrolysis temperatures in these studies were limited
to low temperatures <1100°C 7. Additionally, the phase formation within the POSS-derived
SiOC ceramics has not been well studied. Thus, further investigation on the effects of the POSS
cage structure on the phase formation in SiOC ceramics is needed.

The formation of the SiO, phase within SIOC ceramics has been shown to be highly
dependent on the size of the additive. SiO, powder with size between 15-20 nm was added to a
polysiloxane (PSO) and pyrolyzed. The addition of the SiO caused an increase in pore volume
after etching with hydrofluoric acid. However, samples with the added SiO2 powder also had a
greater volume of pores (<10 nm in size), which could not be attributed to the added powder but
rather to more extensive phase separation of the SiOC phase 8. 10 wt% of either tetramethyl
orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) was added to a base PSO and in situ
hydrolyzed using water vapor injection during pyrolysis *°. Both the TMOS and TEOS decreased
the pore size after etching relative to the PSO sample, but the TMOS significantly decreased the
specific surface area while the addition of TEOS increased the specific surface area. The
differences between the behavior of the two additives was attributed to the size difference, with
the TMOS not forming large enough SiO2 nuclei but instead forming amorphous, HF-unetchable
SiOC . Thus, the size of the additive responsible for SiO, formation in SiOC must be properly
controlled to influence the SIiOC characteristics, such as yield, pore size, specific surface area, etc.

In this work, microporous SiOC ceramics are fabricated through the addition of either
tetramethyl-tetravinylcyclotetrasiloxane (TMTVS) or polyhedral oligomeric silsesquioxane

(POSS) to a polysiloxane-based precursor in order to investigate the effect of the additives on the
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formation of SiO> nanodomains after pyrolysis. TMTVS has a cyclic structure, similar to the cyclic
tetramethyl cyclotetrasiloxane which was previously shown to encourage SiO2 crystallization
within SiOC 11213 pQOSS has a well-defined caged structure, which may have a similar effect as
cyclic structures in encouraging SiO; crystallization, especially considering the larger size of the
caged structure. The precursors are pyrolyzed in a water vapor atmosphere, which encourages the
formation of SiO2 within the SiOC ceramics & %1920, After pyrolysis, SiO, nanoclusters are etched
with a HF solution to create single nanometer pores, with the ultimate goal being to fabricate
porous SiOC ceramics with high surface area. After pyrolysis, SiO2 nanoclusters are etched with
a HF solution to create single nanometer pores. The effects of the additive size, amount, and
pyrolysis temperature on the resulting pyrolysis behavior, phase evolution, specific surface area,

and pores of the SiOC ceramics are studied.

3.3 Experimental Procedures

A commercial polysiloxane (PSO, [-Si(CeHs)20-]3[-Si(CH3)(H)O-]2[-
Si(CH3)(CH=CH2)O-], SPR-684, Starfire Systems, Inc., Gelest Inc., Schenectady, NY) was
chosen as the base polymer and 2.1-2.4% platinum-divinyltetramethyldisiloxane complex in
xylene (Pt catalyst, Gelest Inc., Morrisville, PA) was used as the catalyst. 2,4,6,8-tetramethyl-
2,4,6,8-tetravinylcyclotetrasiloxane (TMTVS, 97%, Fisher Scientific, Pittsburgh, PA) and
octavinyl-polyhedral oligomeric silsesquioxane (POSS, OL1170, Hybrid Plastics, Hattiesburg,
MS) were used as additives in the base PSO, and acetone (HPLC grade, Fisher Scientific,
Pittsburgh, PA) was used as the solvent.

For the solutions with TMTVS additions, PSO and TMTVS were mixed with either 0, 10,
20, 30, or 40 wt% TMTVS. Adequate acetone was added to reduce the viscosity of the solution,
having approximate volume ratios of 0.2:0.8 acetone to PSO+TMTVS. The mixtures were
sonicated for 10 minutes and then mixed in a high energy mill (SPEX 8000M Mixer/Mill, SPEX
SamplePrep, Metuchen, NJ) for 10 minutes to form a homogeneous mixture. Next, the Pt catalyst
(1 wt% relative to PSO) was added, the mixtures were mixed again in a high energy ball mill for
5 minutes, and then poured into aluminum foil molds. For solutions containing POSS, additional

acetone was used to fully dissolve POSS before mixing with the PSO; the acetone to POSS volume
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ratio was 5:1. PSO was then added to the solution to make 10, 20, 30, and 40 wt% POSS mixtures.
All other preparation steps for the POSS mixtures were the same as for TMTVS.

Once transferred to the molds, the mixtures were placed into a vacuum chamber and
vacuumed for 30 minutes at approximately 20 Torr to remove all the solvent and any bubbles from
the solutions. After that, the molds were put in an oven to crosslink at 50°C for 12 hrs and then at
120°C for 6 hrs. Samples designated as PSO correspond to the pure PSO sample; the samples with
POSS or TMTVS were labelled as XP or XT, respectively, where X is the weight percent of POSS
or TMTVS.

To prepare the samples for pyrolysis, the crosslinked materials 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 2% 22, 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 1100°C, 1300°C, or 1400°C at a rate of 1°C/min, held for 2 hrs, cooled
to 400°C with a rate of 1°C/min, and finally cooled to 50°C with a rate of 2°C/min. During heating
from 500°C-700°C, the Ar was bubbled through water at 60°C, giving a gas flow with a Ar:H>0O
molar ratio of approximately 5:1.

Etching of the bulk SiOC samples after pyrolysis was done using a HF solution (20 wt%
HF in water), which was magnetically stirred at room temperature until no significant mass loss
was detected for the samples, taking approximately 4 days. The SiOC samples were then rinsed
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.

Ceramic yield was calculated by measuring the mass of the samples before and after the
pyrolysis. The chemical bonding was evaluated using Fourier Transform Infrared Spectroscopy
(FT-IR) (Nicolet 8700 with Pike GladiATR attachment, Thermo Scientific, Waltham, MA)
between 500 and 4000 cm™ wavenumber with a resolution of 4 cm™ and averaged between 64
scans. The thermal decomposition of the polymers was investigated by thermogravimetric analysis
(TGA) using a STA 449C Jupiter® analyzer (Netzsch-Geratebau GmbH, Selb, Germany) with a
temperature range of room temperature to 1000°C, a heating rate of 5 °C/min, and a N2 flux of 40
ml/min. The densities of the bulk samples were measured using a pycnometer (AccuPyc Il 1340,

Micromeritics, Norcross, GA) with high purity helium gas. The phase compositions of the
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pyrolyzed samples were analyzed in an X’Pert PRO diffractometer (PANalytical B.V., EA
Almelo, the Netherlands) with Cu Ka radiation. The JCPDS reference cards used to identify the
crystalline phases were 00-039-1425 for SiO2, 00-029-1129 for SiC and 01-075-1621 for C. The
specific surface area, pore size distribution, 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 hrs at 300°C.
The pore size distribution and pore volume were derived by applying the Non Local Density
Functional Theory (NLDFT) to the adsorption branch of the data 23. Assuming cylindrical pores,
the average pore size was estimated using 4000V/A, where V is the pore volume and A is the

specific surface area 2%,

3.4 Results and Discussion

3.4.1 Polymer Architecture and Bonding

The PSO, TMTVS, and POSS species have distinct differences in their molecular
structures; PSO is composed of linear polymer chains, TMTVS has a cyclic structure, and POSS
has a cage-like structure, as shown in Fig. 3.1(a)-(c). Previous studies have shown that polymer
precursors containing more cyclic structures favor the formation of larger SiO2 nuclei during
pyrolysis'? 25, so determining the architecture of the Si-O-Si bonds within the precursor is
significant. The differences in the architecture of organosilicon species can be determined by the
position of the FT-IR Si-O-Si peak at 1000-1100 cm™ (Fig. 3.1(d)). For long polymer chains, such
as PSO, the Si-O-Si bond displays a broad peak between ~1000 cm™ and 1100 cm™. For cyclic
molecules with less than ~ 20 siloxane repeat units, such as TMTVS, the Si-O-Si peak position is
well defined and centered at 1050 cm™. Likewise, for siloxanes with a cage structure, such as
POSS, the peak is also well defined and centered at 1100 cm™ -2, The integration of the additives
into the PSO causes new peaks to appear at 1050 cm™ or 1100 cm™ due to the different
architectures of the additives (Fig. 3.1(d)).
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polymers, as well as pure TMTVS and POSS.

Fig. 3.1(d) also shows the presence of residual vinyl bonds for the samples with TMTVS
and POSS additions. For the base PSO, crosslinking occurs through hydrosilylation between the
hydrogen and vinyl groups, which are present in equal molar amounts in the PSO. The
consumption of the hydrogen bonds is evident in Fig. 3.1(d) comparing the spectra of the pure
PSO before crosslinking (PSO-Pre) and after, which shows the disappearance of the Si-H
absorption peak near 2160 cm™ 26, With the addition of either TMTVS or POSS to PSO, additional
vinyl bonds are added to the polymer, leaving unreacted vinyl groups after crosslinking, as seen
by the absorption peaks at 1405 cm™and 1604 cm™ for the 30T and 30P samples ’. The theoretical
molar ratios of vinyl to hydrogen groups for the POSS samples are 1.6, 2.4, 3.4, and 4.7 for the
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10P, 20P, 30P, and 40P samples, respectively. For the TMTVS samples, the theoretical molar
ratios of vinyl to hydrogen groups is 1.6, 2.3, 3.2, and 4.4, for the 10T, 20T, 30T, and 40T samples,
respectively. The residual vinyl bonds for both the TMTVS and POSS may have an effect on the
bond formation during pyrolysis because the vinyl bonds can react with either other vinyl bonds

or methyl bonds at elevated temperatures 2’

3.4.2 Pyrolysis Behavior

Analysis of the thermal decomposition behavior for the PSO, 30T, and 30P samples up to
1000°C was conducted using TGA as shown in Fig. 3.2. Since the TGA was conducted in inert
nitrogen while the actual samples were fabricated with water vapor injection between 500°C-
700°C, the focus of the TGA results will be for the initial decomposition of the precursors at
temperatures below 500°C. The pure PSO sample shows two major mass loss steps at 400°C and
550°C. The mass loss at 400°C is associated with depolymerization of the siloxane chains resulting
in the formation of volatile cyclic siloxane molecules, and the mass loss at 550°C is attributed to
the release of various hydrocarbon compounds 2 2. The 30T sample, however, displays
continuous degradation beginning at approximately 100°C due to the evaporation of TMTVS,
which has a boiling temperature of ~110°C. The mass loss rate for the 30T sample continuously
increases until reaching a maximum at 500°C. For the 30P sample, there are two well defined
maxima in the mass loss rate at 400°C and 550°C, similar to the PSO, as well as a third maxima
at 250°C; the peak at 250°C corresponds to the decomposition of the POSS molecules 6. However,
the mass loss after the 250°C degradation step is less than 2%; the majority of the POSS added to

the polymer remains in the polymer precursor during further heating.
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Fig. 3.2 TG and dTG for the PSO, 30T, and 30P samples in nitrogen.

The ceramic yield and linear shrinkage of the polymers after pyrolysis at 1100°C is shown
in Fig. 3.3(a). The yield for the 10T and 20T samples is slightly greater than for the pure PSO
sample, increasing from 72.2% for PSO to 74.1% for 20T. The increase in the ceramic yield may
be due to a higher crosslinking density with the incorporation of up to 20 wt% TMTVS as well as
the lower hydrocarbon content of TMTVS compared to the base PSO. With the addition of more
TMTVS, however, the yield decreases to 70.9% for 30T and 66.6% for 40T, likely because the
TMTVS is not fully incorporated into the PSO matrix and thus evaporates or decomposes to a
greater extent during pyrolysis. For the samples with POSS, the ceramic yield continually increases
as the amount of POSS increases, from 74.7% for 10P to 82.3% for 40P. The thermal stability
enhancement for octavinyl-POSS has been shown in POSS-PDMS systems 6. Similar to the
TMTVS, this increase in yield may be due to an increase in the crosslinking density with more
POSS. Additionally, the residual vinyl bonds in the POSS samples may react with either other
vinyl groups or methyl groups during pyrolysis, creating additional linkages and further improving

the thermal stability and thus yield *°. This yield increase is significant to large scale applications.
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Fig. 3.3 (a) Ceramic yield and linear shrinkage of the PSO sample with the TMTVS and POSS
additives after pyrolysis at 1100°C, and (b) yield of the TMTVS and POSS additives as a function
of content within the PSO precursor after pyrolysis at 1100°C.

From Fig. 3.3(a), it is apparent that the additives have a significant influence on the ceramic
yield of the polymer precursors. Assuming that the additive does not have a compounding effect
within the polymer blends to influence the yield of the PSO, the ceramic yield of the additive, yr,
is given by:

. 9 U p o
3.1
0 > (3.1

where Y is the measured ceramic yield of the polymer precursors in Fig. 3.3(a), Yrso is the yield

of the pure PSO sample, and Xt is the mass fraction of the additive in the polymer. The standard

deviation for Eq. (3.1), , , can be obtained using propagation of uncertainty 3':
” Q
where A is the standard deviation of the measured ceramic yield and A is the standard

deviation of the yield of the PSO sample. Applying Egs. (3.1) and (3.2) to the measured ceramic
yields for the samples pyrolyzed at 1100°C leads to Fig. 3.3(b). For TMTVS, the additive yield
continuously decreases as the content within the polymer is increased, changing from 91.4% for
10T to 58.1% for 40T. The POSS additive leads to very little change between the different samples,
going from 96.8% for 10P to 97.5% for 40P; the calculated yield is consistent with the TGA results
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for the 30P sample, which only experienced a mass loss of about 2% near the sublimation
temperature of POSS, 250°C.

The calculated additive yield for POSS is consistent with previous studies and is due to
two factors: the size of the POSS molecule and the unreacted vinyl bonds. Yang et. al*® showed
that the addition of POSS with either phenyl or vinyl functional groups were physically mixed
with polydimethylsiloxane and both POSS types improved the thermal stability due to lowering
the mobility of the siloxane chains and the kinetics of the chain scission. The POSS with the vinyl
functional group, however, had a ceramic yield twice that of the phenyl POSS due to the vinyl
groups causing further reactions during pyrolysis and strengthening the polymer network.® This
same improvement from the vinyl bonds is seen for the 10T and 20T samples, but the addition of
more TMTVS causes partial evaporation of the TMTVS before temperatures high enough for the
vinyl bond to react. Thus, the higher TMTVS contents lead to lower yields.

The linear shrinkage for the TMTVS-containing, as shown in Fig. 3.3(a), initially decreases
from 21.1% for PSO to 19.3% for the 20T sample, but then increases with further addition of
TMTVS, reaching 22.1% for the 40T sample. Overall, the linear shrinkage is not greatly affected
by the amount of TMTVS within the polymer precursor, especially when considering the standard
deviations of the measurements as shown in Fig. 3.3(a). The addition of the POSS causes a
continual and consistent decrease in linear shrinkage, from 19.9% for the 10P sample to 15.6% for
the 40P sample. Understandably, the linear shrinkage trend for the POSS samples is opposite to
the ceramic yield trend.

