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Abstract

SYNTHESIS AND CHARACTERIZATION OF POROUS AND DENSE SILICON

OXYCARBIDE (SiCO) MATERIALS

Susana Isabel Aguirre-Medel, PhD

The University of Texas at Arlington, 2019

Supervising Professor: Peter Kroll

In the field of materials discovery, the appearance of Polymer Derived Ceramics
(PDC'’s) over 30 years ago represents a breakthrough in materials science and
development. The PDC route represents significant advantages in ceramic science and
technology. This route enables synthesis of bulk ceramics, fibers, porous ceramics and
coating materials that are stable at temperatures up to 2000 °C. PDCs can be separated
into binary and ternary systems. Examples of binary systems are silicon carbide (SiC)
and silicon nitride (SisN4 ). Ternary systems include silicon carbonitride (SiCN) and
silicon oxycarbide (SiCO). One very important feature of PDCs is their crystallization
resistance. For example, silica (SiO2) crystallizes into cristobalite while the SiCO system
remains amorphous.

Recent insight into the micro and nanostructural features of these materials has
provided understanding of the properties of these materials and their applications. The
development and applicability of PDC materials is interdisciplinary requiring expertise
from physicists, chemists, material scientists, engineers, and mineralogists.

In this work, we focus our investigation into the ternary system SiCO. Our

objective is to contribute to the field of PDC materials by investigating microstructural,



physical and chemical properties of these materials. First, we present the synthesis and
characterization of SiCO aerogels and provide insight into the importance of solubility
parameters in the microstructural features of these materials. We synthesized SiCO
aerogels and reported the importance of polymer solubility and swelling in the
microstructural features of these materials.

Then, we present the synthesis of ambient dried SiCO ceramics and
characterized their microstructural features as well as the adsorption efficiency. We
compared the adsorption efficiency of porous SiCO to mesoporous silica and activated
carbon. Porous SiCO had outstanding adsorption ability towards methylene blue (MB)
and results indicated that highest Specific Surface Area (SSA) is not the most important
characteristic in the adsorption of dyes in these materials.

To investigate more closely the polymer to ceramic conversion of these SiCO
materials, ambient-dried SiCO were annealed in inert atmosphere starting from 400 °C
up to 1000 °C. Nitrogen adsorption analysis along with FE-SEM imaging suggest that
pore development as well as particle shrinkage of SiCO play a role in the microstructural
properties of sol-gel derived SiCO ceramics.

Last, to investigate high temperature behavior of SiCO PDC ceramics, we
synthesize carbon-rich SiCO bulk ceramics when annealed up to 1500 °C. We obtained
information about the phase separation of SiCO ceramics, the increase of SiC crystalline
growth and the presence of small and decreasing graphite peaks with increasing
annealing temperature. XRD and Raman analysis show increased arrangement of the

free carbon phase present in these SiCO ceramics.
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Chapter 1

Introduction

1.1 Aerogels

Aerogels are porous materials with properties such as optical transparency (up to 99
%), low density (0.003 - 0.8 g/cm?®), high porosity (95 to 99 %)" low thermal and low dielectric
constant, low sound velocity (100 m/s)?3, and low conductivity (~0.01 W/mK).* These porous
materials have a wide array of applications in research and industry including adsorption,
catalysis, sensing, and insulation.® Kistler coined the term aerogel in 1932 to refer to gels in
which the solid network does not collapse when the liquid is replaced with gas. Kistler applied
the supercritical drying technique for the first time.® This procedure prevents the formation of
gas-liquid interphase, which causes mechanical tension in the liquid and pressure of the walls
that cause gel shrinkage.® The main advantage of supercritical extraction is the almost complete
elimination of capillary forces?, which minimizes pore collapse.
1.2 SiCO Materials
Silicon oxycarbide (SiCO) materials belong to the polymer-derived ceramic (PDC)

synthesis route.” SiCO materials have general composition as SiC«Ox(1x)+ YCrree.!? Free
carbon content in these materials affects their physical and chemical properties.'"® For
example, an increasing amount of free carbon forms a percolating network which increases the
electrical conductivity,” as well as increasing the stability of SiCO. Kleebe et al. studied this
material and found that SiCO with greater carbon content displays higher elastic modulus and
increased oxidation resistance in comparison to pure silica.’> Moreover, SiCO remains
amorphous above 1200 °C, where pure silica (SiO,) crystallizes."® The improved properties of
SiCO in comparison to SiO,, are motivating for the synthesis of SiCO aerogels. Aerogels are
solid porous materials well known particularly for their small pore size, large specific surface
area (SSA), and for displaying the best optical transmission observed in porous materials as
well as displaying a variety of interesting properties.* The structure of SiCO materials is varied
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and depends on molecular precursor, composition, and synthesis conditions.' For example, the
hydrogen content in the structure varies with exposure temperature in synthesis. At
temperatures below 1000 °C, the material appears homogeneous and amorphous, and at
temperatures above 1200 °C, SiCO undergoes phase separation with SiC, carbon, and SiO,.12
15 One peculiar feature of SiCO is the possibility of dissolving significant amounts of carbon
within the glass network, which is not feasible using common solid-state synthesis methods.
As a consequence, SiCO is only synthesized through the molecular route because the solubility
of SiC in silica is about 1%.'® Silicon oxycarbide possesses a large mole fraction of carbon
along with the silica structure accounting for improved crystallization resistance. SiCO displays
greater resistance to oxidation' and corrosion in comparison to pure silica."”” Whereas silica
crystallizes into cristobalite at 1200 °C, SiCO remains amorphous up to 1250 °C."® At
temperatures close to 1300 °C, SiCO undergoes phase separation into silicon carbide, silica,
and free carbon, but the silica phase remains amorphous up to 1500 °C." The following figure

shows the phase composition of silicon oxycarbide materials.

: Vo V.o y
SiC O, =1=8i0,+(1-=)SiCt+(x+=-1)C
SiCO glass “free” carbon

Figure 1-1 SiCO composition (SiCO glass and "free" carbon)
The following figure displays the schematic composition diagram for a SiCO system.
SiCxOy represents the overall composition of a given sample. The SiCO separation mechanism
is divided into two steps. Initially, the SiCO system separates into free carbon and amorphous
SiOxCy. This separation is located on the tie-line between SiOz and SiC phases. The second
step involves phase separation of the SiOxCy into SiC, SiOz2, and other intermediate SiCO

compositions which are located along the SiC-SiO: tie-line.'
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SiC

Si

Sio,

Figure 1-2 Composition diagram for silicon oxycarbide materials

1.3 SiCO Aerogels

SiCO aerogels are commonly synthesized via the sol-gel or the polymer-route. The
polymer- route involves the crosslinking of organic-inorganic polymers such as siloxanes to form
a gel. After gelation, solvent exchange is performed to eliminate unreacted precursors.
Afterward, drying is traditionally performed using supercritical drying (generally with CO,) to
obtain a preceramic gel. The solvent used in synthesis impacts density, porosity, and surface
morphology.'® The objective of using supercritical drying is to prevent pore collapse by the
elimination of liquid-gas interphase.? Subsequent heat treatment transforms the material into an
amorphous ceramic. SiCO aerogels have a density ranging from 0.250 to 0.950 g/cm®7, and
porosity of 55 to 90 vol %. PDC aerogels have been synthesized and characterized for gas
sensing,'® anodes for Li-ion batteries,?° water purification,?! and electromagnetic adsorbers.??

Chapters 2, 3, and 4 are devoted to the investigation of porous SiCO materials. First,
chapter 2 presents a study of SiCO PDC aerogels synthesized using a variety of solvents to
analyze the effects of polymer solubility. Recently, some research has focused on the
investigation of SICO aerogels using acetone as solvent.2*2* We investigate microstructural
properties of aerogels synthesized with four different solvents, and compare our results to
provide a rationale for these particularities.

Chapter 3 investigates ambient dried porous SiCO materials, sol-gel SiCO porous

materials are reported in the literature.?>?" In this chapter, we present a different synthesis
17



method for SiCO porous ceramics. We characterize these materials before and after ceramic
conversion and present a comparison study of SiCO ceramics to mesoporous silica and
activated carbon in the adsorption properties of the cationic dye methylene blue (MB). Chapter
4 shows the investigation of the ceramic conversion of these materials. We take a close look at

the microstructural characteristics of SiCO materials when annealed up to 1000 °C.

1.4 PMHS/DVB System Importance

The PMHS + DVB (polymethylhydrosiloxane + divinylbenzene) system was first
introduced to study the microstructural evolution of SiCO ceramics with a high amount of free
carbon. The PMHS + DVB system was introduced by Kleebe and Blum in 2005.28 Later on, a
thorough spectroscopic investigation of carbon-rich SiCO ceramics was published.?®
Subsequently, a systematic study of these ceramics was done, transmission electron
microscopy (TEM) was used to investigate the evolution of the free carbon phase from 1000 to
1450 °C. The microstructural evolution of SiCO ceramics showed a material that remained
primarily amorphous with a turbostratic carbon phase and SiC nanoparticles.?

More recently a systematic study of PMHS + 60% DVB SiCO materials was published,
where they used TG-MS, Raman, NMR, SEM, and optical microscopy to investigate the
pyrolytic conversion of these materials up to 1450 °C.3° Other studies have investigated the
polymer to ceramic conversion of PHMS+DVB ceramics.'” 3132 As well as the crosslinking of
only PMHS using a platinum catalyst.33

Chapter 5 of this thesis provides a systematic investigation of a 2:1 mass ratio of
PHMS: DVB SiCO ceramic annealed from 1000-1500 °C. In this work we have prepared
samples in 100 °C increments in order to provide a detailed study in this temperature range.

The XRD analysis provides information about the progressive increment of SiC
crystalline growth as well as the presence of small and decreasing graphite peaks with

increasing annealing temperature. The XRD analysis provides information about the formation
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of graphite in these materials, and along with Raman analysis, we investigate the free carbon

phase present in these SiCO ceramics.
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Chapter 2
Effects of Solvents on Microstructural Features of Poly(methylhydrosiloxane)/Divynilbenzene
Aerogels
Abstract
The impact of solvents on the microstructure of
poly(methylhydrosiloxane)/divinylbenzene (PMHS/DVB) aerogels was investigated. The gels
are obtained in highly diluted conditions via hydrosilylation reaction of PMHS bearing Si-H
groups and cross-linking it with carbon-carbon double bonds of DVB. Polymer aerogels are
obtained after solvent exchange with liquid CO, and subsequent supercritical drying. Samples
are characterized using microscopy and porosimetry. Common pore-formation concepts do not
provide a solid rationale for the observed data. Solubility and swelling of the cross-linked
polymer in various solvents are major factors governing pore formation of these PMHS/DVB
polymer aerogels. Four different types of organic solvent (n-hexane, cyclohexane,
tetrahydrofuran, and acetone) have been used while keeping all the other synthesis parameters
fixed. Results indicate the importance of polymer solubility and swelling in the obtained SiCO
aerogels.
2.1 Introduction
Although the PDC (Polymer Derived Ceramic) route has been extensively used for
synthesizing Si-based ceramics, it was not until recently that SiC, SiCN and SiCO aerogels
were synthesized using the PDC route.** In this process, first, a polymer aerogel is synthesized
and then converted, through a pyrolysis process in inert atmosphere, into the corresponding
PDC aerogel. The polymer aerogel is synthesized via hydrosilylation of a Si-based polymer
bearing Si-H bonds with molecules bearing C=C moieties.® The cross-linking is performed in
highly diluted conditions.
PDCs aerogels have been found to have different applications. For example, SiCO

aerogels were found to show good sensing response towards N, at 300 °C and H, at 500 °C.°
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In a separate study SiCO aerogels showed high specific reversible capacity of more than 900

mAh/g with 360 mAh/g (10 C) charging rate.’
2.2 Experimental

2.2.1 Chemicals

Poly(methylhydrosiloxane), PMHS (MW~1900, CAS: 63148-57-2) and divinylbenzene
(DVB, technical grade, 80%, CAS: 1321-74-0) were purchased from Alfa Aesar (Alfa Aesar
Ward Hilt MA, USA). The solvents, cyclohexane, and acetone were bought from J. T. Baker
(Fisher Scientific Italia, Rodano, Italy), tetrahydrofuran (THF) from Sigma-Aldrich (Sigma-
Aldrich, Saint Louis, MO, USA) and n-hexane from Chem-Lab (Chem-Lab, West-Vlaanderen,
Belgium). Karstedt's catalyst (platinum divinylmethylsiloxane complex, ~2% in xylene (CAS:
68478-92-2)) was bought from Sigma Aldrich, Saint Louis, MO, USA. All the chemicals were
used as purchased without any further purification step.
2.2.2 Aerogel Synthesis

All samples were prepared with a 1:2 mass ratio of PMHS to DVB. In a standard
reaction 0.5 g (0.47 cm®) PMHS and 1.0 gram (0.93 cm?®) DVB were mixed in 5.5 g of solvent.
The mixture was homogenized with a magnetic stirrer for two minutes before 10 pL of the Pt
catalyst was added under stirring for another two minutes. After that, the mixture was
transferred into a pressure reactor (Parr acid digestion vessel; model 4749 Parr, IL, USA) and
placed into a furnace at 150 °C for 3 and 6 hours. After crosslinking the sample was taken off

the furnace and allowed to cool to room temperature.

2
CH
Hsc. CHs
CH; CHs C-si_—cH,
Si—0-Si-0 o Pt
Si—=CH
H H n = H3C \CH3

Figure 2-1 From left to right: PMHS, DVB and Karstedt’s catalyst used for aerogel synthesis
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Figure 2-2 Aerogel synthesis scheme

The wet gels were extracted from the container and washed five times with fresh
solvent to eliminate unreacted reagents and the Karstedt’s catalyst. Figure 2-2 displays the
aerogel synthesis scheme. After synthesis, the wet gel was transferred into a homemade CO,-
reactor equipped with two glass windows that allow visual control of the solvent exchange with
CO, and supercritical drying process. Inside the reactor, the sample was washed with liquid
CO, at 10 °C twice a day for a total of ten solvent exchanges. As the final step of the drying

process, the temperature in the dryer was slowly increased to 45 °C at a pressure of 100-110

bar. Supercritical drying was then performed overnight. The complete procedure was

performed using THF, cyclohexane, n-hexane, and acetone as solvents. Figure 2-3 shows the

supercritical dryer instrument used for the solvent exchange and supercritical drying.
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Figure 2-3 Homemade supercritical dryer

2.2.3 Characterization Procedure
2.2.3.1 Nitrogen Adsorption Analysis

Porosity characterization was performed by N, physisorption at -196 °C with a
Micromeritics ASAP 2010 instrument (Micromeritics, Norcross, GA, USA). Specific surface area
(SSA) of the samples was determined in the relative pressure (p/pg) range between 0.05 and
0.30 using the BET equation. The total pore volume (TPV) was calculated as TPV= VaD,
where Va is the volume adsorbed at P/Py0.99, and D equals the density conversion factor
(0.0015468) for the nitrogen gas as adsorbate gas. The assumption that the pores are open-
ended and cylindrical is used. The average pore size is calculated using the equation 4000

TPV/SSA with the average pore size is given in nanometers.
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2.2.3.2 FE-SEM Imaging

Microstructural characterization was performed by acquiring FE-SEM images of the
fracture surface of PDC aerogels with a Zeiss supra 60 equipment (Carl Zeiss NTS GmbH,
Oberkochen, Germany) operating in high-vacuum mode at 2.00 kV and after sputtering the
samples with a thin gold film.
2.2.3.3 FT-IR Analysis

FT-IR spectra were recorded on a Bruker's ALPHA-P FTIR spectrometer in
transmittance mode with a resolution of 4 cm™', and a scan time of 16 scans/s. Spectra were
recorded between 4000 and 400 cm™'. Prior to analysis, the samples were grinded using mortar
and pestle.