The yields of the PSO, 30P, and 30T samples after pyrolysis at 1100°C, 1300°C, and
1400°C are shown in Fig. 3.4. The vyield for the pure PSO sample decreases slightly between
1100°C and 1300°C, from 72.2% to 70.2%, likely due to the carbothermal reduction of SiO> to be
discussed later, and is consistent with previous studies using the same PSO precursor ® 8, The
ceramic yield for the PSO sample is then nearly the same between 1300°C and 1400°C, suggesting
that there is no further carbothermal reduction. The 30T sample shows a similar trend as the PSO
sample, with the major mass loss step being between 1100°C and 1300°C. For the 30P sample, the
slight mass loss is delayed to higher temperatures between 1300°C and 1400°C, demonstrating the
enhanced stability of the SiIOC system with the POSS addition, but is of similar magnitude as those
observed for the PSO and 30T samples. For the other TMTVS and POSS samples, the variation
between yield and pyrolysis temperature is similar as discussed for the 30T and 30P samples.
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Fig. 3.4 Ceramic yield of PSO, 30T, and 30P at various pyrolysis temperatures.

The bulk density of the PSO sample after pyrolysis at 1100°C, measured using pycnometry,
is 1.90 g/cm?, lower than that of typical SiOC systems (density ~ 2.3 g/cm?) 3234 which is due to
the significant amount of turbostratic carbon (density ~ 1.45 g/cm?®) present in the sample 2. For
the POSS samples, the densities are 1.90 g/cm?, 1.91 g/cm?, 1.87 g/cm?, and 1.87 g/cm?, for 10P,
20P, 30P, and 40P, respectively. Likewise, the densities for 10T, 20T, 30T, and 40T samples are
1.91 g/cm®, 1.91 g/cm?, 1.93 g/cm?, and 1.91 g/cm?, respectively. Thus, neither the TMTVS nor
POSS additives influence the bulk density, which can be understood by considering the yield and
shrinkage trends shown in Figure 3a. For both additives, the ceramic yield and linear shrinkage

showed inverse trends, which resulted in similar densities for all samples after pyrolysis.
3.4.3 Phase Evolution

All of the samples after pyrolysis at 1100°C are amorphous, as shown in Fig. 3.5, with
diffraction peaks only for turbostratic carbon at 43° and a broad peak centered around 23° for
amorphous SiO2. At a higher pyrolysis temperature of 1300°C, the samples still display the
turbostratic carbon peaks at 43° and strong amorphous SiO- peaks. Additionally, small broad peaks
at 35.6°, 60°, and 72° begin to appear for the PSO and 30T samples, indicating the formation of
nanocrystalline 3-SiC. The SiC formation is more evident for the samples with higher TMTVS

additions. SiC formation is not as significant in these samples compared to similar carbon-rich
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samples is due to the water vapor injection between 500°C-700°C. The water vapor encourages
the formation of Si-O bonds at the expense of Si-C bonds within the samples, which results in
increased SiO, formation and reduced SiC formation at higher pyrolysis temperatures & 9 19 20,
After pyrolysis at 1400°C, the PSO and 30T samples show more extensive SiC formation. For the
30P sample, the onset of SiC formation is delayed until 1400°C, and the SiC diffraction peaks are
much smaller than for either the PSO or 30T samples. The formation of SiC within SiOC is through
either the phase separation of the amorphous SiOC > % 18

2Si0C — SiOz(amorphous) + SiC(B) + C (3.3)
or the carbothermal reduction of SiO»:
SiO2(amorphous) + 3C — SiC(B) + 2CO(g) 1 (3.4)

Considering that the mass loss from 1100°C to 1400°C is approximately 3 wt% for all the samples,
forming only ~2.5 wt% of SiC if following Eq. (3.4), then the more dominant cause for SiC
formation is through the phase separation of SiOC following Eq. (3.3). This is further supported
by the increased SiC formation for PSO and 30T between 1300°C and 1400°C, even though the

samples experience no major change in the ceramic yield at the same temperatures.
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Fig. 3.5 XRD patterns for the PSO, 30T, and 30P samples pyrolyzed at 1100°C, 1300°C, and
1400°C.

To determine whether the amorphous halo in Figure 5 for the samples pyrolyzed at 1100°C
is due solely to the SiOC phase or whether nucleation of SiO> has already begun, the samples were

etched with HF. SiOC is highly resistant to leaching with HF, so only through phase separation
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and formation of SiO, nanodomains can the material be etched to cause mass loss *. For the PSO
sample pyrolyzed at 1100°C, the mass loss after etching is 14% as shown in Fig. 3.6. With the
addition of TMTVS, the etching mass loss is slightly decreased, with most samples showing less
than 10% mass loss. The incorporation of the POSS additive causes an increase in the etching mass
loss for all the samples compared to the pure PSO. Thus, POSS is believed to encourage the
nucleation of SiO> within SiOC at temperatures as low as 1100°C, attributed to its Si-containing

cage molecular structure.
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Fig. 3.6 Mass loss after HF etching of the samples pyrolyzed at 1100°C (dashed lines) and 1300°C

(solid lines).

Increasing the pyrolysis temperature to 1300°C causes further etching mass loss for all the
samples, due to further phase separation of SiOC as already discussed. For the TMTVS samples,
the etching mass is less than that of the PSO or POSS samples and does not show any trend with
the TMTVS content. This observation is consistent with the understanding that TMTVS is not
conducive for SiO2 nanocluster formation. The etching mass loss for the POSS samples is

relatively constant for all samples and close to the mass loss of the PSO samples.

3.4.4 Specific Surface Area and Pore Size Distribution
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Similar to Chapter 2, the samples were not powdered before testing, so all of the porosity
from the HF etching is open porosity. As shown in Fig. 3.7, all the samples show a large adsorption
volume at low relative pressures, followed by a relative constant adsorption volume at higher
relative pressures; this adsorption behavior corresponds to the Type | isotherm, according to the
IUPAC classification, which indicates that the samples are prominently microporous with only
monolayer adsorption 6. For the TMTVS samples, the adsorption volume at P/P, ~ 1 steadily
decreases as the TMTVS content increases, indicating a decrease in total pore volume. For the
samples with POSS additions, the adsorption volumes are relatively the same to the PSO sample
for the 10P, 20P, and 30P samples. With an increase of the POSS content to 40 wt%, however, the
adsorption volume at relative pressures above 0.2 slightly increases compared to the other POSS
samples, indicating that the mesopore volume for the 40P sample is greater than for any of the
other samples with POSS.
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Fig. 3.7 Nitrogen adsorption isotherms for (a) TMTVS and (b) POSS samples pyrolyzed at
1300°C.

The results from nitrogen adsorption are shown in Fig. 3.8. For the TMTVS samples, the
specific surface area and total pore volume also decrease with increasing TMTVS content, from
1500.9 m?/g and 0.65 cm?/g, respectively, for the PSO sample to 1150.7 m?/g and 0.50 cm®/g,
respectively, for the 40T sample. The reason for the negative effects of the TMTVS additive can

be understood by considering the phase formation in Fig. 3.5. At 1100°C, the samples with higher
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TMTVS content produces more amorphous SiOC rather than forming SiO». As the temperature
increases to 1300°C, the SiOC then phases separates, forming more SiC and less SiO; than the
samples with low TMTVS additive content. Thus, after etching, the samples with higher TMTVS
amounts have less SiO to generate pores and thus produce lower pore volumes. For the samples
with the POSS additive, both the pore volume and specific surface area are largely independent of
the additive content and produce slightly higher specific surface areas and similar pore volume

values compared to the PSO sample.
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Fig. 3.8 Specific surface area (solid lines) and pore volume (dashed lines) for the samples

pyrolyzed at 1300°C.

The pore size distributions for the samples pyrolyzed at 1300°C after etching are shown in
Fig. 3.9. All the samples have similar pore sizes of <2 nm and no large pores. For the pure PSO
sample, the mode of the pore size distribution occurs at ~1.6 nm. The TMTVS samples show
approximately the same pore size as the PSO sample, regardless of the TMTVS content, with the
only significant difference in the pore concentration. Similarly, none of the POSS samples except
for the 40P sample, which contains only slightly larger pores, show any significant changes to the

pore size distribution compared to the PSO sample.
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Fig. 3.9 Pore size distributions of the (a) TMTVS and (b) POSS samples pyrolyzed at 1300°C.

To understand the effect of pyrolysis temperature on the evolution of the SiO2 nanodomains
within the samples, nitrogen adsorption was conducted on the PSO, 30T, and 30P samples
pyrolyzed at 1100°C and 1400°C, and the resulting pore size distributions are shown in Fig. 3.10(a)
and Fig. 3.10(b), respectively. At 1100°C, the pore size distributions have only one mode at
approximately 1.6 nm, similar to all of the samples pyrolyzed at 1300°C. Upon further heating to
1400°C, however, the pore size distributions begin to contain multiple modes as seen in Fig.
3.10(b). For PSO, the modes occur at ~ 1.8 nm, 3.5 nm, and 4.9 nm; similarly, the 30T sample has
modes at ~1.8 nm and 4.9 nm, and the 30P sample has modes at ~1.8 nm, 3.9 nm, and 5.3 nm.
Compared to the PSO, the 30T sample contains fewer pores larger than 4 nm, while the 30P sample

contains a significantly larger volume of pores greater than 3 nm in diameter.
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Fig. 3.10 Pore size distributions after etching for PSO, 30T, and 30P pyrolyzed at (a) 1100°C and
(b) 1400°C.

3.4.5 Evolution of SiO2 Nanodomains

At low pyrolysis temperatures between 1100°C and 1300°C, the POSS and TMTVS
additives have little influence on the resulting SiO: size, as seen in Fig. 3.9 and Fig. 3.10(a). Thus,
the nucleation of SiO, nanodomains from the SiOC matrix is more dominant than their growth in
this temperature range. To further study the effects of the TMTVS and POSS additives on the
nucleation of SiO2, or pores after etching, within the SiOC, the pore volume and pore size for the
PSO, 30T, and 30P samples at the different pyrolysis temperatures is plotted in Fig. 3.11. At
1100°C, the 30P sample has a pore volume of 0.12 cm®/g, approximately 1.5 times the pore volume
as the PSO sample (0.079 cm?®/g), while the 30T sample only has a pore volume of 0.027 cm®/g.
Thus, the POSS additive facilitates the nucleation of SiO2 within the SiOC at lower temperatures,
as also evidenced by the etching mass loss in Fig. 3.6. Increasing the pyrolysis temperature to
1300°C results in a significant increase in the pore volume for all three samples, and the PSO (0.66
cm?®/g) and 30P (0.78 cm®/g) samples contain greater pore volumes than the 30T sample (0.47
cm?®/g). Further increasing the pyrolysis temperature to 1400°C results in almost no change in the
pore volume for the PSO and 30T samples. However, the 30P sample continues to increase in pore
volume upon heating from 1300°C to 1400°C.
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Fig. 3.11 Pore volume (solid lines) and average pore size (dashed lines) for the PSO, 30T, and 30P

samples at different pyrolysis temperatures.

In addition to the pore volume, the average pore size is also shown in Fig. 3.11. At pyrolysis
temperatures between 1100°C-1300°C, the average pore size for all the PSO, 30T, and 30P
samples is constant at ~1.7 nm. Upon further heating to 1400°C, all samples experience significant
growth of the pores. Thus, the growth of the SiO> domains becomes more significant at
temperatures above 1300°C. At 1400°C, the PSO and 30T samples have nearly the same pore size,
2.2nmand 2.3 nm, respectively. However, the average pore size for the 30P sample is significantly
greater at 2.9 nm. A possible explanation for the increase in pore volume and more significant
growth in pore size for the 30P sample after pyrolysis at 1400°C is that the more numerous SiO>
domains in the 30P sample also have more inter-mixing with the SiIOC matrix. Previous studies
have found that etching SiOC ceramics with HF may unintentionally leach phases other than SiO».
This removal is not due to the other phases reacting with HF, but rather due to the SiO> surrounding
and encapsulating the other phases and causing their physical removal when the SiO2 is removed.®
24 It is possible that the SiO, domains within the 30P are more dispersed within the SiIOC matrix
and caused co-existing, discrete SiOC, SiC, or graphitic species to be removed as well, causing a
significant increase in pore volume and size.

From Fig. 3.11, it is clear that the TMTVS additive more significantly affects the nucleation
of SiO2 within the SiOC and not the growth. For the homogeneous nucleation of SiO> in SiOC,
there is a critical nuclei size that is required to overcome the interfacial energy of the surrounding

matrix 3" %, Given the small size of the TMTVS molecule, it is possible that the majority of the
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SiO2 nanodomains derived from the TMTVS may have not been large enough to form stable nuclei
and instead remained as SiOC. This would explain the deleterious effects of the TMTVS additive
on the pore volume at all pyrolysis temperatures and lower etching mass loss; if the TMTVS
ultimately contributes to more SiOC formation, there would be more SiC derived from the SiOC

phase separation at higher temperatures following Eq. 3.3, as evidenced in Fig. 3.5.

3.5 Conclusions

TMTVS and POSS additives are successfully incorporated into the PSO matrix. Neither
the TMTVS nor POSS caused significant SiO. crystallization as initially thought, but both
additives did have an impact on the formation of etchable SiO2 nanodomains. During pyrolysis,
TMTYVS has inconsistent impact on the ceramic yield due to partial evaporation of uncrosslinked
TMTVS. The POSS additive consistently increases the ceramic yield and decreases the linear
shrinkage after pyrolysis, allowing for more intact samples. The POSS samples also have
significantly more SiO2 nanodomains and maintains or slightly increases the specific surface area,
up to 1557 m?/g with a larger pore size of ~1.8 nm. Thus, POSS is an excellent candidate as an
additive in polymer derived porous SiOC due to its enhancement of thermal stability during the
polymer-to-ceramic conversion, lowering of the SiO2 nucleation temperature, and positive

contribution to specific surface area and pore volume.
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4 Influence of Vinyl Bonds from PDMS on the Pore Structure of Polymer

Derived Ceramics

4.1 Abstract

The influence of vinyl bonds on the phase separation and decomposition of polydimethylsiloxane
(PDMS) was investigated for a saturated PDMS (s-PDMS) and an unsaturated
poly(dimethylsiloxane-co-vinylmethylsiloxane) (v-PDMS) with the same molecular weight, and
the resulting pore sizes were investigated for two base polymer systems, one with an excess of
hydrogen bonds (PHMS, polyhydromethylsiloxane) and one with stoichiometric hydrogen to vinyl
bonds (PSO, polysiloxane). For PHMS, the samples with s-PDMS have lower ceramic yield and
higher total porosity, while the samples with v-PDMS contain nearly no porosity after pyrolysis to
1300°C due to extensive hydrosilylation between the hydrogen and vinyl groups. For the PSO,
both s-PDMS and v-PDMS produce micron-sized pores, but the v-PDMS produces smaller pores
with a narrower size distribution than the s-PDMS. The fundamental differences in the polymer
phase separation and decomposition arising from the addition of vinyl bonds to the PDMS chains

and the effect of the base polymer hydrogen content are discussed.

4.2 Introduction

Porous ceramic components containing macro-, meso-, and/or micro-pores are important
for applications such as catalyst supports, thermal insulation, and gas separation membranes . The
use of polymer derived ceramics offers distinct advantages over traditional powder based
processing techniques due to lower processing temperatures and a wide range of available
compositions % 3. In particular, porous silicon oxycarbide (SiOC) is an excellent candidate due to
its resistance to chemical and oxidation degradation, high temperature stability, and excellent
mechanical properties 1245,

There are several routes to fabricate porous polymer derived ceramics, including sacrificial
fillers ™-°, foaming 14, freeze casting *> 8, selective etching of a ceramic phase *"-?2, and polymer

phase decomposition 2-°. The pore size, shape, and distribution within polymer derived ceramics
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can be tailored to fit a specific application: pores created by selective etching or polymer
decomposition are often spherical and uniformly distributed and are well suited for thermal
insulation or adsorption of gas, ions, and dyes 22%°; pores created using foaming or freeze casting
can be directionally aligned and useful in applications requiring high permeability such as catalysis
and filtration 1% 16 One particular processing strategy, polymer phase separation followed by
selective decomposition of one of the polymers, such as polydimethylsiloxane (PDMS), during
pyrolysis has gained attention in recent years as a convenient processing route to create porous
SiOC and SiC ceramics with different pore sizes * 2%, The pore sizes resulting from the
decomposition of the PDMS phase can range from meso- to macro-scale depending on the
processing conditions. The effects of various processing variables on the pore size and porosity
have been researched, including the viscosity of the PDMS 2°, the content of PDMS in the polymer
blend 22, the base polymer system % 23, and the pyrolysis temperature 2. However, the studies
thus far have been largely empirical, with the given results being specific to the polymer system
used.

Recently, Blum et al. ?* reported the fabrication of mesoporous SiOC through the
hydrosilylation reaction of vinyl terminated PDMS and a hydrogen containing base polymer. By
simply changing the molecular weight of the PDMS additive from 9400 g/mol to 155000 g/mol,
the resulting pore size from the PDMS decomposition can vary between 5 nm to 32 nm 2. This
processing technique has achieved pore sizes corresponding to the molecular size of the PDMS
molecule within the SiOC ceramics. However, there are fundamental differences between the vinyl
terminated PDMS used by Blum et al. 2 and a fully saturated PDMS polymer typically used to
fabricate porous SiOC * 2526, Thus, additional research into the use of vinyl-containing PDMS is
needed in order to understand the effects of the vinyl bonds during the decomposition of the PDMS
molecules.

In this study, two PDMS molecules are compared with the only difference being the
presence of vinyl bonds along the backbone of one of the PDMS polymers (s-PDMS vs. v-PDMS).
Further, two different base polymers are used, one with an excess of hydrogen bonds (PHMS) and
the other with an equimolar amount of hydrogen and vinyl bonds (PSO), to illustrate the effect of
the vinyl bonds during pyrolysis when either bonded during crosslinking through hydrosilylation

or when left unsaturated.
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4.3 Experimental Procedures

Polyhydromethylsiloxane (PHMS, Mw ~ 1600 g/mol, (CH3)3SiO[-Si(H)CH30-]nSi(CHz)s,
Gelest Inc., Morrisville, PA) was chosen as the precursor for one of the base polymer systems
used, and divinylbenzene (DVB, Mw = 130.2 g/mol, Sigma-Aldrich, St. Louis, MO) was used as
the crosslinking agent. The other base polymer system used was a commercial polysiloxane (PSO,
[-Si(CsH5)20-]3[-Si(CH3)(H)O-]2[-Si(CH3)(CH=CH2)O-]., SPR-684, viscosity: 10 Pa s, Starfire
Systems, Inc., Schenectady, NY). For both polymers, 2.1-2.4% platinum-
divinyltetramethyldisiloxane complex in xylene (Pt catalyst, Gelest Inc., Morrisville, PA) was used
as the catalyst. A fully saturated PDMS (Mw = 28000 g/mol, (CHz3)3SiO[-Si(CHz3)20-],Si(CHa)s,
viscosity: 1 Pa s, Fisher Scientific, Pittsburgh, PA) and a PDMS copolymer containing 7-8%
vinylmethylsiloxane (VDT-781, Mw = 28000 g/mol, (CHa3)sSiO[-
Si(CH3)20-]n[Si(CH3)(CH=CH2)O-]m(Si(CHa)3, viscosity: 0.8-1.2 Pa s, Gelest Inc., Morrisville,
PA) were selected as the additives and pore forming species.

First, a mixture of PHMS and DVB with a 1:0.6 weight ratio was prepared, which was
simply labelled as PHMS in this study for brevity; the PHMS mixture had a viscosity of 0.01 Pa-s.
Then PHMS-PDMS or PSO-PDMS mixtures containing 0, 10, 20, or 30 wt% of both types of
PDMS were mixed. Toluene (Fisher Scientific, Pittsburgh, PA) was added to the PSO solutions as
needed to provide a suitable viscosity for mixing. The solution was mixed for 15 minutes using a
high energy mill (SPEX 8000M Mixer/Mill, SPEX SamplePrep, Metuchen, NJ). Next, the Pt
catalyst (5 ppm relative to PHMS, 225 ppm relative to PSO) was added, the mixture was milled
again for 5 minutes and then poured into aluminum foil molds. The mixture was placed into a
vacuum chamber and vacuumed to approximately 20 Torr for 30 minutes to remove any solvent
or trapped bubbles. After that, the mixture was crosslinked in an oven at 50°C for 12 hrs, 80°C for
10 hrs, and then at 120°C for 6 hrs. Samples are denoted as either PHMS-Xs or PSO-Xs for the
samples containing saturated PDMS and PHMS-Xv or PSO-Xv for samples with the vinyl
containing PDMS; X is the weight percent of PDMS in the polymer blend.

To prepare the samples for pyrolysis, the crosslinked polymers were first cut and polished
into pieces roughly 10 mm in length 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 2" 28, and put into a tube furnace (1730-20 Horizontal Tube
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Furnace, CM Furnaces Inc., Bloomfield, NJ). The samples were heated up to 1300°C at a rate of
1 K/min, held for 2 hrs, cooled to 400°C with a rate of 1 K/min, and finally cooled to 50°C with a
rate of 2 K/min, all with an Ar flow (500 std cm®/min). When the furnace was between 500-700°C
during heating, the Ar was bubbled through water at 60°C, giving a gas flow with a Ar:H>.O molar
ratio of approximately 5:1. The 500°C-700°C water vapor injection was used to facilitate SiO>
formation, and the temperature range was chosen because it corresponded to the temperature range
at which most mass loss occurs for the base polymers.

Etching of the bulk SiOC samples after pyrolysis was done using a solution of HF (20 wt%
HF in water). The HF solution was magnetically stirred at room temperature until the SiOC
samples had no significant mass loss, taking approximately 3 days. The SiOC samples were then
rinsed 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.

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 resolution of 4 cm™ and averaged
between 64 scans. The thermal decomposition of the polymers was investigated by
thermogravimetric analysis (TGA) using a STA 449C Jupiter® analyzer (Netzsch-Geratebau
GmbH, Selb, Germany) with a temperature range of room temperature to 1000°C, a heating rate
of 5 °C/min, and a N2 flux of 40 ml/min. Linear shrinkage and ceramic yield were calculated by
measuring the dimensions and mass, respectively, of the samples before and after the pyrolysis;
bulk density and apparent density were calculated using the Archimedes method with water as the
medium. An environmental SEM (Quanta 600 FEG, FEI, Hillsboro, OR) was used to observe the
microstructures of the pyrolyzed samples. Pore size distributions were obtained from high contrast
SEM images, with three images per sample, using the image analysis software ImageJ 2°. The
specific surface area and pore volume of micro-/meso-pores within the samples after the HF
etching was measured using nitrogen adsorption at 77 K (NOVA 2200e, Quantachrome
Instruments, Boynton Beach, FL). The viscosity of the polymers was measured at room
temperature with a rheometer (AR 2000, TA Instruments, New Castle DE) and a cone-plate

geometry.
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4.4 Results and Discussion

4.4.1 Polymer Chemical Structure

The PHMS-PDMS solutions after mixing but before crosslinking were transparent for both
the v-PDMS and s-PDMS samples. After crosslinking, however, the s-PDMS samples became
opaque while the v-PDMS samples remained transparent, as shown in Fig. 4.2(a). The opaque
appearance of the s-PDMS samples is due to phase separation of the PDMS molecules from the
PHMS because the two polymers have little to no crosslinks (Fig. 4.2(c)), and significant scattering
of light occurs as the phase boundary grows to several hundred nanometers or greater, the same
scale as the wavelength of visible light. The opaque nature of the PHMS-PDMS crosslinked system
has also been observed in other studies using PDMS 2. For the v-PDMS samples, however, the
samples remain transparent, similar to the pure PHMS sample, up to 30 wt% v-PDMS. The
hydrosilylation (Fig. 4.1) reaction between the hydrogen bonds in the PHMS and the vinyl bonds
in the v-PDMS 243931 may have prevented such large scale phase separation, leaving the sample
transparent, as shown in Fig. 4.2(c). On the contrary, the PSO-PDMS solutions become opaque
during mixing due to the incompatibility between PDMS and phenyl groups 3223, and the polymer
blends remain opaque after crosslinking for both the s-PDMS and v-PDMS polymers as shown in
Fig. 4.2(b).
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Fig. 4.1 Hydrosilylation reaction between hydrogen and vinyl bonds to induce crosslinks.

In addition to becoming opaque after crosslinking, the PHMS/s-PDMS samples also show
different microstructures depending on the PDMS content. The PHMS-10s and PHMS-20s
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samples are composed of the PHMS matrix with the s-PDMS phase dispersed throughout with a
close-to-spherical shape; the size of the s-PDMS phase increases as the weight percent of PDMS
is increased from 10 wt% to 20 wt%. For the PHMS-30s sample, phase inversion has occurred,
with the s-PDMS phase now comprising the matrix and the PHMS in a droplet form (Fig. 4.2(c)).
This phase inversion behavior for blends of PHMS and s-PDMS was also observed by Yan et al.
25 which used tetramethyltetravinylcyclotetrasiloxane as the crosslinking agent as opposed to
DVB in this study. Due to the initial compatibility between the PHMS and PDMS molecules, the
change in microstructure can be attributed to the crosslinking of the PHMS and DVB, which
effectively increases the molecular weight of the PHMS until the PHMS and PDMS can no longer
form a single phase and thus phase separate. This behavior is typical for systems that experience

polymerization induced phase separation 3+ %,
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Fig. 4.2 Crosslinked samples for (a) PHMS base polymer and (b) PSO base polymer; (c)
crosslinking difference between transparent and opaque samples.

The FT-IR spectra for the crosslinked PHMS-PDMS polymers as well as the pure s-PDMS
and v-PDMS polymers are shown in Fig. 4.3; each of the spectra is normalized to the Si-O-Si peak
at ~1000 cm™ in order to show differences between the samples. In the pure PHMS sample, the
major absorption peaks are attributed to Si-O-Si (1000-1100 cm™), Si-CHj3 (1256 cm™), Si-H (2157
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cm™), and CHx (2868-2960 cm™t). With the addition of s-PDMS, no new peaks are formed because
the s-PDMS has no new chemical bonds compared to the PHMS. Between 20 wt% and 30 wt% s-
PDMS, the absorbance peak due to Si-H disappears, which is attributed to the phase inversion
behavior of the 30 wt% s-PDMS sample as already discussed. Since the PDMS phase surrounds
the PHMS phase, the signal from the attenuated total reflectance (ATR) cannot penetrate through
the PDMS phase, and the signal from the PHMS is not observable. Similar to the s-PDMS samples,
the addition of v-PDMS causes no new peaks to form. However, the samples do not show the
disappearance of the Si-H peak due to the more homogenous distribution of the polymers.
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Fig. 4.3 FT-IR spectra for pure PHMS, 10-30 wt% PDMS, and pure PDMS: (a) s-PDMS, and (b)
v-PDMS.

The FT-IR plots for the PSO-PDMS blends (Fig. 4.4) show no major differences in the
spectra of the polymers after crosslinking. The spectra for both the s-PDMS in Fig. 4.4(a) and v-
PDMS in Fig. 4.4(b) show similar peaks, which is to be expected since the vinyl content in the v-
PDMS polymer is only 7-8 mol%. The PSO polymer has equal molar amounts of hydrogen and
vinyl bonds, so the concentration of hydrogen bonds after crosslinking is minimal. Thus, the PSO
polymer does not have an excess of Si-H bonds like the PHMS polymer. Due to this deficiency in
Si-H bonds compared to vinyl bonds with the addition of v-PDMS, the probability of v-PDMS
molecules attaching to the PSO through hydrosilylation is much less likely than for the PHMS
base. The consumption of the hydrogen bonds in the PSO does not necessarily mean that the
hydrogen bonds have all reacted with the vinyl bonds in the PSO rather than the v-PDMS polymer.
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However, given that the PSO and PDMS molecules readily phase separate due to the phenyl group
in the PSO 23, the interaction between the PSO and PDMS molecules is likely much lower than the
PSO molecules within the PSO phase.
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Fig. 4.4 FT-IR spectra for pure PSO, 10-30 wt% PDMS, and pure PDMS: (a) s-PDMS, and (b) v-
PDMS.

4.4.2 Pyrolysis Behavior

The decomposition behaviors of the base polymers, and the base polymers with 20 wt%
addition of s-PDMS and v-PDMS are investigated using TGA, and the resulting TG and dTG
curves are shown in Fig. 4.5. For the PHMS base polymers, the onset of decomposition for the
PHMS-20s sample is at ~350°C, while the PHMS and PHMS-20v samples begin decomposition
at a slightly higher temperature of 400°C. Initial degradation of trimethylsilylated PDMS is caused
by the depolymerization of linear chains with the formation of cyclic siloxane products *¢. This
depolymerization can be inhibited through increasing the crosslink density of the polymer,
enhancing its thermal stability % 3. Thus, the higher onset degradation temperature for the PHMS
and PHMS-20v samples can be attributed to a higher crosslinking density compared to that of the
PHMS-20s sample. Both the PHMS and PHMS-20v samples have a maximum mass loss rate
around 575°C on the dTG curve and a second smaller maximum at 700°C. After the completion
of pyrolysis at 1000°C, the PHMS and PHMS-20v samples have ceramic yields close to 80%,
while the ceramic yield of the PHMS-20s sample is much lower at 64%. These differences in the
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decomposition behavior between the s-PDMS and v-PDMS samples can be attributed to the vinyl
groups in the v-PDMS which promote the formation of Si-CHa-Si or Si-CH2-CH.-Si bonds during

pyrolysis and delay the decomposition of the PDMS molecules until much higher temperatures.
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Fig. 4.5 TG and dTG of the (a) PHMS, PHMS-20s, PHMS-20v, and (b) PSO, PSO-20s, PSO-20v
samples.