2.3 Results and Discussion

2.3.1 Appearance

After aging in the digestion vessel, the samples appear white. The appearance does
not change much after supercritical drying. The following figure illustrates a SiCO aerogel

before and after supercritical drying.

4

Figure 2-4 Aerogel before (left) and after (right) supercritical drying
2.3.2 Density and Linear Shrinkage
Extracting the solvent in the supercritical dryer causes significant shrinkage of samples.

To account for the shrinkage, we measured the height and diameter of the (almost) cylindrical
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samples before and after supercritical drying using a caliper. Bulk densities of samples were
determined using measured volume and mass. As a caveat, these measurements carry a
substantial error margin. Nevertheless, relative shrinkage and density data aligns with other
quantitative data shown in Table 1 and displays two groups of polymer aerogels: samples
synthesized in cyclohexane and THF exhibit linear shrinkage of over 30%, while samples
synthesized in acetone and n-hexane contract only about 25%. Linear shrinkage correlates
with bulk density of the aerogel. Densities of the first group (0.61-0.73 g/cm3) are about twice
as high as those of the second (0.27-0.38 g/cm3). The shrinkage data agree with previous

syntheses carried out using acetone and cyclohexane as solvents.?® Necessary for the later
discussion is the observation that in our experiments, the shrinkage occurs inside the CO,
reactor already during the first washing with liquid CO,. Although we cannot measure the linear
dimension of the sample inside the reactor, we get the visual impression that supercritical
extraction of CO, in the drying process does not cause further significant shrinkage, but that all

changes in size happened before. The following table displays the density and linear shrinkage

results.

Table 2-1 Density and Linear Shrinkage of PDC Aerogels

Sample Density (g/cm?®) Linear Shrinkage (%)
Cyclohexane-3 hours N/A N/A
Cyclohexane-6 hours 0.61 38
THF-3 hours 0.73 32
THF-6 hours 0.71 31
N-hexane-3 hours 0.28 26
N-hexane-6 hours 0.27 24
Acetone-3 hours 0.38 25
Acetone-6 hours 0.31 N/A
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2.3.3 FT-IR Analysis
Decrease of the Si-H stretching band in the SiCO PDC aerogels
Hints to the kinetic progression of the reaction. The FT-IR analysis shows the decrease of
the Si-H/Si-CHs with increasing reaction time, which suggests increased crosslinking or
reaction or increased Hz evolution when going from 3 to 6-hour gelation time. The

stretching frequency for the C-H bond also is decreased upon crosslinking of PMHS with

DVB.

Cyclohexane_3hrs
—— Cyclohexane_6hrs
—— THF_3hrs

—— THF_6hrs
— PMHS

Intensity (a.u.)

RS

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm'l)

Figure 2-5 FT-IR spectra of SiCO PDC aerogels and precursor PMHS

The following table summarizes the results of the analysis of the FT-IR spectra
displayed in the previous figure. The ratio of the integrated area of the Si-H/Si-CHs bonds is
displayed below. Only data for cyclohexane and THF is displayed. The integrated area of Si-

H/Si-CHs stretching frequencies decreases from 0.61 to 0.60 when gelation time is increased
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from hours to 6 hours for the cyclohexane sample. For the THF sample, this ratio decreases

from 0.50 to 0.30 when the gelation time is increased from 3 hours to 6 hours.

Table 2-2 FT-IR Results Including Peak Center, Integrated Area, and Ratio of Si-H/Si-CH3

Stretching Frequencies

Integrated area Si-
Peak center (cm™) | Integrated peak area .
H/Si-CH3
PMHS
Si-CHs 1261 1434.48 3.53
Si-H 2168 5067.14
Cyclohexane-3hrs
Si-CHs 1261 1221.02 0.61
Si-H 2154 749.46
Cyclohexane-6hrs
Si-CHs 1261 1268.04 0.60
Si-H 2158 757.95
THF-3hrs
Si-CHs 1261 860.50 0.50
Si-H 2158 432.78
THF-6hrs
Si-CHs 1261 1112.63 0.39
Si-H 2156 438.84

2.3.4 N2 Adsorption Analysis

Results of the porosimetry for the different samples with gelation time of 6 hours are
given in Table 2-3. It is worth noting, that the porosimetry was performed only for samples
synthesized with a 6-hour aging time. We find the highest Specific Surface Area (SSA) of 392
m?/g for the aerogel synthesized in acetone, and the lowest SSA (120 m?/g) for the aerogel
synthesized in cyclohexane. The smallest average pore diameter in a sample is 6.4 nm (THF),
and the largest is 25.7 nm (n-hexane). The highest pore volume of an aerogel is 1.99 cm®/g

using n-hexane as the solvent, and the lowest occurs for the aerogel synthesized in THF.
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Table 2-3 N2 Adsorption Analysis for SiCO PDC Aerogels

N-hexane |Cyclohexane| THF Acetone
SSA (m?g) 303 120 231 392
Porosity (cm®/g) 1.99 0.59 0.43 1.82
Average Pore Diameter (nm) 25.7 14.7 6.4 18.8
3.5 ,
=== cyclohexane
34 —— acetone

dV/dlogW Pore Volume (cm*/g nm)

1 T 1
0 20 40 60 80 100 120 140

Pore Diameter (nm)

Figure 2-6 Pore size distribution of SiCO PDC aerogels (6 hour-aging)

The pore size distribution graphs for the SiCO PDC aerogels show that cyclohexane
and THF have narrow pore size distributions and are smaller in average diameter. The n-
hexane and acetone samples show larger average pore sizes as well as a broader pore size
distribution. The isotherms for the SiCO PDC aerogels show that acetone and n-hexane adsorb
a higher amount of nitrogen, in comparison to cyclohexane and THF. These results are

consistent with the SSA calculated for the samples.
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Figure 2-7 Isotherms of SiCO PDC aerogels (6 hour-aging)
2.3.4 FE-SEM imaging

FE-SEM pictures show microstructural results that are consistent with the values and
trends. Samples obtained using cyclohexane or THF as solvent exhibit a denser microstructure
and smaller pore sizes, consistent with the higher density. These results are complemented by
small pore volume, small average pore diameter, and small specific surface area. On the other
hand, samples synthesized in acetone and n-hexane display a more open porous
microstructure, consistent with a lower measured density. Porosimetry of these samples yields
larger pore volume, larger average pore diameter, and high specific surface area.

The observed porosities are typical for silica-based aerogels.>* Pore and surface
characteristics fall into the range of data reported for polymer aerogels from polysiloxane and
polycarbosilane precursors.?® In particular, our results are consistent with previous experiments
of aerogels from PMHS and DVB.%°

The following images show the FE-SEM images for PDC aerogels with 3-hour and 6-

hour gelation time. The figures display the FE-SEM images, which show the formation of a
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colloidal structure. The images show the comparison between the aerogels synthesized with
the same solvent, but different synthesis times. FE-SEM for SiCO synthesized with acetone

was only taken for the 6-hour gelation sample.

EHT = 2.00kV Signal A = SE2
__ Wp=s&imm Mag = 150.00 K X

Figure 2-8 FE-SEM micrographs of SiCO aerogels synthesized with cyclohexane (to the left 3-

hour aging time, to the right 6-hour aging time)

3 £ 2 A~ 3
Signal A = SE2 BIOtech 100 nm EHT = 200kV
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SIORED 42 gy,
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Figure 2-9 FE-SEM micrographs of SiCO aerogels synthesized with n-hexane (to the left 3-hour

aging time, to the right 6-hour aging time)
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Figure 2-10 FE-SEM micrographs of SiCO aerogels synthesized with THF (to the left 3-hour

aging time, to the right 6-hour aging time)
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Figure 2-11 FE-SEM micrograph of SiCO aerogel synthesized with acetone (6-hour aging time)

There is no significant difference in the FE-SEM micrographs for the samples
synthesized with 3 and 6 hours aging time using the same solvent. We will compare FE-SEM

images of the samples that have the most distinct microstructural features and synthesized with

a 6-hour aging time. These two samples are the samples synthesized with acetone and THF.

In Fig. 2-12 we compare images for samples synthesized in THF and acetone. The porous

microstructure of both polymer aerogels is typically explained by aggregation of small

particles.3%-3¢ Results suggest that the aerogels were formed via the precipitation-polymerization

mechanism. Precipitation-polymerization mechanism is the crosslinking of monomers or

crosslinkers occurring in a homogeneous system. This formation eventually leads to
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precipitation of the crosslinked polymer network. Particle sizes and pore diameters of the two
samples are different; however, the sample synthesized in THF displays a finer microstructure

in comparison to the coarser microstructure of the sample synthesized in acetone.

| EHT = 200KV Signal A= SE2
WD = 7.9mm Mag = 100.00 K X L }7—{” ~ _WD=76mm Mag = 100.00KX _

Figure 2-12 FE-SEM micrographs of SiCO aerogels synthesized with acetone (left) and THF
(right). 6-hour aging time for both aerogels. Albeit the scale bar is different, the magnification is

the same

2.3.5 TEM Imaging

The following TEM pictures give a qualitative appreciation of the pore size of the aerogels
synthesized with acetone and cyclohexane with 6 hours of aging time. TEM images for the rest
of the samples are not presented. The TEM pictures along with the FE-SEM micrographs help
provide an approximation of the acetone sample pore size ranging from 20-30 nm, and for
cyclohexane to be from 15 to 20 nm. In the FE-SEM pictures, it is possible to see a denser

structure for the cyclohexane sample; this is consistent with the following TEM pictures.
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Figure 2-13 TEM pictures of SiCO PDC aerogel synthesized in acetone (6-hour aging) showing

an approximate pore size of 20-30 nm in diameter

100 nmy 100 nm

Figure 2-14 TEM pictures of SiCO PDC aerogel synthesized in cyclohexane (6-hour aging)

showing an approximate pore size of 15-20 nm in diameter

2.3.6 Relating SSA to Solvent Properties

The use of solvents to modify and control the porosity of aerogels is well documented in
the literature.? '® Solvents impact reaction rates during gel formation, capillary stresses during
drying, and, ultimately, the structure of final products. Solvents are used for the extraction of
gels and to modulate the capillary stresses caused during drying. Mixtures of polar and non-

polar solvents have been used to modify pore structures of silicon oxycarbide xerogels.'®
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In search of a rationale for the observations collected in Table 2-3, we related various
solvents properties to the aerogel characteristics (SSA, average pore diameter, pore volume).
We tested viscosity and solubility of solvents, polarity index and vapor pressure, no trend was
seen in the surface morphology of aerogels (SSA, average pore diameter, and porosity). The
only trend found was for solvent characteristics and vapor pressure. Vapor pressure of solvent
correlates best with SSA of the aerogel. These results indicate that solvent parameters
influence the development of the nano and microstructure of SiCO aerogels when the synthesis
is started with the same preceramic materials and composition. However, vapor pressure alone

does not offer a rationale to explain the observed trends.
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Figure 2-15 Specific Surface Area (SSA) plotted as a function of vapor pressure (at 25 °C) of

solvent for the four solvents used in this study

We became more successful by considering the solubility of the PMHS/DVB polymer

system in the respective solvent. Solubility is intertwined with the degree of swelling of a
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polymer network in a solvent. We used solubility and swelling concepts, to provide a rationale
for porosity and surface characteristics of the PMHS/DVB polymer aerogels. Solubility of
polymers is best described using Hansen’s approach to solubility.3” 3 The three Hansen
parameters, dd, Op, and dh, provide a semiquantitative measure of nonpolar (3d), polar (dp),
and hydrogen-bond (8h) interactions for a system. They span the three-dimensional Hansen
Solubility Parameter (HSP) space, and any molecular compound is represented by a point in

HSP space. Mutual solubility is quantified by the distance R4 between two compounds (index 1

and 2) in HSP space: Rp = 4(3q, =04, )2 +(6p1 —6p2 )2 +(®p, —Op, )2. Essentially, for a specific
solute, a “good” solvent is found in short distance R4, while a “bad” solvent has a large RA.
The set of “good” solvents for a given solute falls within a sphere, termed Hansen sphere, while
solvents considered “bad” are located outside that sphere. Note that the radius of Hansen
spheres of different solutes can be different. Moreover, since the parameters are related to

Gibbs energies, Hansen spheres ultimately depend on temperature and pressure.

Table 2-4 Hansen Parameters (units MPa®%) of Solvents Used in this Study."” &1 is the Total

Solubility Parameter, 812 + 842 + 8p? + &r?

Solvent ot Od Op On
cyclohexane 16.8 16.8 0.0 0.2
tetrahydrofuran 19.4 16.8 5.7 8.0
acetone 19.9 15.5 10.4 7.0
n-hexane 14.9 14.9 0.0 0.0

For solvents used in this study, Hansen solubility parameters are listed in Table 2-3.
Unfortunately, no solubility parameters exist of the PMHS/DVB system. We estimate the
parameters from small molecule data (e.g., styrene) and data for polydimethylsiloxane (PDMS).
Hansen parameters of styrene are 54= 18.6, d,= 1.0, 8, = 4.1.% Multiple parameters have been

reported for PDMS, for which solubility in organic solvents depends on the degree of cross-
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linking (molecular weight) and temperature. For a high-weight (long-chain) PDMS polymer
Hansen parameters of 5= 17, 5, = 4, &, = 4 have been suggested.*® Combining data for
styrene and PDMS, we find that solubility parameters of the PMHS/DVB system likely fall into
the range 84 = 17-18.5, 5, = 1-5, 8, = 4, with some uncertainty about the exact values. It turns
out that even with this uncertainty, the distinction between THF and cyclohexane as solvents for
the PMHS/DVB system on one side, and acetone and n-hexane on the other side, are well
explained by their respective distance R, to PMHS/DVB in HSP space. Assuming a simple
average of PDMS and styrene, we obtain solubility parameters for the PMHS/DVB polymer
system of 83 = 17.8, §, = 2.5, &, = 4.0. Using these values, R, to cyclohexane, THF, acetone,
and n-hexane, is 5.0, 5.5, 9.6, and 7.5 respectively — and a clear distinction between
cyclohexane and THF on one side, and n-hexane and acetone on the other side emerges.
Variations of the parameters for PMHS/DVB within the proposed range do not change the
grouping. Consequently, we establish that cyclohexane and THF are better solvents for
PMHS/DVB than acetone and n-hexane. For the rest of our discussion, we may call them
“‘good” and “bad” solvents, respectively.