The decomposition behaviors of the PSO, PSO-20s, and PSO-20v samples are shown in
Fig. 4.5(b). All three of the samples show two maxima on the dTG curves: one maximum at around
400°C and the other around 550°C. The PSO-20s sample shows a higher decomposition rate at
400°C and has about the same decomposition rate as the PSO at 550°C. Most likely, the mass loss
centered at 400°C is due to the decomposition of the PDMS molecules. The PSO-20v polymer has
a similar decomposition rate as PSO at 400°C, but then a much higher mass loss rate at 550°C.
The difference between the two types of PDMS molecules can again be attributed to the vinyl
bonds in the v-PDMS sample. Even without forming Si-CH>-CH2-Si bonds through
hydrosilylation, the vinyl groups can form additional bonds during pyrolysis, leading to
strengthening of the polymer network 8. Due to these additional bonds, the PSO-20v polymer has
a slightly higher yield and a slower decomposition rate compared to the PSO-20s polymer;
however, both polymers show much lower yields than the base PSO.

The ceramic yield and the linear shrinkage of the samples after pyrolysis at 1300°C are
given in Fig. 4.6. Compared to PHMS, the s-PDMS samples all have lower ceramic yields, as
expected due to the decomposition of the PDMS molecules. With further addition of s-PDMS, the
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ceramic yield continues to decrease. For the v-PDMS samples, the ceramic yield for the 10 wt%
v-PDMS sample is similar to that of the 10 wt% s-PDMS sample. However, for higher v-PDMS
contents, the yield decreases only slightly, due to the vinyl bonds in the v-PDMS creating
additional crosslinks and preventing the decomposition of all the PDMS molecules.
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Fig. 4.6 Ceramic yield and linear shrinkage of the (a) PHMS and (b) PSO samples after pyrolysis
at 1300°C.

For the PSO base, the addition of s-PDMS decreases the ceramic yield for all the PDMS
contents tested, confirming the decomposition of the PDMS molecules. With only 10 wt% v-
PDMS, the ceramic yield of the PSO-PDMS polymer is increased. As the v-PDMS content is
increased, however, the ceramic yield quickly decreases to a similar value to that of the s-PDMS
samples. The change in the ceramic yield with the v-PDMS content can be attributed to the
interaction between the PSO and v-PDMS polymers. With higher v-PDMS concentrations in the
polymer mixture, the interactions between the PSO and v-PDMS molecules decrease, reducing the
probability of interaction between the vinyl bonds in the v-PDMS and the hydrogen bonds in the
PSO so that the phase separation of the two polymers occurs more readily. This would cause the
v-PDMS sample to respond more similarly to the s-PDMS, which has no interaction with the PSO
polymer, as clearly shown by the ceramic yield values in Fig. 4.6(b).

The linear shrinkage of the 10 wt% and 20 wt% s-PDMS samples decreases only slightly
compared to that of the PHMS sample; with the addition of 30 wt% s-PDMS, the shrinkage
increases much more, most likely due to the different microstructure of the 30 s-PDMS sample
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(Fig. 4.6(a)). For the v-PDMS samples, the linear shrinkage continually increases with the PDMS
concentration. This behavior can be attributed to the sintering of the pores created from the v-
PDMS, due to their much smaller size as to be discussed. The PSO samples show much less
difference between the s-PDMS and v-PDMS samples, since there is little to no hydrosilylation
occurring between the PSO and v-PDMS polymers (Fig. 4.6(b)). Further, the linear shrinkage also
shows no dependence on the content of PDMS within the polymer, with all PSO/PDMS samples

showing linear shrinkage values close to that of the pure PSO sample.

4.4.3 Porosity and Pore Size

The bulk and apparent densities for the PHMS/PDMS and PSO/PDMS samples are shown
in Table 4.1. The bulk density takes into account the volume of the SIOC matrix and the open and
closed pores; the apparent density considers the volume of the SIOC matrix and closed pores only.
For the PHMS base, the samples with s-PDMS show a continual decrease in the bulk density while
maintaining similar apparent densities. This result indicates that the open porosity of the PHMS/s-
PDMS samples increases with increasing s-PDMS content while the closed porosity stays
relatively constant. For the PHMS samples with v-PDMS, the bulk density shows no such
dependence on the v-PDMS concentration, and all v-PDMS samples have similar bulk and
apparent densities to the pure PHMS sample. This means that v-PDMS has no significant effect

on the open porosity of the PHMS samples.

Table 4.1 Bulk and apparent densities of the PHMS and PSO samples after pyrolysis.

PDMS Bulk Density, rp Apparent Density, ra
Base

Content (g/cm?) (g/cmd)
Polymer

(Wt%) s-PDMS v-PDMS s-PDMS v-PDMS

PHMS 0 1.90 + 0.05 2.01 +£0.05
PHMS 10 1.73+0.02 1.90 +0.02 1.90 +0.02 2.01+0.02
PHMS 20 1.65+0.01 1.98 +0.05 1.84 +0.01 2.05+0.05
PHMS 30 1.20 +0.02 1.90 + 0.03 1.96 + 0.01 2.05+0.03
PSO 0 1.76 £0.01 1.88 +0.01
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PSO 10 1.59+0.01 1.72 +0.01 1.77 +0.01 1.79+0.01
PSO 20 151+0.01 1.57 +£0.01 1.83+0.01 1.66 £0.01
PSO 30 1.44+0.01 1.34 +£0.01 1.79+0.01 1.45+0.01

For the PSO/s-PDMS samples, the bulk densities decrease with increasing s-PDMS
concentration while the apparent density remains relatively the same, again indicating that the open
porosity is much more affected than the closed porosity by the s-PDMS samples. With the addition
of v-PDMS to the PSO, both the bulk and apparent densities decrease, indicating that both the
open and closed pore volumes increase with increasing v-PDMS content.

The density values listed in Table 4.1 can be used to compute the open porosity Vop, closed

porosity V¢p, and total porosity Vi, of the samples using the following equations:

Vop = 100(1-r b/r o) (4.1)
th = 100(1-r blr t) (4.2)
Vep=Vip—Vop (43)

The true density for the base PHMS and PSO samples can be assumed to be equal to their measured
apparent densities given that neither sample contains significant closed porosity > 1% 28
Furthermore, the true densities of the samples with PDMS can be assumed to be equal to the true
densities of their PHMS or PSO base samples since the majority of the PDMS should decompose
and thus not affect the true density of the remaining ceramic; therefore, the true density is estimated
to be 2.01 g/cm? for all of the PHMS samples and 1.88 g/cm? for all of the PSO samples. Fig. 4.7
shows the results after applying Eqgs. (4.1)-(4.3) to the density values in Table 4.1. For the
pyrolyzed PSO and PHMS samples, the calculated total porosity is ~5%, which is most likely due
to the cracks on the sample surface. With the addition of s-PDMS to PHMS (Fig. 4.7(a)), the
porosity increases to 18% for the 20s-PDMS sample. The total porosity then increases greatly to
40% for the 30s-PDMS sample due to the phase inversion as previously discussed. Comparatively,
the PHMS/v-PDMS samples show no significant change in porosity for the 10-30 wt% v-PDMS
samples. This result indicates that all the pores created by the v-PDMS decomposition have closed
during pyrolysis. It should be noted that both the open porosity and total porosity for the PHMS
samples with v-PDMS overlap in Fig. 4.7(a) due to the absence of closed porosity within the

samples.
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Fig. 4.7 Open and total porosities for (a) PHMS, and (b) PSO base polymers.

For the PSO samples, the s-PDMS and v-PDMS polymers show distinct differences in
open and total porosity trends (Fig. 4.7(b)). Addition of s-PDMS to the PSO matrix causes a
continual increase in open porosity and total porosity, with the PSO-30s sample containing 24%
total porosity. The difference between the total porosity and open porosity is similar for the three
s-PDMS samples, indicating that s-PDMS strongly affects open porosity while maintaining similar
closed porosity, and there is minimal interaction between PSO and s-PDMS and most s-PDMS
escapes and leads to open pores during the pyrolysis. For the v-PDMS samples, the total porosity
for the 10 wt% v-PSO sample is similar to that of the pure PSO sample. Increasing the v-PDMS
content to 20 or 30 wt% causes a sharp increase in the total porosity, likely due to the lower
interaction between the vinyl bonds in the v-PDMS and the hydrogen bonds in the PSO as already
discussed in Section 4.4.2. Interestingly, the v-PDMS polymer affects the closed porosity much
more strongly than the open porosity, showing an opposite trend to the s-PDMS polymer.

Fig. 4.8 shows the cross sections of the PHMS-s-PDMS and PHMS-v-PDMS samples after
pyrolysis. With 10 wt% s-PDMS addition, the sample shows uniform, featureless microstructures.
With 20 wt% s-PDMS addition, the sample has much larger pores, with the size ranging from 5 —
30 um and a few pores reaching ~50 pum. As already discussed, the 30 wt% s-PDMS sample shows
an inversion of the microstructure, with the pyrolyzed PHMS phase being made of loosely bonded
spheres; the spheres have a bimodal size with the smaller spheres reaching approximately 10 pm

and the larger spheres having diameters of several hundred microns.
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Fig. 4.8 SEM micrographs of pyrolyzed samples (a) PHMS-10s, (b) PHMS-10v, (c) PHMS-20s,
(d) PHMS-20v, () PHMS-30s, and (f) PHMS-30v.

After pyrolysis, for the PHMS samples with v-PDMS, the pore size with 10 wt% addition
shows a similar featureless microstructure as for the PHMS with 10 wt% s-PDMS sample.
However, the addition of higher amounts of v-PDMS does not show any significant changes to the
microstructure (different from the corresponding s-PDMS samples), confirming the lack of
porosity as measured with the Archimedes method. The reason for this observation with the v-
PDMS samples can be understood by considering that the vinyl bonds within the v-PDMS sample
react with the hydrogen bonds in the PHMS during crosslinking. Since the total molecular weight
of the v-PDMS polymer is 28000 g/mol with 7-8 mol% vinylmethylsiloxane, then the average
molecular weight of the PDMS chains between vinylmethylsiloxane molecules (or crosslinks) is
approximately 900 g/mol, assuming that the vinylmethylsiloxane units are evenly distributed along
the PDMS chains. For the PDMS polymers within the PHMS matrix, the conformation of the
PDMS molecules can be assumed to be ideal; and the dependence of Rq for the PDMS molecules
on the polymer molecular weight was determined by neutron scattering studies to be 3°:

Rg = 0.025M%% (nm) (4.5)

The pore diameter left from the decomposition of PDMS molecules would simply be twice the
value obtained from Eq. (4.5). Thus, if the average molecular weight between crosslinks for the v-
PDMS molecules within the PHMS matrix is 900 g/mol, then the pore size would be approximately
1.5 nm following Eq. (4.5). Such small pores have been shown to easily close at higher
temperatures, resulting in minimal porosity 2*. This hypothesis is further confirmed by considering
the higher linear shrinkage of the v-PDMS samples in Fig. 4.6(a) versus the PHMS or PHMS-s-
PDMS samples.

To further examine whether microporosity may have arisen from the decomposition of the
PDMS molecules, nitrogen adsorption was conducted on the pure PHMS and PSO samples as well
as the samples with 20 wt% s-PDMS or v-PDMS, all after pyrolysis; the samples were first etched
with a HF solution to remove SiO> from the samples and open the structure to allow for any closed
pores from the PDMS decomposition to be available to the N2 gas. The resulting pore size
distributions for the samples (Fig. 4.9) show that no significant porosity can be observed other than

that arising from the etching of the SiO, at ~ 1.6 nm and 3.5 nm. Thus, there is no significant
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residual microporosity from the decomposition of the s-PDMS and v-PDMS in either the PHMS

or PSO.
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Fig. 4.9 Pore size distributions for the pure PHMS and PSO polymers after pyrolysis as well as

the samples with 20 wt% PDMS additions.

The microstructures for the PSO-s-PDMS and PSO-v-PDMS mixtures after pyrolysis are
shown in Fig. 4.10. The PSO-10s sample has a pore size range between 3 — 20 um. The PSO-20s
sample has a similar pore size range, with the only difference being the concentration of pores
within the sample. An increase of the s-PDMS content to 30 wt% causes a much more drastic
increase in the pore size to 20 — 50 um, with a small concentration of pores still being 5 — 10 um
in diameter. Similar to the PSO-10s sample, the pore size for the PSO-10v sample is in the range
of 3—20 um. With an increase of the v-PDMS content, both the pore size and pore size distribution
increase, with the pore size ranging from 5 — 30 um for both the PSO-20v and PSO-30v samples.

This means that at higher concentrations of the v-PDMS, the pore formation more closely

resembles that from the s-PDMS.
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Fig. 4.10 SEM micrographs of pyrolyzed samples: (a) PSO-10s, (b) PSO-10v, (c) PSO-20s, (d)
PSO-20v, (e) PSO-30s, and (f) PSO-30v.

To further investigate the difference between the pore sizes for the PSO samples with s-
PDMS and v-PDMS additions, the pore size distributions for the samples were obtained through
image analysis of the SEM microstructures such as those shown in Fig. 4.10. The pore size
measurements were not carried out for the PHMS samples due to the fact that only the PHMS-20s
sample contains measureable porosity; the PHMS-10s and all of the PHMS-v samples contain
negligible porosity, and the phase inversion for the PHMS-30s sample prevents any measurement
of the PDMS phase. Figs. 4.11(a) and (b) show the area probability density, or the derivative of
the cumulative pore area, for the PSO-PDMS samples. For the PSO-10s sample, the pore size
distribution is wide and spans from 5 - 50 um with a mode size of ~30 um. Increasing the s-PDMS
content to 20 wt% causes the pore size distribution to further widen, with the modes occurring at

35 pum and 65 um. For the PSO-30s sample, the modes are at 20 pm, 50 pm, 75 pm, and 85 pm.
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Fig. 4.11 Pore size distributions obtained from the SEM image analysis for PSO with: (a) s-PDMS,
and (b) v-PDMS. (c) Average pore size for the PSO-s and PSO-v samples.

The pore size distributions for the PSO with v-PDMS in Fig. 4.11(b) all display narrower

pore size distributions and smaller pore sizes than those for the s-PDMS samples. For the PSO-

10v sample, the mode pore size is only 5 um, and the sample contains no pores larger than 30 pm.