However, how does solubility of the polymer impact pore formation in the corresponding
aerogel? We emphasize here the importance of swelling of a polymer for pore modification of
an aerogel. Swelling of a polymer and its solubility in a solvent are intertwined. Indeed, swelling
data is used to determine solubility parameters.*! 42 There is ample evidence in polymer
chemistry that the higher the solubility, the higher is the degree of absorption of the solvent into
the polymer and, as a consequence, the higher is the swelling of the polymer. Swelling
happens for hydrogels (e.g. used in diapers). Linear swelling of a siloxane polymer (e.g.
PDMS) can differ by more than a factor of 2 depending on the solvent. 43

To provide a rationale for pore formation with swelled polymers, we assume that the
size of precipitating microgel particles, their “radius of gyration,” depends only on the polymer

itself and is independent of the solvent used. Hence, the characteristic size of the microgel
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particles is the same in all our experiments, no matter whether we use acetone or THF as
solvent. Since a good solvent causes a high degree of swelling, the volume content of a “good”
solvent — alternatively, the better swelling agent — within a gel particle is larger than that of a
“bad” solvent. If the solvent is removed, the microgel particles shrink, and the higher the degree
of swelling, the higher the particle shrinkage. The concept of microgel particle formation and
shrinkage is illustrated in Fig. 2-16. This model agrees with the data of linear shrinkage in Table
2-1: the higher shrinkage occurs for the “good” solvents, THF and cyclohexane, and lower
shrinkage is observed for the “bad” solvents. Since the wet gel is build up by coalesced
particles, the smallest particles, which originated from the better swelling agent, build-up the
structure with smallest average pore diameter. This conclusion agrees with the observed
average pore diameters in Table 2-2. Since the PMHS/DVB polymer aerogels are essentially
build up by similar units in the same way, and the only difference after solvent extraction is the
size of the gel particles, a simple scaling yields that structures with larger shrinkage and smaller
pore diameter also have the smaller SSA. This consequence should not be confused with
trends according to which smaller particles yield higher SSA. SSA is a quantity specific per unit
mass, and not per unit volume. According to the data in Table 2-1 polymer aerogels’ densities
in this study differ by up to a factor of two. If indeed we are looking for the surface area per

volume of sample, then we find that THF yields the highest surface area per volume of polymer

aerogel.
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good solvent bad solvent

gel-particle precipitation

~35 % linear shrinkage ~ 13 % linear shrinkage

Figure 2-16 lllustration of microgel particle formation and shrinkage for PMHS/DVB polymer
aerogel formation in a “good” solvent such as cyclohexane (left) and a “bad” solvent such as
acetone (right). Solvent molecules are depicted in red; polymer strands are shown as black

lines
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The three solvent characteristics, namely vapor pressure, Hansen solubility parameters,
and ability to swell a polymer, are strongly correlated. Only recently, Rumens et al. provided a
fine study highlighting the connection between Hansen solubility parameters, vapor pressures of
organic solvents, and the resulting degree of swelling of a polymer network based on PDMS.*
Therefore, the correlation shown in Figure 2-16 only conforms to the discussion of solubility and
swelling.

There may, however, be alternative paths available to explain the porosity and its
relation with solubility. For instance, following standard arguments of the precipitation-
polymerization mechanism, a good solvent will cause the formation of larger particles before
precipitation, while a bad solvent causes small particles.*> We would expect acetone and n-
hexane to yield the smaller particle, and THF and cyclohexane to form the larger, which
appears to contradict the FE-SEM observation in Fig. 2-12.

Moreover, without fundamental differences in the particle’s internal structure, the larger
nuclei will result in the larger pore size diameters, since the interstices between the nuclei are
larger as for smaller nuclei as well. Smaller nuclei, produced using a “bad” solvent (acetone, n-
hexane in our case) would produce smaller pore size diameters. This explanation, however, is
in opposition to the observed data in Table 2-2. Consequently, a precipitation- polymerization
mechanism does not seem to apply in our case.

Another concept is frequently invoked for porous co-polymeric resin (PCR) materials. 4¢-
47 As a general guide, “good” and “bad” solvent porogons separate from polymer particles at
different stages of the polymerization. “Bad” solvent porogons separate early, which allows
microgel particles to fuse and aggregate quickly, resulting in a coarsening of the morphology.
This yields pores with large average diameter and resins with rather low SSA. “Good” solvent
porogons, on the other side, separate late and microgel particles retain more of their
individuality. Average pore diameters are then lower, and SSA of such resins is larger. While

porosity of many porous resin materials synthesized via suspension polymerization can be
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tailored following this reasoning,*” the explanation does not apply for the PMHS/DVB system we
study. To provide further support for our hypothesis or to disprove it, we propose experiments
that yield information about the size of the microgel particles during structure formation, for
example, static and dynamic light scattering.*®4% A synthesis approach will be to exchange
“good” and “bad” solvents during the synthesis procedure to investigate, which step is most
responsible for forming the morphology of the porous material.

2.4 Conclusion

Results show that the solvent influences porosity, average pore size, and specific
surface area. The different gelation times did not show a significant difference in the structure of
the SiCO aerogels. The vapor pressure of solvents has an impact on the SSA of the SiCO
samples. The FE-SEM pictures show the colloidal gel structure of the aerogels, and the
different microstructure obtained by changing the solvent. Characterization was done using FT-
IR, TEM, SEM, BET, and BJH analysis. The maximum Specific Surface Area (SSA) obtained
was 392 m?/g for the aerogel synthesized with acetone with 6 hours. Average pore diameter
ranges from 6.4 nm to 26.5 nm, and maximum porosity was 1.99 cm?g for the aerogel with n-
hexane as solvent.

Results indicate that pore formation and control of pore morphology in processing
PMHS/DVB polymer aerogels is strongly related to solubility and swelling of the polymer during
synthesis. Our results show that the solvent influences porosity, average pore size, and specific
surface area in a particular way, which is not explained by common pore- formation concepts.
We outline a new hypothesis for pore formation of polymer aerogels synthesized by
PMHS/DVB, which invokes solubility and swelling of a polymer. Further experiments in aerogel
synthesis, in particular with mixtures of solvents, are needed to provide additional validation to

it.
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Chapter 3
Synthesis of Ambient Dried SiCO Materials and Their Potential for Environmental Remediation
Abstract

Highly porous silicon oxycarbide ceramics were synthesized using sol-gel precursors.
Annealing of these materials in inert atmosphere leads to SiCO ceramics. The sol-gel method
and the polymer-derived ceramic (PDC) method allow for the synthesis of ceramic structures
that are not attainable by typical solid-state methods.

The synthesis method involves hydrolysis and condensation reactions to obtain a cross-
linked gel, which is slowly dried at 45 °C to obtain a porous material. Then, the porous SiCO
materials are transformed via thermal treatment in a controlled atmosphere into SiCO ceramics.
Characterization of adsorption efficiencies of porous SiCO, mesoporous silica, and activated
carbon was evaluated. Porous SiCO had outstanding adsorption ability towards methylene blue
(MB) organic dye in comparison to mesoporous silica and activated carbon. UV-Vis
spectroscopy was used to monitor the disappearance of the characteristic absorbance peak of
the dyes. SiCO shows about 90% adsorption towards MB in 15 minutes of contact time.