Increasing the v-PDMS content to 20 wt% again causes the pore size distribution to broaden and

increases the mode pore size to 35 um. The PSO-30v sample has a similar pore size distribution

to the PSO-20v sample, with the mode pore size only increasing to 40 pum.

The average pore size and standard deviation for each of the PSO-PDMS samples are

shown in Fig. 4.11(c). For the s-PDMS, the average pore size increases from 29.4 um for the PSO-
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10s to 46.1 pm for the PSO-20s and then to 46.6 um for the PSO-30s. The v-PDMS similarly
increases with the PDMS content from 10.4 um for the PSO-10v to 33.9 um and 36.9 for the PSO-
20v and PSO-30v, respectively. However, the standard deviations for the v-PDMS samples are
much smaller than for the s-PDMS samples for each of the PDMS contents. The smaller pore sizes
and narrower pore size distributions for the v-PDMS samples compared to the s-PDMS samples
can only be attributed to the vinyl bonds within the v-PDMS, since both the molecular weight and
the viscosity of the two types of PDMS are identical. As already seen from the TGA data in Fig.
4.5, the v-PDMS sample shows a different decomposition behavior than the s-PDMS sample due
to the reactions from the vinyl group. Accordingly, these reactions may slightly prevent such
extensive phase separation between the PSO and v-PDMS molecules. The reactions from the vinyl
bonds along the v-PDMS chain may also effectively reduce the molecular weight of the PDMS
molecules; the added connection points shorten the length of the free PDMS chains, reducing the
PDMS molecular weight as already discussed for the PHMS/v-PDMS system. Both reducing the
extent of phase separation and reducing the PDMS molecular weight would lead to smaller pore
sizes and a narrower size distribution.

If the phase separation between the base polymer and the PDMS molecules is significant,
as it is for the PSO base, then the size of the PDMS domains will be much larger than that of single
polymer chains as discussed previously, given by 33
L nop

X 4.6
BEUE 0

Q

where p is the viscosity ratio of the dispersed phase to the matrix phase, cint iS the interfacial tension
of the two polymers, nm is the viscosity of the matrix polymer, and vy is the shear rate exerted on
the system during mixing. If the polymer phases coalesce after mixing, then the polymer domains

will increase in size according to the empirical relationship 33 4°:
Q —nn B8 (4.7)

The measured viscosities of the PSO, s-PDMS, and v-PDMS are 10.7 £ 0.1 Pas, 1.0+ 0.1
Pas, and 1.0 £ 0.1 Pa s, respectively. The interfacial tension is estimated to be ~0.00058 N/m,
which is the value between PDMS and a poly(dimethylsiloxane-ran-methylphenylsiloxane),
similar to the PSO used in this study . Fig. 4.12 shows the result based on Egs. (4.6) and (4.7) vs.
the shear rate during mixing as well as the average pore sizes. Considering that the shear rate

86



during the vibratory milling of the polymers is much greater than 1 1/s, then Eq. (4.7) more closely
estimates the experimental pore sizes at a shear rate of approximately 40 1/s. Eq. (4.6) is based off
the initial size of the polymer domains directly after mixing, while Eq. (4.7) takes into account
coalescence of the domains after mixing, matching with the experimental results, since the PSO-

PDMS mixtures were allowed to sit in the oven before reaching gelation.
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Fig. 4.12 Calculated pore size versus shear rate during mixing from Egs. (4.6) and (4.7), and the

experimental pore sizes from Fig. 4.9(c).

45 Conclusions

Pores and porosity arising from the decomposition of PDMS have been studied for a fully
saturated PDMS (s-PDMS) and a PDMS copolymer containing vinyl bonds (v-PDMS). The s-
PDMS produces lower yields than the v-PDMS and higher porosity when added to PSO and PHMS
base polymers, regardless of the content of hydrogen bonds in the base polymer. When crosslinked
with the PHMS base, the v-PDMS does not show large scale phase separation, is more thermally
stable than the s-PDMS, and produces no significant porosity. For low contents of v-PDMS
crosslinked with the PSO base, the yield is higher and the porosity is lower compared to the
corresponding s-PDMS samples, but the differences between the two PDMS types decreases as
the PDMS content increases. For the PSO base containing no excess hydrogen bonds, the pores

resulting from the PDMS decomposition are micron sized for both the s-PDMS and v-PDMS
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polymers. However, the PSO with v-PDMS produces smaller pores with a narrower pore size
distribution than the s-PDMS, which is attributed to the vinyl bonds within the v-PDMS producing

reactions and effectively reducing the polymer molecular weight. The fundamental differences

between the interaction of the PDMS molecules and the base polymers based on the vinyl content

are discussed to provide a practical guide for polymer selection.
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5 Conclusions and Future Work

5.1 Conclusions

In this thesis, porous SiOC ceramics were fabricated based on phase separation, either
through phase separation of the ceramic matrix during pyrolysis or phase separation of the polymer
precursors during crosslinking.

Porous silicon oxycarbide (SiOC) ceramics were fabricated from a base polysiloxane
(PSO) system by using different additives (polymethylphenylsiloxane, polydimethylsiloxane,
polyhydromethylsiloxane, tetramethyl orthosilicate, and tetraethyl orthosilicate) and pyrolysis
atmospheres (Ar and Ar+H-0) followed by hydrofluoric acid (HF) etching, which produced open
porosity. The additives modified the Si:O:C ratios within the polymers and thus influenced the
microstructural evolution within the SiOC. Additives that were lower in carbon content, such as
polyhydromethylsiloxane, had larger pores after etching, indicating larger SiO2 nanodomains. The
SiOC ceramics contained significantly less SiC and more SiO; after pyrolysis in an Ar+H,O
atmosphere compared to an Ar atmosphere. Water vapor injection during pyrolysis also caused a
drastic increase in specific surface areas and pore volumes after etching. Further, the tetraethyl
orthosilicate additive was successfully in-situ converted to SiO, with the Ar+H,O atmosphere,
causing a significant increase in the specific surface area.

The effects of additive structures on the nucleation and growth of SiO> within SiOC
ceramics were investigated by adding 0 - 40 wt% of cyclic tetramethyl-tetravinylcyclotetrasiloxane
(TMTVS) or caged octavinyl-polyhedral oligomeric silsesquioxane (POSS) to a linear PSO and
crosslinked. The effects of the two additives on the polymer-to-ceramic transformation and the
phase formation within the SiOC at pyrolysis temperatures between 1100°C-1400°C were
discussed. The caged POSS structure improved the ceramic yield and increased the onset of
thermal decomposition, while the cyclic TMTVS negatively affected both. POSS also encourages
SiO2 nucleation at temperatures as low as 1100°C, resulting in higher mass loss from the HF
etching than those of the PSO or TMTVS samples. For the samples pyrolyzed at 1300°C, both
TMTVS and POSS had little effect on the pore size after etching, with the average pore size
remaining < 2 nm. At 1400°C, the POSS samples had increased growth of the SiO. phase
compared to the TMTVS or PSO.
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The influence of vinyl bonds on the phase separation and decomposition of
polydimethylsiloxane (PDMS) was investigated for a fully saturated PDMS (s-PDMS) and an
unsaturated poly(dimethylsiloxane-co-vinylmethylsiloxane) (v-PDMS) with the same molecular
weight, and the resulting pore sizes were investigated for two base polymer systems, one with an
excess of hydrogen bonds, polyhydromethylsiloxane (PHMS), and one with stoichiometric
hydrogen to vinyl bonds, PSO. For the PHMS base, the samples with s-PDMS had lower ceramic
yield and higher total porosity, while the samples with v-PDMS contained nearly no porosity after
pyrolysis to 1300°C due to a more extensive hydrosilylation reaction between the hydrogen and
vinyl groups in the preceramic polymer. For the PSO base, both s-PDMS and v-PDMS produced
micron-sized pores, but the v-PDMS produced smaller pores with a narrower size distribution than
the s-PDMS, which was attributed to the vinyl bonds within the v-PDMS producing reactions
during either crosslinking or pyrolysis and effectively reducing the polymer molecular weight.

5.2 Future Work

In studying the effects of water vapor injection during pyrolysis, pure siloxane polymers
containing a majority of hydrogen, methyl, vinyl, phenyl, etc. bonds can be fabricated rather than
mixing a small amount of each type of polymer with a base polymer. These pure polymers can be
synthesized by simply using polymers with vinyl end groups, which are commercially readily
available, and mixing with a small fraction of a hydrogen containing polymer such as
polyhydromethylsiloxane. Using these purer polymers would more easily allow for the
determination of the effects of water vapor on each of the separate side group types.

Further study of the change in structure within the SiOC ceramics as a function of additive
materials, pyrolysis temperatures, and pyrolysis atmospheres can be studied using 2°Si NMR,
which would give information on the relative quantities of SiOxCs.x tetrahedral bonds within the
ceramics.

Since the fabrication techniques and various polymer precursors and their effects on the
structure of the resulting SiOC ceramics have been extensively studied, further testing into the
properties of the materials can be conducted to further understand the processing-structure-
properties relationships and pursue applications. For example, the electrochemical behavior of the

microporous and mesoporous SiIOC ceramics in Chapters 2 and 3 can be studied for use in lithium
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ion batteries, and the thermal properties, such as thermal conductivity and heat capacity, of the

macroporous SiOC ceramics in Chapter 4 can be studied for application as a thermal barrier.
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Appendix A: Effects of SiO2-forming Additive on Polysiloxane Derived SiOC

Ceramics

A.1 Abstract

Novel ultrahigh surface area materials are highly desired for demanding applications such as high
temperature catalysts, electrodes, and harsh environment sensors. In-situ conversion of tetraethyl
orthosilicate (TEOS) into SiO2 and its incorporation into silicon oxycarbide (SiOC) ceramics
during polysiloxane ceramization are investigated by crosslinking TEOS within a polysiloxane
matrix and introducing water vapor during pyrolysis. The effects of the TEOS-derived SiO> on the
pyrolysis behavior, phase development, and the resulting porous SiOC are investigated. The SiOC
with 10 wt% TEOS within the crosslinked polymer creates the highest specific surface area of
~2100 m?/g with an average pore size of ~2 nm. The specific surface area and pore size distribution
are correlated with the theoretical results from Voronoi diagram simulation and idealized model

calculation.

A.2 Introduction

Silicon oxycarbide (SiOC) is a polymer derived ceramic through which polysiloxane
polymer precursors undergo thermal decomposition and bond rearrangement, resulting in
amorphous or nanocrystalline ceramics (or a mixture of both) with a wide range of tailorable
properties, such as high temperature stability, oxidation resistance, and electrical conductivity,
depending on the pyrolysis temperature and specific composition 1,

In general, porous SiOC can be fabricated with a wide range of pore sizes using several
different processing routes before, during, or after pyrolysis, such as by using sacrificial fillers,
sacrificial templating, direct foaming, polymer precursor phase separation, and selective removal
of phases after pyrolysis 7. However, to create ultrahigh surface areas, only controlled phase
separation during pyrolysis and selective phase removal after pyrolysis at the nanocluster level are
feasible means, which can create pores with less than 10 nm sizes and very narrow distributions.

Phase separation in an evolving SiOC system can be introduced using two different

methods. The first is through phase separation of the polymer precursors during crosslinking.
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When two or more immiscible polymers co-exist as liquid precursors, they will separate and form
two distinct phases after crosslinking. One of the phases can then evaporate after cross-linking or
decompose during pyrolysis, leaving behind pores. The SiOC ceramics created with this method
have high specific surface areas at temperatures around 600°C. However, the specific surface area
may decrease as the temperature increases due to the sintering of transient pores * 8. The second
method is by controlling phase evolution within SIOC during pyrolysis. At temperatures above
1100°C, the amorphous SiOC phase separates into free carbon and amorphous SiO2 nanodomains
along with SiOC units of different stoichiometry. Pyrolysis to even higher temperatures, e.g.,
greater than 1250°C, leads to further phase separation and thus more carbon and SiO2, as well as
nanocrystalline SiC ® °. From this point forward, the pyrolysis temperature can significantly
influence the phase separation and the separated domain sizes. After pyrolysis, certain ceramic
phases can be etched away, such as using hydrofluoric acid (HF) to remove SiO2 nanodomains or
chlorine gas to remove SiC nanocrystals, leaving behind single nanometer pores ' 1. Therefore,
nucleation and growth, concentration, and size of different ceramic phases within SiOC are critical
factors influencing the final porous SiOC materials.

SiO2 nanodomain sizes in SiOC are related to both system chemistry and processing
conditions. From ~1000°C to ~1250°C, SiO2 nanoclusters are the main separated phase along with
turbostratic carbon. In this temperature range, the SiO2 nanodomains largely remain amorphous
but the corresponding sizes increase with pyrolysis temperature. Saha et al.2 reported that the size
of the SiO2 nanodomains is also dependent on the Si:O elemental ratio of the SiOC, with larger
Si:0 ratios producing smaller domain sizes. The effect of polymer precursor molecular structure
on the resulting SiO, domain size is shown by comparing a linear polymer,
polyhydridomethylsiloxane (PHMS), and a cyclic polymer, 1,3,5,7-tetramethyl-1,3,5,7-
tetracyclotetrasiloxane (TMTS), having the same chemical composition. After pyrolysis at
1400°C, the PHMS sample has only amorphous SiO2, while the TMTS sample contains both
amorphous and crystalline SiO, * 14, After etching both samples with HF, the PHMS sample has
a higher micropore volume compared to the TMTS sample due to the presence of smaller SiO;
domains?®,

SiO, formation in SiOC can also be influenced by pyrolysis atmosphere, such as by
introducing reactive species into the pyrolysis gas, e.g., Hz2 or H20 8, Our previous work

demonstrated that injecting water vapor during the temperature range at which precursor bond
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(chain) breaking occurs results in a dramatic decrease in carbon precipitation and an increase in
Si-O-Si bond formation -8, 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, 630.41 m?/g ‘8, Liang et al.'® 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 the carbon content
compared to the samples pyrolyzed in Ar, resulting in a reduction of SiC4 and SiC,0 structural
units and an increase in SiO4 units.

Additives can be introduced into the polymer precursor to further react with the pyrolysis
atmosphere. By adding 10 wt% tetraethylorthosilicate (TEOS), a water reactive molecule, to a
commercial polysiloxane and then pyrolyzing in an Ar+H2O atmosphere, the specific surface area
of the SiOC after HF etching increases from 1108.5 m?/g for the base polysiloxane to 1953.9 m?/g
for the sample with TEOS. Additionally, the average pore size of the 10 wt% TEOS sample is 1.66
nm, less than the 3.03 nm pore size of the polysiloxane sample °. However, the evolution of the
TEQOS during the polymer to ceramic transformation or its effect on the phase separation within
SiOC is yet unknown; it is unclear whether the TEOS would interact with the SiOC system to form
SiO> or experience SiOz nucleation and growth independently.

Understanding and creating highly porous SiOC is of high interest for fundamental
understanding, such as addressing the questions related to SiO2 nucleation and growth as well as
molecular interactions of different precursors. Porous SiOC also has many exciting applications,
e.g., electrodes in lithium ion batteries, catalyst supports, thermal barriers, gas separation
membranes, and lightweight components 2?2, In this work, micro- and meso-porous SiOC
ceramics are fabricated through the addition of TEOS to a polysiloxane precursor and then
pyrolysis in a water vapor-containing atmosphere. After pyrolysis, SiO2 nanoclusters are etched
with a HF solution to create single nanometer pores. The effects of the additive amount and
pyrolysis temperature on the resulting pyrolysis behavior, phase evolution, specific surface area,

and pores of the SIOC ceramic are studied.

A.3 Experimental procedures
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A commercial polysiloxane (PSO, [-Si(CeHs)20-]3[-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, tetraethyl orthosilicate (TEOS, Si(OC2Hs)s, Sigma-Aldrich, St.
Louis, MO) was used as the additive, and 2.1-2.4% platinum-divinyltetramethyldisiloxane
complex in xylene (Pt catalyst, Gelest Inc., Morrisville, PA) was used as the catalyst.

First, solutions with PSO and either 0, 10, 20, 30, or 40 wt% TEOS were sonicated for 10
minutes and then mixed in a high energy mill (SPEX 8000M Mixer/Mill, SPEX SamplePrep,
Metuchen, NJ) for 10 minutes to form a homogeneous mixture. Next, the Pt catalyst (1 wt%
relative to PSO) was added, the mixtures were mixed again in the high energy ball mill for 5
minutes, and then poured into aluminum foil molds. The mixtures were placed into a vacuum
chamber and vacuumed for 10 minutes at 200 Torr to remove any bubbles in the solutions. After
that, the molds were put in an oven to crosslink at 50°C for 12 hrs and then at 120°C for 6 hrs. All
solutions initially had slightly greater than the listed weight of TEOS added in order to account for
the evaporation of the additive during processing: the actual content of TEOS added was 11, 22,
32, and 43 wt% for the 10, 20, 30, and 40 wt% samples, respectively. The samples were also sealed
during the curing process to prevent additional loss of TEOS. The samples designated as 100PSO
corresponded to the pure PSO sample; the samples with the additive were labelled as XTEQOS,
where X was from 10 wt% to 40 wt%, depending on the TEOS amount.

For pyrolysis, the crosslinked materials 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,? 24 and put into a tube furnace (1730-20 Horizontal Tube Furnace, CM Furnaces
Inc., Bloomfield, NJ). With an Ar flow rate of approximately 500 std cm®/min, the samples were
heated up to 1100°C, 1300°C, or 1400°C at a rate of 1°C/min, held for 2 hrs, cooled to 400°C with
a rate of 1°C/min, and finally cooled to 50°C with a rate of 2°C/min. During heating from 500°C-
700°C, the Ar gas was bubbled through water at 60°C, giving a gas flow with a Ar:H.O molar
ratio of approximately 5:1.

Etching of the bulk SiOC samples after pyrolysis was done using a HF solution (20 wt%
HF in water). The HF solution was magnetically stirred at room temperature until there was no
significant mass loss, taking approximately 4 days. The SiOC samples were then rinsed with

deionized water and dried at 120°C. Bulk density of the samples after etching was determined
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geometrically by dividing the mass after etching by the volume of the samples measured using the
image analysis software ImageJ 2.

Ceramic yield was calculated by measuring the mass of the samples before and after the
pyrolysis. The apparent density after pyrolysis was measured using the Archimedes method with
water as the medium 26, The phase compositions of the pyrolyzed samples were analyzed in an
X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, the Netherlands) with Cu Ka radiation.
The JCPDS reference cards used to identify the crystalline phases were 00-039-1425 for SiO2, 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) between 500 and 4000 cm™* wavenumber with a resolution of 4 cm™?
and averaged between 64 scans. The specific surface area, pore size distribution, and specific pore
volume of the pyrolyzed samples were evaluated using nitrogen adsorption at 77 K with a
Quantachrome Autosorb-1 (Quantachrome Instrumenets, Boynton Beach, FL), and the samples
were degassed before testing for 3 hrs at 300°C. The relative pressure range used to calculate the
specific surface area using the BET method was determined using the procedure proposed by
Rouquerol et al.?’; the calculated specific surface area should be considered as the “BET-
equivalent specific surface area” due to the complications of applying the BET theory to
microporous materials. The pore size distribution and specific pore volume were derived by
applying the Non Local Density Functional Theory (NLDFT) model for N2 adsorption on carbon
with cylindrical pores to the adsorption branch of the data 2. Assuming cylindrical pores, the
average pore size was estimated using 4000Vp/SSA, where V; is the specific pore volume, and
SSA is the specific surface area %°.

Modelling of the SiOC microstructure after etching was computed using VVoronoi software
(Rhinoceros 5.0, Robert McNeel and Associates, Seattle, WA). First, a three dimensional VVoronoi
tessellation model was created, and spheres were then placed within the center of each VVoronoi
cell to represent pores (or SiO2> nanodomains before etching) within the SiOC matrix. The pore
size distributions used in the model were generated by first fitting the experimental pore size
distributions from nitrogen adsorption with log-normal distributions. Random pore diameters
corresponding to the fitted distributions were then generated using Mathematica software
(Mathematica 11.0, Wolfram, Champaign, IL). After the generation of the cubes containing the

Voronoi cells and corresponding pores, images along the length of the cube were taken in order to
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produce 3D reconstructions of the samples (Amira 5.4.1, FEI, Hillsboro, OR), giving the specific

surface area and pore volume of the simulated SiOC microstructures after the HF etching.

A.4 Results and Discussion

A.4.1 Pyrolysis Behavior

The ceramic yields of the SIOC samples are shown in Fig. A.1 as a function of the TEOS
content at different pyrolysis temperatures. After pyrolysis at 1100°C, the ceramic yield decreases
from 71.1% to 47.6% with the TEOS content increase from 0 to 40 wt%. The samples pyrolyzed
at 1400°C also change similarly, even though in general the ceramic yield is lower, from 68.7% -
46.2% at 0 - 40 wt% TEOS addition. The yield results at 1300°C pyrolysis temperatures are in-
between those at the other two pyrolysis temperatures with no significant difference. For all the
samples, pyrolysis temperature causes only a slight decrease in the ceramic yield from 1100°C to
1300°C. From 1300°C to 1400°C, there is no significant yield change. Increasing the TEOS
content causes a continuous decrease in the ceramic yield at all pyrolysis temperatures. This
decrease can be attributed to the evaporation of TEOS from the sample at low pyrolysis
temperatures, the hydrolysis and condensation of the TEOS molecules during the water vapor
injection between 500°C - 700°C, and the evaporative species loss through Egs. (A.1)-(A.9). At
pyrolysis temperatures 1300°C and above, mass loss can also occur based on Egs. (A.10)-(A.11)
(Section A.4.2).
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Fig. A.1 Ceramic yield of the SiOC samples after pyrolysis at different temperatures.

As understood from our earlier work & 8 at >1100°C pyrolysis temperature, there is
continuous phase separation of SiO, and crystallization of SiC. Based on Egs. (A.10) and (A.11)
to be discussed later, the phase separation process may or may not induce mass loss due to the
formation of CO gas. If the phase evolution follows Eq. (A.10), the mass of the SIOC sample
should remain unchanged during the phase separation. If the phase evolution follows Eq. (A.11),
the mass of the SiOC sample should decrease. However, for the system in this work, the mass loss
is minimal, suggesting that the formation of SiC is very limited, as to be discussed later (Section
A.4.2).

The apparent densities of the samples after pyrolysis between 1100°C and 1400°C vary
from 1.62 + 0.02 g/cm?® to 1.87 + 0.03 g/cm?®. There is no consistent trend or significant change
with the pyrolysis temperature. For PSO, 10TEOS, and 20TEOS, the density ranges from 1.76 +
0.06 g/cm®to 1.88 + 0.01 g/cm®. The 30TEOS and 40TEOS samples have slightly lower densities
ranging between 1.62 + 0.02 g/cm?® to 1.83 + 0.02 g/cm®. The lower densities for the 30TEOS and
40TEOS samples is likely due to the more extensive evaporation of the TEOS molecules during
the early stages of pyrolysis leaving behind macropores in the samples rather than a fundamental
difference in the polymer to ceramic conversion, considering that lowering the PSO content in the
polymer would cause a decrease in the carbon content in the ceramic, which should increase the

density of the SiOC in this work 2*. The measured density values for the samples in this study are
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in good agreement with those obtained from previous studies with the same PSO precursor (1.6

g/cmd- 1.8 g/cm?) 18.19.24,

A.4.2 Phase evolution

To understand the effect of the TEOS addition on the chemical bonding of the system, the
FT-IR spectra of the crosslinked polymers are shown in Fig. A.2. In Fig. A.2(a), all the crosslinked
samples show sharp peaks, corresponding to the phenyl (695, 715, 740, 1430, 3000-3070 cm™)
and methyl (1260 cm™) side groups in the PSO polymer. The broad peak between 1000 and 1100
cm™* wavenumbers can be assigned to Si-O-Si 3°. With the addition of TEOS, the peaks at 785,
1170, 1298, 1390, 1440, 2890, 2929, and 2975 cm™ increase, indicative of increasing amounts of
TEOS 3L Fig. A.2(b) compares the C-H vibration at 2955 cm, found only in PSO, and 2975 cm-
! found only in TEQS, as the TEOS content in the polymer is increased. The continuous decrease
of the 2955 cm™ peak and increase of the 2975 cm™ peak indicate that the concentration of TEOS
within the crosslinked polymers increases from 10TEOS to 40TEOS, consistent with the designed

composition changes.
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Fig. A.2 (a) Normalized FT-IR spectra for the PSO-TEQS precursors after crosslinking along with
pure PSO and pure TEOS. (b) The spectra from (a) normalized to 2966 cm™ to illustrate the effect

of increasing TEOS content.
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Before the pyrolysis temperature reaches 1100°C, the fundamental phase evolution process
in the studied system can be understood by examining the mass loss. With the presence of water
vapor between 500°C and 700°C, the polymer to ceramic transformation occurs with the following

reactions: 1> 17

Si-H + H20 — Si-OH + Hz1 (A1)
Si-CH3z + H20 — Si-OH + CH4? (A.2)
Si-CH>-Si + H20 — Si-OH + Si-CHs (A.3)
Si-CH2-CH2-Si + 2H,0 — 2Si-OH + CzHs? (A.4)
Si-CH=CH2 + H20 — Si-OH + C2Hs1 (A.5)
Si-CsHs + H2O — Si-OH + CsHe1 (A.6)
Further, TEOS hydrolyzes following Eq. (A.7):

Si-O-C2Hs + H.0 — Si-OH + C2HsOH (A7)

The Si-OH bonds can then condense to form Si-O-Si bonds:
Si-OH + Si-OH — Si-O-Si + H201 (A.8)

In addition, free carbon that precipitates between 500°C and 700°C may also oxidize following
the reaction: !> 18.32

Ctree + H2O — Ho1 + CO? (A.9)
According to Egs. (A.1)-(A.9), water vapor facilitates Si-O bond formation while reducing Si-C
bonds and consuming free carbon. Fig. A.3(b) clearly reflects this when compared to samples
pyrolyzed without water vapor injection 8. The prominent formation of SiO, compared to SiC for
all of the samples is due to the decrease of Si-C bonds in the water vapor environment *°.

Fig. A.3(a) shows the XRD patterns of the SiOC samples pyrolyzed in the Ar+H>O
atmosphere at 1100°C. All the samples show an amorphous SiO- halo centered around ~23° . In
addition, all the samples exhibit a peak at ~44°, which corresponds to the (100) plane of turbostratic
carbon 2% 3% The lack of any crystalline peaks for SiO2 shows that the TEOS-derived SiO;
remains amorphous rather than crystallizing. Due to the broad amorphous peak characteristic of
SiOC ceramics pyrolyzed at temperatures below ~1200°C, the onset of major phase separation,
the amorphous SiO> within the samples cannot be distinguished from the SiOC matrix and the
samples show no differences in Fig. A.3(a) & & 3.

Increasing the pyrolysis temperature to 1400°C (Fig. A.3(b)) results in the samples
showing more obvious SiO- (22°) and C peaks (44°), as well as weak SiC peaks at 35.6°, 60°, and
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72°. The presence of the SiOy, SiC, and carbon diffraction peaks for the samples pyrolyzed at
1400°C 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:1% 7
2SiOC — SiOz(amorphous) + SiC(B) + C (A.10)
SiOz(amorphous) + 3C — SiC(B) +2CO? (A.11)
Higher TEOS contents lead to slightly more obvious phase peaks (C peak at 44° as well as weak
SiC peaks at 35.6°, 60°, and 72°). Overall, there is no major peak difference.
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Fig. A.3 XRD patterns for different polymer precursors after pyrolysis at (a) 1100°C and (b)
1400°C.

The XRD patterns for the SiOC samples pyrolyzed at 1100°C and 1400°C after the HF
etching are shown in Figs. A.4(a) and A.4(b), respectively. Dotted lines show the original positions
of the amorphous hump before etching. For the 1100°C pyrolyzed samples (Fig. A.4(a)), the XRD
patterns show a slightly lower halo with a right peak shift, indicating the removal of the amorphous
SiO2 phase. However, the difference between Figs. A.3(a) and A.4(a) is fairly small, again
confirming that the SiO> phase separation is insignificant at 1100°C. In Fig. A.4(b), however, the
samples no longer show the amorphous SiO2 hump around 23°; rather, the center of the diffused
peak shifts to approximately 24.5°, due to the contributions of the SiOC, residual SiO2, and
turbostratic carbon, which has a peak at approximately 26° from the (002) plane 3438, The SiC

peaks and the C peaks all become much more visible. This means a rather large amount of
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amorphous SiO; phase has been etched away. The etching of the SiO2 nanodomains by the HF
solution is well understood as:*8

SiO2 + 6HF — H»SiFs + 2H.0 (A.12)
In addition, a new diffraction peak emerges after etching the 1400°C samples, at approximately
78°, which corresponds to the (110) plane of carbon *. The peak at 78° was too weak to accurately
distinguish before etching, but becomes more visible after etching due to the removal of SiOa,
which effectively increases the relative concentration of both the remaining SiC and carbon phases

and thus increases their diffraction peak intensities.
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Fig. A.4 XRD patterns after HF etching of the SiOC samples pyrolyzed at (a) 1100°C and (b)
1400°C, and (c) a comparison of peak fitting before and after etching.