SiCO ceramic, mesoporous silica, and activated carbon’s specific surface area (SSA),
pore size distribution, average pore size, and total porosity were investigated using N2
adsorption analysis. It was observed that the microstructural properties of SiCO materials are
crucial for their performance in cleaning of organic dyes, but results indicated that the highest

SSA is not the most important characteristic in the adsorption of dyes in these materials.
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3.1 Introduction

Porous silicon oxycarbide ceramics are synthesized using sol-gel precursors®, and
polymer precursors. Porous silicon oxycarbide glasses have been made using methods such
as sacrificial templating, HF etching, and others. These methods are covered in recent review
papers.5'%2 These materials can contain a hierarchical porous structure.®® Annealing of these
materials in inert atmosphere leads to SiCO ceramics. The sol-gel method and the PDC
method allow for the synthesis of ceramic structures that are not attainable by typical solid-state
methods. SiCO structure is composed of an amorphous network of mixed silicon units SiCxOax,
with 0<x<4 where silicon is bonded to oxygen and carbon atoms.*

The chemical composition of these materials can be controlled by choice of synthesis
conditions such as precursors options, annealing temperatures®® and atmospheres.?” 56 For
example, adequate selection of precursors ratios and molecular structure allows synthesis of
SiCO materials with a variety of compositions including stoichiometric ratios.?3 57

Recently, SiCO ambient dried (ambigels) were synthesized using the sol-gel synthesis
method.?® SiCO ambigels were synthesized from bis (triethoxysilyl) methane and bis
(tryethoxysilyl) ethane and dried at ambient pressure at low temperatures.?’

Reclaiming water and providing access to clean water are grand challenges for science
and engineering. Human-made contaminants and industrial effluents are major environmental
concerns. Production and disposal of synthetic chemicals from industries, agriculture, and
general human activities increase at a faster rate than any other current environmental issue.%®
Quantity and variety of pollutants in textile wastewater is broad as it can include several dyes,
detergents, and additives.?® Specifically, dyes are used in several industries, including paper,
dying, paint, pulp, tannery, and manufacturing. More than half of the dye in wastewater is
released by the textile industry. Adsorption of water contaminants is a commonly used
purification process. This relatively simple process is economically more feasible in comparison

to oxidative processes, electrocoagulation, membrane separation, and others.®°

43



In this study, the removal of cationic dyes using porous SiCO, mesoporous silica, and

activated carbon was investigated using methylene blue (MB) solution.
3.2 Experimental

3.2.1 Chemicals

SiCO materials were synthesized using 1,2-Bis(triethoxysilyl) ethane (BTEE). BTEE
was purchased from Sigma Aldrich and was used without any further purification. Mesoporous
silica (28,860-8) was purchased from Aldrich Chemical Company, Inc, and activated charcoal
(7631-86-9) was purchased from Sigma-Aldrich (100 particle size mesh). Methylene blue (MB)
was purchased from Merck, Germany. These were used without any further purification.
Distilled water was purified with Milli-Q water purification system to 18 MQ (Millipore, Billerica,
MA). 3M HCI and isopropanol were obtained from Macron Fine Chemicals and EMD Millipore.
3.2.2 Synthesis of SiCO Ambigels

Ambient dried porous SiCO materials were synthesized using 1,2-Bis(triethoxysilyl)
ethane (BTEE). Following the synthesis outlined in Dire et al.?” BTEE was dissolved in
isopropanol and stirred until the solution appeared completely homogenous. 3M HCI was
added dropwise to achieve a molar ratio BTEE: isopropanol: HCI of 1:5:0.006. After addition of
HCI, the solution was stirred and placed in an oven to dry at low temperatures (40 °C to 50 °C)
for 60 days. Subsequently, ambient-dried SiCO was annealed in a tube furnace under Argon
flow (high purity Argon, Airgas Company). The heating rate was 5 °C/min up to 400 °C,
followed by a holding of 2 hours at 400 °C. The temperature was further raised to 1000 °C with
a rate of 5 °C/min and kept for 4 hours at 1000 °C. Subsequently, the furnace was shut off, and

the material was cooled to ambient conditions.
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3.2.3 Characterization Procedure
3.2.3.1 TGA Analysis

A Shimadzu TGA-50H was used to investigate the polymer to ceramic conversion of the
SiCO ambigel. Analysis was performed in a platinum crucible in nitrogen atmosphere, with gas
flow of 20 mL/min, and a heating rate of 5 °C/min up to 900 °C.
3.2.3.2 FE-SEM Characterization

FE-SEM characterization of SiCO sample was done in a Hitachi S-4800 Il FE-SEM.
Fracture surfaces of the SiCO material were studied. Prior to imaging, samples were coated on
a CRC-100 sputtering system using a carbon target with two-minute sputtering time.
3.2.3.3 TEM Imaging

TEM imaging for the SiCO sample was done in a Hitachi H-9500 High-resolution TEM
(Transmission Electron Microscope), which is a high-resolution microscope with an accelerated
voltage of 300 kV.
3.2.3.4 Nitrogen Adsorption Analysis

Nitrogen adsorption analysis was performed at 77 K using an ASAP 202 Micromeritics
Instrument (Micromeritics, Norcross, GA). Ambigel samples were degassed using an
evacuation ramp rate of 10 °C/min up to 90 °C. We used an evacuation rate of 5 mmHg/s with
a vacuum setpoint of 10 mm of Hg. To calculate specific surface area, we apply the BET
equation (SSAseT ) using a molecular cross-sectional area of 0.1620 nm? and a correlation
coefficient of 0.9571864. Pore size distribution and average pore diameter are obtained from
the desorption branch of the isotherm using the BJH model using the Faas correction and
Halsey thickness curve.®'52 Micropore surface area was obtained using the t-plot method.
3.2.3.5 UV-Vis Absorption Analysis

For the investigation of dye adsorption, UV-Vis absorption characterization was
performed using a UV-VIS-NIR spectrophotometer (Shimadzu UV-3600). A stock solution of 10
ppm methylene blue (MB) (Merck, Germany) was prepared using Millipore DI water. The
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solution was prepared so that it fulfills Beer's Law to ensure linearity. No further changes were
made to the stock solution.

Solution pH was 5 during the performance of the experiments. The temperature
throughout the experiments was 20 °C. In an initial experiment, 100 mg of powdered porous
SiCO material was added to 100 mL of MB solution (100 mL of a 10 ppm MB solution
corresponds to 1 mg of MB dye). After overnight stirring, 1 mL aliquot was taken from the
vessel, and the solution was centrifuged at 17800 rpm for 10 minutes. The supernatant was
analyzed using UV-Vis spectrophotometry, and after stirring the solution overnight at room
temperature, we found no significant absorption in the visible range remaining of the solution.
With this initial result; it was estimated that porous SiCO has a specific adsorption greater than
10 mg/g, but more detailed experiments needed to be performed.

For subsequent absorption experiments, we added 15 mg of porous material — either
SiCO, porous silica, or activated carbon — to 50 mL of MB solution. The solution was
magnetically stirred, and 0.5 mL aliquots were obtained at given time intervals. The aliquots
were quickly (within 15 s) transferred to a UV-Vis spectrophotometer. We characterized the
visible range between 400 and 800 nm (within 60 s), which shows an absorption maximum at

Amax = 664 nm for MB solutions. We calculated the relative absorbance according to
abs (in %)= (A, - A)/A, *100 . Aocorresponds to the absorbance of the MB solution at A=

664 nm before adding the porous material; A is the absorbance at A= 664 nm after stirring for a
determined time.
3.3 Results and Discussion
3.3.1 SiCO Ambigel TGA Analysis
Thermogravimetric analysis was performed under N2 atmosphere up to a 1000 °C with
a heating rate of 5 °C/min. TGA gives a residual mass percent of 85%. Experimental residual
mass after annealing corresponds to 90%. The high percentage of residual mass is thought to

be related to the sample’s long drying times. The weight loss below 200 °C is reported to be
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due to H20 evolution and decomposition of Si-OEt moieties and the weight loss starting from

around 400 °C is related to polymer to ceramic conversion process. "7 63 64

Weight %

250 500 750 1000
Temperature ( °C)
Figure 3-1 TGA analysis of SiCO ambigel performed in nitrogen atmosphere, inset corresponds
to the digital image of resulting SiCO material

3.3.2 FE-SEM Imaging

The following images show the unannealed SiCO ambigel and the annealed SiCO
ambigel. The FE-SEM image of the unannealed SiCO ambigel shows particle agglomeration
and provides a general idea of the microstructural feature of the material. The structural
features of the unannealed ambigel are defined by the particle arrangement. The following

image displays the FE-SEM image of the unannealed material.
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Figure 3-2 FE-SEM image of unannealed SiCO ambigel

The following images represent the annealed SiCO ambigel (1000 °C in Argon).