Fig. A.4(c) directly compares the peak splitting results from Fig. A.3(b) and Fig. A.4(b) at
~22-25°C. Before the HF etching (Fig. A.3(a)), there are three deconvoluted halos/peaks
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corresponding to SiO; (21.6°), SiOC (22.7°), and C (26.0°). The dominance of the SiO> halo is
obvious with the highest intensity. After the HF etching, only the SiOC halo (22.7°) and the C
peak are present with the peak splitting. This comparison directly shows the removal of SiO> due
to the HF etching.

A.4.3 Specific surface areas and pores

Nitrogen adsorption study was not conducted on the samples pyrolyzed at 1100°C due to
the low mass loss from etching and thus the insignificant amount of pores from the SiO, removal.
All the samples pyrolyzed at 1400°C have similar specific surface areas, specific pore volumes,
and pore sizes (see supplement in Erb et. at®®), meaning that the SiO2 nanodomains have grown to
similar sizes due to more extensive phase separation, which agrees with the high specific pore
volume and larger pore sizes. Thus, Fig. A.4 only shows the nitrogen adsorption curves for the
samples pyrolyzed at 1300°C after the HF etching. All the samples show a large adsorption volume
at low relative pressures, followed by a relative constant adsorption volume at higher relative
pressures; this adsorption behavior corresponds to the Type | isotherm, according to the IUPAC
classification, which indicates that the samples are prominently microporous with only monolayer
adsorption “°. In detail, the PSO sample has an adsorbed gas volume of 519 cm®/g at a relative
pressure ~ 1. The 10TEOS sample, however, has the highest adsorbed gas volume of 644 cm®/g.
When the TEOS content increases to 20, 30, and 40 wt%, the adsorbed gas volume decreases from
586 cm®/g and then stabilizes at approximately 553 cm®/g. This means that the phase separated
SiOz in the SiOC has a maximum at 10 wt% TEQS; higher TEOS content is not conducive for the
desired SiO, formation.
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Fig. A.5 Nitrogen adsorption curves for the samples pyrolyzed at 1300°C after etching.

The specific surface area, specific pore volume, and average pore size after etching for all
of the samples pyrolyzed at 1300°C are summarized in Table A.1. The addition of 10 wt% TEQOS
creates more surface area, with the specific surface area increasing from 1812.1 m?/g to 2107.2
m?/g from the pure PSO to the 10TEOS. This means that water vapor pyrolysis can facilitate the
hydrolysis and condensation of TEOS into SiO> during the pyrolysis following Egs. (A.7)-(A.8)
and thus increase the SiO. content in the SIOC. With additional TEOS content, however, the
specific surface area decreases to 1876.1 m?/g for 20TEOS, 1666.9 m?/g for 30TEOS, and 1794.9
m?/g for 40TEQS. This means that the amount and distribution of SiO, nanoclusters in the SiOC
also plays an important role in the specific surface area value, as to be discussed in Section A.4.4.

Table A.1 Nitrogen adsorption results for the SiOC ceramics pyrolyzed at 1300°C after the HF

etching.
BET-equivalent - specific pore
. NLDFT specific
sample apparent specific volume
surface area (m?/g)

surface area (m?/g) (cm®/g)

PSO 1812.1 2091.1 0.76

10TEOS 2107.2 2200.6 0.99

20TEOS 1876.1 1962.6 0.89

30TEOS 1666.9 1745.4 0.86
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40TEOS 1794.9 2024.1 0.85

The specific pore volume follows the same general trend as the specific surface area, with
the specific pore volume initially increasing from 0.764 m*/g for PSO to 0.99 cm?/g for 10TEOS.
Further increase in the TEOS content from 20-40 wt% has little effect on the specific pore volume,
instead it decreases from 0.89 cm?®/g for 20TEQS to 0.85 cm?/g for 40TEOS.

The pore size distributions obtained from the NLDFT fitting for the samples pyrolyzed at
1300°C are shown in Fig. A.5. For the PSO sample, the pore size distribution shows a peak at ~1.6
nm and then some broad distribution at larger pore sizes. With the addition of 10 wt% TEOS, the
pore size distribution has a wider and higher peak at 1.6-1.8 nm. In addition, a small peak at 3.5
nm emerges, and the pore size distribution becomes wider with a higher volume of pores between
2-4 nm. With an increase to 20TEOS, the peaks at 1.6 nm and 1.8 nm shrink and the peak at 3.5
nm slightly grows. Increasing the TEOS content for the 30TEOS sample causes further decrease
in the volume of small pores and pronounced increase in pores around 3.5 nm. Interestingly, the
40TEOS sample shows a similar pore size distribution as PSO, with only one peak at 1.6 nm and
a much smaller peak at 3.5 nm. It should also be noticed that the 10TEOS sample has the highest
peak height at 1.6-1.8 nm pore sizes. The other composition samples all have lower peak height,
especially for higher TEOS samples. This means that the higher TEOS samples may contain fewer
pores. Overall, for the 10TEOS sample, the specific pore volume is highest, and the pore size is

rather small. Correspondingly, the specific surface area is highest.
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Fig. A.6 Pore size distributions for the samples pyrolyzed at 1300°C.

A.4.4 SiOC microstructure understanding

Considering the ceramic yields, XRD patterns, and nitrogen adsorption results, the effect
of TEOS-derived SiO> on the formation of SiO> within SiOC can be understood as follows. During
the pyrolysis, for the pure PSO, polymer decomposition and SiOC phase separation lead to SiO>
nanocluster formation, as shown in Fig. A.7(a). For the TEOS-containing PSO, the SiO, domains
in the SIOC matrix during pyrolysis come from two sources: the SIOC matrix and the TEOS
hydrolysis. Initially, when TEOS is added into PSO, it disperses. At low TEOS content (Fig.
A.7(b)), even though some TEOS clusters might be present, they are rather small due to the similar
nature of hydrophobicity. When the SiO2 nanoclusters derived from the aggregated TEOS clusters
are small enough to be comparable with the PSO phase separation induced SiO2 nanoclusters, these
SiO2 domains co-exist with limited merging, and thus generate very larger surface areas. Such a
sample would contain more small and independent pores (Fig. A.7(b)), consistent with Fig. A.6.
This is the case for the 10 wt% TEOS sample, the TEOS-derived SiOz is relatively independent of
the SiO2 which initially forms from the phase separation of SiOC. The system has a specific pore
volume of 0.99 cm®/g, much greater than that of the PSO (0.76 cm®/g). However, as the TEOS
content increases (Fig. A.7(c)), TEOS molecule aggregation increases. When the TEOS content is
high, the resultant SiO- clusters are either large to start with due to the TEOS aggregation, or small

SiO2 nanodomains are so close that they merge and grow into larger sizes, either among themselves
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or with the PSO derived SiO- clusters. As a result, the pore sizes increase and the specific surface
area decreases. In this work, at >10 wt% content of TEQS, the results in Figs. A.5 and A.6 show
that the TEOS-derived SiO2 nanodomains can no longer remain sufficiently separate; instead, they
merge with other SiO, domains derived from either the TEOS or the SiOC matrix, creating more
pores between 3 - 4 nm without forming more pores at ~1.6 nm. The merging of the SiO, domains
can be considered analogous to phase separation of the SiOC matrix; the ceramic yield and the
etching results confirm this hypothesis. The higher TEOS content samples contain increasing
content of SiC (Fig. A.3(b) and Fig. A.4(b)), which must have occurred through phase separation
of the SIOC matrix (Eq. (A.10)) because the carbothermal reduction of SiO; into SiC (Eq. (A.11))
would have caused a significant decrease in the ceramic yield between 1100°C and 1400°C, a
lower etching mass loss, and smaller specific pore volume, none of which were observed. Thus, it
can be concluded that the initial SiO2 nuclei size is roughly 1.6 nm, and the SiO: size after phase
separation and further growth is approximately 3.5 nm. This growth of the SiO2 phase after phase
separation is supported by the nitrogen adsorption results for all of the samples pyrolyzed at
1400°C, in which all samples show a decrease in the amount of pores of <2 nm in favor of a larger
amount of pores at ~3.5 nm in size. In addition, due to the drop in carbon within the SiOC, the
SiO> clusters are more prone to evaporation into SiO gas, further decreasing the utility of the
TEQOS-derived SiO2. A qualitative illustration of the TEOS effect on the SiO2 nanocluster

formation in SiOC is shown in Fig. A.7.

(2) PSO (b) low TEOS content (< 10wt%)  (c) high TEOS content (> 10wt%)

NG Q\Q Qs Q\Q @)

Si0, SiO,Cy.,, turbostratic C hydrolyzed SiO,

Fig. A.7 lllustration of the TEOS effect on the SiO, nanocluster formation in SiOC.

111



A more thorough three dimensional understanding of the SiOC microstructure after the HF
etching was computed according to a Voronoi model, with the SiO2 nanodomains (or pores after
etching) as spheres within the center of each VVoronoi cell. The size distribution of the spheres
within the Voronoi cells was based on the nitrogen adsorption experimental results, and a
comparison between the generated values for the pore diameters and the experimental data is
shown for each of the samples in the supplement of Erb et. al *.

In this work, 50 VVoronoi cells with the superimposed pores are created within a cube with
a side length I, defined in order to match with the specific pore volume of the samples:

son 3 173 (A.13)
6 Vyp,
where d is the average pore diameter in nm, as listed in Fig. A.6, V; is the specific pore volume,

in cm?/g, as listed in Table A.1, and pp is the measured bulk density of the samples after etching
in g/cm®. They are 0.61, 0.58, 0.58, 0.57, and 0.60 g/cm?® from the pure PSO sample to the 40TEOS
sample.

The 3D images of the etched PSO, 10TEQOS, and 30TEOS samples obtained from the
Voronoi model are shown in Fig. A.8. The PSO samples have more connected pores, the 10TEOS
sample has a large number of independent pores, and the 30TEOS sample has a higher number of
connected pores, matching the earlier hypotheses based on the experimental results. Suitable
amount of TEOS addition creates more small and separated SiO> nanoclusters of similar size to
that of the PSO phase separated SiO2 nanoclusters.

C pore/SiO;
Fig. A.8 Simulated SiOC after the HF etching for the (a) PSO, (b) 10TEQS, and (c) 30TEOS
samples pyrolyzed at 1300°C. The purple color represents pores (the original SiO2 nanoclusters),

the blue color represents SiOC, and the green color represents C.
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From the 3D structures in Fig. A.8, the surface area Ssim With units of nm? is converted to
specific surface area SSAsim With a unit of m?/g, using:

SSAL - 1000 S, (A.14)
Py Vsim

where Viim is the total volume of the 3D structure of the sample in nm?3. Likewise, the porosity
from the 3D reconstruction Psim is used to calculate the specific pore volume Vpsim with a unit of
cm?®/g according to:

Osim (A.15)
Py

The results for the specific surface area and specific pore volume of the simulated samples

Vodim=

are compared to the experimental results in Figs. A.9(a) and (b), respectively. For the specific
surface area, the simulated models for all of the samples give slightly higher values than those
obtained experimentally, although all of the samples except for the PSO show only a minor shift
from the expected values, demonstrating that the model is consistent for all of the samples. The
poorer correlation for the PSO samples is likely due to the less than desired left branch of the pore
size distribution curve, which causes deviation during the curve fitting and discretization of
different sizes of pores. Likewise, the specific pore volumes from the model are consistently yet
only slightly higher than their experimental values. The higher values from the simulation than
those from the experiments are believed to be due to the inaccessibility of the small as well as
closed pores during the BET measurements, which effectively lowers the measured specific

surface area and pore volume values. The results in Figs. A.9(a) and (b) demonstrate that

113



representation of the SIOC matrix using a VVoronoi spatial distribution gives reasonable results,

allowing the visualization of the distribution of SiO, domains within the SiOC matrix.
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Fig. A.9 Comparison between the experimental and simulated (a) specific surface areas and (b)
specific pore volumes. The dashed line indicates what a perfect agreement should be between the

simulations and experiments (with a slope of 1).

To estimate the theoretical specific surface area of the SIOC matrix after etching, a simple
spherical core-shell hexagonal packing model can be created as shown in the insert of Fig. A.10,
in which one spherical SiO> domain is surrounded by different numbers of layers of turbostratic
carbon. As seen, the number of graphene sheets wrapping around the pores has a tremendous effect
on the specific surface area. When there is one turbostratic carbon layer separating the SiO-
domains, the specific surface area ranges from 1780 to 2332 m?/g for SiO2 sizes from 1 nmto 5
nm, respectively. However, when the number of separating turbostratic carbon layers is increased
to two, the specific surface area changes from 770 to 819 m?/g, a substantial decrease. Likewise,
when the turbostratic carbon layers are increased to three, four, and five, the specific surface areas
are ~450, 280, and 200 m?/g, respectively, showing continuous and significant decreases. It should
also be noticed that the diameter of the pores, from 1 nm to 5 nm, also has an observable effect on
the specific surface area when there is one carbon layer, with larger size pores causing a continuous
increase of the specific surface area. When the number of the carbon layers is two or higher, the
pore size effect on the specific surface area is negligible. It should be clarified that this observation

only applies to single size pores, not to be confused with the pores with different size distributions
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shown in Fig. A.6. Overall, a thin carbon layer around the pores is essential to achieving high

specific surface areas.
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Fig. A.10 Specific surface area calculation assuming one pore is surrounded by different layers of
turbostratic carbon and the hollow shell units pack regularly. The experimental data from this work

and other studies are also indicated by different markers.

For our studied system, the specific surface area ranges from 1667 to 2107.2 m?/g, very
close to and understandably slightly lower than these theorized values, as shown in Fig. A.10. The
specific surface areas obtained from our earlier work and other groups are also indicated on Fig.
A.10 by different symbols. It proves that very thin layers of turbostratic carbon and SiO:
nanoclusters are intimately intergrown during the pyrolysis.

For the pore volumes, using the spherical packing model with 2 layers of graphitic carbon
and 1.88 nm pore size (for the 10TEOS sample), the projected specific pore volume is still much
higher at 2.24 cm®/g. Other samples have similar specific pore volumes because of the similar pore
sizes in. A.6. The difference between the idealized model and the actual samples can be related to
many factors such as pore shape, accessibility of the pores, the composition and thus the density
of the matrix, etc.

Nonetheless, based on this theoretical idealization, the challenge in creating high specific
surface area materials is creating small size and uniform pores with a thin shell and keeping them

from merging, which would require great processing condition control.
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A.5 Conclusions

The in-situ conversion of TEOS into SiO> and its incorporation within SiOC ceramics is
investigated by crosslinking TEOS within a polysiloxane matrix and introducing water vapor
during pyrolysis. The effect of the TEOS-derived SiO> on the phase development within the SiOC
is studied. With the optimal TEOS addition (10 wt%) within the crosslinked polymer, SiO2 forms
from the hydrolysis and condensation of the TEOS with the water vapor atmosphere,
independently of the SiO» formed from the phase separation of the SiOC matrix. These
independent SiO> nuclei can be etched away, creating a higher number of ~2 nm size pores, an
increase in the specific surface area (up to ~2100 m?/g), and higher specific pore volume (~1
cm?/g). The fundamental microstructural evolution is further studied using Voronoi cell modeling

and theoretical calculation. Consistent results with the experiments are demonstrated.
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Appendix B: Synthesis of SiOC using Solvent-Modified Polymer Precursors

B.1 Abstract

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

B.2 Introduction

Silicon oxycarbide (SiOC) is an amorphous ceramic, consisting of SiOxCas.x bonds, where
O<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 polymer(s) and the processing conditions. SiOC has a
wide range of tailorable properties, such as porosity, high temperature stability, oxidation
resistance, and electrical conductivity 3. Porous SiOC has gained much attention for applications
such as electrodes in lithium ion batteries, catalyst supports, gas separation membranes,
lightweight components, and thermal barriers 4. Likewise, dense SiOC is promising in
applications such as coatings and structural components due to its resistance to
oxidation/crystallization at elevated temperatures and excellent mechanical properties * -8,

Solvents have been widely used during gelation in the fabrication of silica gels °. After
gelation, the solvent is removed either by supercritical drying, most often using supercritical CO2,
or through subcritical drying, such as drying at ambient temperature and pressure ® 12, For
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polymer derived ceramics, porosity can be introduced through the use of a solvent during
crosslinking followed by removal of the solvent by drying. The selection of the solvent and solvent
concentration has significant effects on the drying behavior, pore size, and pore morphology of
both the polymer and the SiOC after pyrolysis 2%°  Sasikumar et. al.!?2 crosslinked
polyhydromethylsiloxane and divinylbenzene in the presence of either acetone or cyclohexane as
a solvent, followed by CO. supercritical drying. After pyrolysis in argon, the sample crosslinked
in acetone had a specific surface area of 215 m?/g and a pore volume of 0.87 m®/g, while the sample
crosslinked in cyclohexane had a specific surface area of 108 m?/g and a pore volume of 0.20 m%/g.
Further, the pore size of the acetone sample was between 20-30 nm, 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 usually disappears
at temperatures greater than 600-800°C 617,

Although the use of various solvents to alter the polymer pore structure before pyrolysis
has been investigated, the effect of solvents on the pyrolysis behavior, structural evolution, and
microstructure of SiOC has not been carefully studied. Tamayo et al.!® investigated 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 remove non-bonded PDMS
molecules from the gel > 15, With increasing 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 3. For the SiOC synthesized using polyhydromethylsiloxane 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 cyclohexane after
pyrolysis at 900°C 2. Since the properties of SiOC, 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 polysiloxane crosslinked in
the presence of three different solvents: 3-pentanone, n-heptane, or isobutylbenzene. The effects
of different solvents and the amount of solvents on the resulting pyrolysis behavior, phase

evolution, and microstructure of the SiOC ceramics are studied.

B.3 Experimental Procedures
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A commercial polysiloxane (PSO, [-Si(CeHs)20-]3[-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 Scientific, Pittsburgh, PA), n-heptane (Fisher Scientific, Pittsburgh, PA),
and isobutylbenzene (Fisher Scientific, Pittsburgh, PA). The chemical structures of the three

solvents are shown in Fig. B.1.

(a) (b) (c)

(@)
H,C \)‘k/ CH; H,C \/\/\/CH3 ©/\C[;3

Fig. B.1 Molecular structures of (a) 3-pentanone, (b) n-heptane, and (c) isobutylbenzene.

CH,

First, solutions with PSO and either 0, 50, 100, or 200 vol% solvent (relative to the PSO
volume) were sonicated for 10 minutes and then mixed in a high energy mill (SPEX 8000M
Mixer/Mill, SPEX SamplePrep, Metuchen, NJ) for 10 minutes to form a homogeneous mixture.
Next, the Pt catalyst (1 wt% relative to PSO) was added, the mixtures were mixed again in a high
energy ball mill for 5 minutes, and then poured into aluminum foil molds. The mixtures were
placed into a vacuum chamber and vacuumed for 10 minutes at 200 Torr to remove any bubbles
in the solutions. 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 12 hrs and then at 120°C for 6 hrs. After
crosslinking, the molds were removed from the acid digestion vessels and dried at room
temperature for 24 hrs, 50°C for 12 hrs, and 120°C for 6 hrs 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
isobutylbenzene, respectively, and X was the volume percent of solvent (50, 100, or 200).

To prepare the samples for pyrolysis, the crosslinked specimen were cut and polished into
square pieces roughly 10 mm in length 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 *® ° and put into a tube furnace (1730-20 Horizontal Tube
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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 2 h, cooled to 400°C with a rate
of 1°C/min, and finally cooled to 50°C with a rate of 2°C/min. During heating from 500°C-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 approximately 5:1; the water vapor injection encourages SiO, formation within the SiOC, but
was not the focus of this study 2% 2L,

The chemical bonding of the polymers was evaluated using Fourier Transform Infrared
Spectroscopy (FT-IR) (Nicolet 8700 with Pike GladiATR attachment, Thermo Scientific,
Waltham, MA), which recorded light absorbance between 500-4000 cm™ wavenumber with a
resolution of 4 cm™ 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. Ceramic yield was
calculated by measuring the mass of the samples 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 specific surface area and pore volume of micro-/meso-
pores within the bulk samples after pyrolysis was measured using nitrogen adsorption at 77 K
(NOVA 2200e, Quantachrome Instruments, Boynton Beach, FL). 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. A field emission SEM (LEO 1550, Carl Zeiss
Microlmaging, Inc, Thornwood, NY) was used to characterize the microstructures of the pyrolyzed

samples.

B.4 Results and Discussion
B.4.1 Pyrolysis Behavior
The ceramic vyield values for the pyrolyzed samples are shown in Table B.1. For all the

pyrolyzed samples, the ceramic yields range from 67% - 72%. The addition of the solvents makes

insignificant difference. In general, the ceramic yield increases slightly with the solvent content.
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Table B.1 Ceramic yield, open porosity, and bulk density of the SIOC samples after pyrolysis at
1300°C.

o Open Bulk
S | Ceramic Yield . " Densit
ample orosi ensi
p (%) y y
(%) (g/cm?)

PSO 69.38+1.12 | 6.0+23 | 1.76 +0.01
50-p 69.31+0.64 | 95+4.1 | 1.61+0.01
100-p 69.05+049 | 65+2.0 |1.67+0.07
200-p 70.25+0.62 | 44+0.5 | 1.69+0.06
50-h 7025+155 | 7.9+24 | 1.72+0.02
100-h 70.29+1.04 | 11.2+2.6 | 1.65+0.02
200-h 7235+0.85 | 143+1.6 | 1.53+0.02

50-i 67.16 +0.50 | 8.8+50 | 1.70+0.07
100-i 69.62+039 | 87+11 | 154+0.07
200-i 69.63+038 | 7.9+15 | 1.71+0.01

The open porosity of the SIOC samples after pyrolysis at 1300°C ranges from 4.4 vol% —
14.3 vol%. The addition of the solvents increases the open porosity of the SIOC samples relative
to the pure PSO sample. For 3-pentanone, the porosity decreases from 9.5 vol% for the 50-p sample
to 4.4 vol% for the 200-p sample. For the n-heptane samples, the open porosity increases from 7.9
vol% for the 50-h sample to 14.3 vol% for the 200-h sample. The porosity for the isobutylbenzene
samples decreases from 8.8 vol% for the 50-i sample to 7.9 vol% for the 200-i sample. 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 literature. For example, Aravind et al. 2 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 mesoporosity within
the samples as measured by nitrogen adsorption (0.001 cm®/g for 200-p, 0.003 cm?®/g for 200-h,
and 0.0007 cm?®/g for 200-i) due to the pore collapse during the aggressive drying.

The bulk density of the samples after pyrolysis ranges from 1.53 g/cm?® — 1.76 g/cm?®. For
all conditions, the addition of the solvents decreases the bulk density of the SIOC samples relative

to the pure PSO sample. However, the bulk density trends are somewhat convoluted due to the
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inaccessible micropores to the saturating ethanol during testing as discussed earlier, closed
porosity, and the differing amounts of SiC in the samples (Section B.4.2). 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
show no trend and varies between 1.70 g/cm? for the 50-i sample, 1.54 g/cm? for the 100-i sample,

and 1.71 g/cm? for the 200-i sample.

B.4.2 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. B.2(a) shows the FT-IR spectra
of the pure PSO sample and the 200 vol% condition for each of the three solvents. All the samples
show sharp peaks at ~695, 715, 740, and 1130 cm™* wavenumber, which are characteristic of the
pheny! side group in the base PSO. The peaks at 1260 and 1426 cm™ wavenumber correspond to
the methyl side group, and a broad peak between 1000 and 1100 cm™ wavenumber can be assigned
to Si-O-Si 24 The samples 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. B.2(b) shows the FT-IR spectra for the PSO polymer and the 50, 100, and 200
vol% 3-pentanone polymers. Similar to Fig. B.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 bonding.
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Fig. B.2 FT-IR spectra for the polymer precursors after crosslinking. (a) 200 vol% solvents, and
(b) three solvent amounts for 3-pentanone. (c) TGA and dTG of 200 vol% solvent samples.

TGA of the PSO and dried 200 vol% solvent samples was conducted to determine the
presence of residual trapped solvent (Figure B.2(c)). For linear polysiloxanes, thermal
decomposition first begins at temperatures ~ 350°C due to depolymerization of the siloxane chain
forming volatile cyclic siloxane species 2 26, Thus, any significant mass loss before 350°C can be
attributed to residual solvent trapped within the polymer after drying. From the dTG in Figure 2c,
it is apparent that all 200 vol% solvent samples display a slight mass loss between 50°C — 300°C,
although the total mass loss for all samples at 300°C is only ~ 3%. Thus, although the residual
solvent could not be detected using FT-IR-ATR, TGA shows that there is a small concentration of

solvent remaining in the polymers after drying.
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Another finding from the thermal decomposition behavior of the polymers in Figure 2c is
that n-heptane decreases the overall thermal stability of the PSO, causing a mode peak in the dTG
at a ~350°C rather than at ~450°C for the pure PSO. Further, the isobutylbenzene and 3-pentanone
increase the thermal stability of the PSO polymer, both increasing the dTG peak mode to 500°C.
Typically, an increase in thermal stability of polymers can be attributed to an increase in the
crosslink density, due to either chemical bonds or physical entanglements 2 2, Given that the
solvents do not appreciably change the chemical bonding within the polymers (Figure 2a), the
increased thermal stability produced by isobutylbenzene and 3-pentanone is due either to the
solvents encouraging physical entanglements during crosslinking or any solvent remaining trapped
within the polymer having some synergistic effect on the PSO polymer stability.

Fig. B.3(a) shows the XRD patterns for the pyrolyzed SiOC samples. All the samples show
an amorphous SiO2 halo centered around ~22° 2°. In addition, all the samples exhibit a peak at
approximately 44°, corresponding to the (100) plane of turbostratic carbon 2°22, The 200 vol%
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 sample. No a-SiC is observed in any of the samples, consistent with
previous studies using the same PSO precursor 2% 2133 The 3-pentanone sample shows the greatest
amount of SiC, and the isobutylbenzene 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. B.3(a). Likely, the lower content of SiO, within the 200-p sample leads to the more
prominent (002) peak of the turbostratic carbon at ~26° 232 and causes the observed peak shift.

A similar shift has been observed for SiOC ceramics after etching out SiO2 with hydrofluoric acid
20, 21, 33,34
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Fig. B.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.

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

The fracture surfaces of the pyrolyzed SiOC samples with 200 vol% solvents are shown in
Fig. B.4. All of the fracture surfaces show identical, featureless microstructures despite 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 %37, Thus, the SEM images of the fracture
surfaces 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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Fig. B.4 Fracture surfaces of the SIOC samples pyrolyzed at 1300°C with (a) PSO, (b) 200-p, (c)

200-h, and (d) 200-i. All images are at the same magnification.

B.4.3 Fundamental Understanding

The preferential formation of B-SiC vs. SiO: for the samples with 200 vol% solvents could
be due to an increase in carbon from retained solvent molecules based on Eq. (B.2). 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 ¢ %:

2Si0OC — SiOz(amorphous) + SiC(B) + C (B.1)
SiOz(amorphous) + 3C — SiC(B) + 2CO? (B.2)

The fundamental reason for the increased SiC formation when the solvents are used can be
understood based on the diffusion and penetration of the solvents in-between the PSO chains, as
illustrated in Fig. B.5. 3-pentanone has the smallest molecular volume of the three solvents (3-

pentanone: 0.18 nm?3, n-heptane: 0.24 nm?, isobutylbenzene: 0.26 nmq), so it would most easily
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diffuse within the PSO polymer, be trapped during drying, and thus be retained during pyrolysis.
The 3-pentanone molecules would then supply additional carbon and facilitate SiC formation
following Eq. (B.2). For n-heptane and isobutylbenzene, their larger sizes hinder their ability to
efficiently penetrate in-between polymer chains, likely causing more of the solvent to be lost
during drying. At the same time, it should be understood that the trapped solvent amount on the
sample surface must be small, as it is undetectable by FT-IR (Fig. B.2). Thus, intimate mixing of
the residual solvent with the polymer chains becomes a key factor. Such effect does not directly
translate to macroscopic properties as discussed in Section B.4.1.

pyrolysis
ﬁ

turbostratic C

Fig. B.5 Solvent size effect on its ability to penetrate between polymer chains, remain within the

polymer after drying, and affect SiC formation.

The more dominant influence of 3-pentanone in forming SiC compared to the other two
solvents is shown in Fig. B.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 200 vol% solvent samples.
It should be noted that the data in Fig. B.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 between the samples. All of the solvent-containing samples
contain much less free C, close to half of the C content in the PSO sample. The 200-p sample has
the highest SiC content and the lowest SiO. and SiOC contents. The 200-h and 200-i samples
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contain similar SiOC content; the smaller size n-heptane sample contains more SiC as well as less

free C and SiO., consistent with the proposed mechanism in Fig. B.5 and Egs. (B.1) and (B.2).
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50t 46 SiO
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13 7 SiC

PSO 200-p 200-h 200-1
Fig. B.6 XRD intensity ratios of SiO; (21.6°), SIOC (22.7°), SiC (35.6°, 60°, 72°), and C (26°,

43°) for the PSO and 200 vol% solvent samples after 1300°C pyrolysis.

B.5 Conclusions

The crosslinking of polysiloxane-based polymers with different solvents and solvent
concentrations has been investigated. Compared to the sample crosslinked with no solvent, most
of the solvent-containing samples 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 used. Additionally, the SiC formation is dependent on the size of
the solvent molecules, with smaller solvent molecules leading to more SiC formation. Based on
the concentration and molecular size, the SiC formation can be linked to the retention of the solvent

in the crosslinked polymer after drying.
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