Materials were coated before FE-SEM imaging.

$-4800 4.0kV 6.0mm x8.00k SE(M) 5.00um S-4800 4.0kV 6.0mm x60.0k SE(M) 500nm

Figure 3-3 FE-SEM image of annealed SiCO ambigel (1000 °C in Argon atmosphere)

Figure 3-14 shows the microstructural features of the SiCO ambigel material densified

after the annealing process. Densification of SiCO materials after annealing is reported in

literature papers and reviews.>" 65
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3.3.3 TEM Imaging
TEM imaging of the unannealed SiCO material is shown before. TEM imaging provides

qualitative insight into the structure of the material.

Figure 3-4 TEM image of unannealed SiCO material

Figure 3-5 TEM image of annealed SiCO ambigel

One of the main differences between annealed and unannealed SiCO is the finer
microstructure of the annealed material. The unannealed material appears more agglomerated

and clumped together. Distinctive features are not very visible on high magnification. For the
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annealed material, higher magnification provides insight into the porosity of the sample. The
approximate particle size in the annealed material is around 10 and 30 nm.
3.3.4 Nitrogen Adsorption Analysis

The porosimetry analysis using nitrogen adsorption of porous SiCO, mesoporous silica, and
activated carbon was done prior to their use in adsorption experiments. In Figure 3-6, the N2
isotherms of the three materials are shown. Figure 3-7 displays the pore size distribution and
figure 3-8 the cumulative pore volume. The gathered microstructural information is summarized

in Table 3-1.
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Figure 3-6 Nitrogen isotherms for SiCO ambigel, mesoporous silica, and activated carbon
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Figure 3-7 Pore size distribution dV/dlog (w) vs. pore width (nm) for SiCO ambigel, mesoporous

silica, and activated carbon
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Figure 3-8 Cumulative pore volume (cm®g) vs. pore width (nm) calculated using the BJH

method from the desorption branch of the isotherm
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According to the 1985 IUPAC recommendations, physisorption isotherms were sorted
into six types. These six isotherm types have been updated in the last 30 years as new
isotherm characteristics have been identified.®® Considering the updated IUPAC classification.
We have identified the isotherms presented here for further analysis of the results. Isotherms for
SiCO, mesoporous silica, and activated carbon are presented in Figure 3-1.

The isotherms for all samples display a hysteresis loop. Hysteresis loops occur in the
multilayer adsorption process present in an isotherm and are associated with capillary
condensation. All isotherms resemble isotherm IV (a) more closely. This type of isotherm is
given by mesoporous materials such as porous oxides and molecular sieves. In mesoporous
materials, the adsorption behavior is defined by the adsorbent-adsorptive interactions as well as
the condensed state molecule interactions. One representative feature of type IV isotherms is a
final saturation plateau which can be of different lengths, or it can be an inflection point.®®

There are many different shapes of hysteresis loops. In the original IUPAC
classification from 1985, there were four hysteresis types identified®, but this list has grown due
to recent findings. Currently, there are six IUPAC hysteresis loop types associated with specific
pore structural features and adsorption mechanisms.®® The hysteresis loop that is most
resembled by SiCO sample is H2(a) hysteresis loop. H2 hysteresis loops are given by complex
pore structures in which network effects are significant. H2(a) has a steep desorption branch
caused by pore blocking or percolation present in a narrow distribution of pore necks. From the
pore size distribution, it is possible to see that the SiCO sample possesses a narrow pore size
distribution around 3 nm. This description is consistent with the IUPAC hysteresis loop H2(a).

The hysteresis loop exhibited by mesoporous silica resembles the H2(b) hysteresis
loop. This hysteresis loop is seen for samples that display pore-blocking with large neck width
size distributions. Some materials that display these features are mesocellular silica foams,

some hydrothermally treated mesoporous ordered silicas.
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Activated carbon exhibits a hysteresis loop similar to the H4 IUPAC hysteresis loop. A
feature of this hysteresis loop is a pronounced nitrogen adsorption uptake at low pressures due
to the presence of micropores. These loops are often seen for some zeolites, crystalline and
mesoporous zeolites and micro and mesoporous carbons.®® Figure 3-4 and figure 3-5 display

IUPAC isotherm and hysteresis loop IUPAC classification.
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Figure 3-9 IUPAC classification of isotherms using adsorption analysis
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Figure 3-10 IUPAC classification of hysteresis loops encountered in physical adsorption
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Methods for the determination of surface area, pore volume, average pore diameter,
and pore size distribution include using physical adsorption. Most models assume uniform pore

shapes. Figure 7 exemplifies standard simple pore models.

——
AN

Figure 3-11 Examples of simple pore models (from left to right): cylinders, slits, and voids

In actual porous solids, the pore structure is generally more complex and irregular.
Figure 8 displays some pore possibilities. These pore structures are encountered in more
complex porous materials. That is why it is important to keep in mind that actual microstructural

features of materials can be a combination of pore/sizes and shapes.

Interconnected open pores

7 -

Closed pores

Dead end open pores

\

Passing open pores

Figure 3-12 Open and closed pore types present in porous solids
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The following table summarizes the results of the nitrogen adsorption analysis for

porous SiCO, mesoporous silica, and activated carbon.

Table 3-1 Summary of Specific Surface Area, Average Pore Diameter and Porosity Calculated

using N2 Adsorption Analysis

Porous SiCO Silica Activated
carbon
Brunauer-Emmett-Teller Analysis
BET Surface Area (SSAget) (m%g) 274 332 587
Desorption average pore width (4V/A by BET) (nm) 3.9 8.7 6.8
Barret-Joyner-Halenda Analysis
Mesopore volume (cm?/g) 0.17 0.73 0.64
Average mesopore diameter (nm) 3.9 6.0 6.5
t-plot
Micropore Area (m?q) - 27 -

3.3.5 Absorption Results

Initial experiments of MB adsorption using 100 mg of SiCO and 100 mL of 10 ppm MB

solution are displayed below in Figure 3-13. These results are after overnight stirring and

centrifugation at 17800 for 10 min.
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Figure 3-13 UV-Vis spectra of 10 ppm of MB solution before and after overnight stirring with

porous SiCO

Initial results show that MB solution displays no characteristic peak of the MB dye after
overnight contact with the porous SiCO material. Further adsorption studies were conducted
using solutions of MB organic dye into which the absorbing material, porous SiCO, mesoporous
silica, or activated carbon, is added. Adsorption is measured as a function of contact time to
examine the maximum capacity. To illustrate the adsorption process that goes along with a
decrease of color intensity, we show digital images of the initial MB stock solution and the
development of the solution with time after adding porous SiCO in Figure 3-14.

Digital pictures for this process were taken before the start of the experiment, with only
MB solution, and then SiCO ambigel was added to the solution, and the color change

progression was followed at specific time intervals.
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Figure 3-14 Digital images of MB solution and SiCO ambigels after stirring for determined time

intervals

The variations in the absorption band at Amax (664 nm) at the given time intervals were
analyzed. The following table summarized the results after MB solution contact with SiCO

powder. The adsorption percentage was calculated using the following equation:

Adsorption % = % x 100

0
Where Ao corresponds to the initial UV-Vis absorbance of the MB solution and A is the
final absorbance after stirring for a determined time. The following table summarizes the UV-

Vis results after contact with SiCO powder.
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Table 3-2 Adsorption Percent of MB Solution after Indicated Contact Time with Porous SiCO

Powder
Abs at Amax (664 nm) Adsorption %
MB solution 0.908 -
2 min 0.222 76
5 min 0.135 85
7 min 0.050 95
10 min 0.036 96
15 min 0.021 98

Porous SiCO displays an adsorption percentage of 98% after 15 minutes of contact
time with MB solution. The following experiment consisted of utilizing a commercially available
activated carbon powder (100 particle (mesh) and decolorizing) from Sigma Aldrich. The same
procedure was performed as in the previous experiment, and the adsorption percentage was

calculated for the UV-Vis absorption results and displayed in Table 3-3.

Table 3-3 Adsorption Percent of MB Solution after Indicated Contact Time with Activated

Carbon Powder

Abs at Amax (664 nm) Adsorption %

MB solution 1.213 -
2 min 1.072 12

6 min 0.952 21
10 min 0.942 22
15 min 0.913 25
20 min 0.877 28
60 min 0.692 43
21 hours 0.427 79

The adsorption percentage of MB is significantly lowered using activated carbon. The

adsorption percentage of MB at 15 min of magnetic stirring with activated carbon is 25% in
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comparison to 98% when using porous SiCO. The adsorption efficiency of SiCO was also
compared to mesoporous silica (Sigma Aldrich. USA). The experiment was done following the

same procedure as before. The following table summarizes the results.

Table 3-4 Adsorption Percent of MB Solution after Indicated Contact Time with Mesoporous

Silica Powder

Abs at Amax (664 nm) Adsorption %

MB solution 1.186 -
2 min 0.908 23

6 min 0.751 37

10 min 0.486 60
15 min 0.397 67
20 min 0.336 72
45 min 0.276 78
24 hours 0.223 81

The following figure displays the time-dependent UV-Vis spectra of the three solutions.
The top right figure of UV-Vis spectra shows the time-dependent UV-Vis spectra of the MB
solution with SiCO added. The top left figure displays UV-Vis spectra corresponding to

activated carbon, and bottom spectra correspond to mesoporous silica.
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Figure 3-15 UV-Vis characterization of MB solutions (top left) with activated carbon, (top right)

SiCO material, and (bottom) with mesoporous silica

The adsorption percentage for the three different materials in respect to time is
compared in Figure 3-14. Overall, a higher adsorption percentage (%) is achieved in shorter
times using SiCO. SiCO adsorbs MB solution significantly faster and at higher amounts in
comparison to activated carbon and mesoporous silica.

Mesoporous silica adsorbs MB solution significantly higher in comparison to activated
carbon. At 15 minutes of contact time, the adsorption percentage (%) of mesoporous silica is
67% in comparison to the 25% adsorption of activated carbon. The same initial concentration
(10 ppm in Millipore DI water) was used for all 3 runs. The 98% adsorption (in 15 minutes of
contact time) of porous SiCO accounts for the adsorption of 9.8 mg/L of MB solution. In contrast
to the activated carbon and mesoporous silica % adsorption (in 15 minutes of contact time) of

2.5 mg/L and 6.7 mg/L of MB solution. This result corresponds to porous SiCO having 3 times
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as much adsorption percent (%) as activated carbon, and 32% as much as mesoporous silica in
15 minutes of contact time. 15 mg of sample were used for each run correspondingly. The

following figure displays the adsorption percentage vs. time for all materials.
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Figure 3-16 Adsorption percentage (%) for SiCO, activated carbon and mesoporous silica

The following digital pictures illustrate the MB solutions after the end of the adsorption
procedure. Figures illustrate the appearance of the final solution after the end of the experiment
for each different material, respectively. For the SiCO material and MB solution, this final time
corresponds to 50 minutes, for activated carbon and mesoporous silica added to the MB

solution the time corresponds to overnight stirring.
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Figure 3-17 Digital images of MB solution + SiCO, MB solution + activated carbon and MB

solution + mesoporous silica (from left to right) after the experiment

To understand the adsorption mechanism is critical to know about the experimental
conditions and the MB charge at the time of the experiment. The pKaof MB dye is 3.8. The
adsorption studies were performed at pH 5. Under these conditions; MB is positively charged in
solution. MB is a cationic dye which can be adsorbed in two different ways:

Cation exchange capacity: in which there is an irreversible exchange that corresponds to the
number of exchange sites available in the adsorbent

Surface adsorption: reversible physical adsorption

Cl

Figure 3-18 Molecular structure of Methylene Blue (MB) dye

3.4 Conclusion
These results show a complete reduction of MB dye characteristic UV-Vis absorption
peak after overnight contact. In contrast; overnight contact with activated carbon and

mesoporous silica resulted in an 80 % reduction of UV-Vis characteristic absorption peak of MB
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dye; despite of their higher SSAset. Results are an example that the adsorption process is not
only governed by SSA, but also by microstructural features and surface functional groups.

These results point out the relevance of SiCO chemical properties. Recent studies
conducted by Bruzzoniti et al.2! demonstrated PDC SiCQO’s adsorption ability in comparison to
SiC foams and commercially available materials. The reason for porous SiCO to have higher
adsorption ability might be accounted for by its structure, comprising of an amorphous silicon
oxycarbide phase and a free carbon phase (turbostratic carbon). These materials possess
hierarchical porosity and different chemical bonds (Si-C, Si-O, C=C), which could make it
possible for SiCO to target a variety of contaminants. Porous SiCO materials are promising
candidates to target adsorption of contaminants.

Pore structure is another variable influencing the microstructure of these materials.
Pore structure arises from synthesis conditions. For example, sol-gel SiCO materials form by
agglomeration and precipitation. These materials form a 3D network of connected spheres that
precipitate and form a gel. This synthesis method forms void shaped pores that are irregular in
shape due to their connectivity, and generally possess a hierarchical structure. Commonly
these materials have irregular pore structure shapes. These irregular pore structures, along
with SiCO ceramic structural features might play a role in its capacity for adsorbing MB dye.

Further experiments will need to be performed to understand the adsorption
mechanisms of SiCO materials as well as investigating the applicability of these materials to
adsorb different dyes or contaminants. Further investigations can also include the regeneration

of these materials after the adsorption process.
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Chapter 4
Sol-gel SiCO Ambigels Microstructural Evolution Upon Pyrolysis Temperature
Abstract

Silicon oxycarbide (SiCO) porous materials were synthesized using the sol-gel method.
SiCO porous materials were synthesized using BTEE as precursor and catalyzed using and HCI
solution and slowly dried at low temperature. Materials were annealed in inert atmosphere
starting from 400 °C up to 1000 °C. SiCO ambigels were characterized using FT-IR, FE-SEM,
nitrogen adsorption analysis to investigate the surface evolution upon increasing temperature.
BJH analysis shows that the average pore diameter remains almost constant up to 1000 °C,
and SSAseT is decreased by up to 55 % at 1000 °C. These results suggest that pore
development, as well as particle shrinkage of SiCO ambigels, play a role in the microstructural
properties of sol-gel derived SiCO ambigels.

4.1 Introduction

The sol-gel method is a low-temperature synthesis method that allows for ease of
processing and shaping.®® The synthesis of silicon oxycarbide glasses using the sol-gel method
has been the target of several studies.®® %°-7° Silicon oxycarbide materials are synthesized using
a silicon alkoxide with the general formula Rn-Si(OR)4-n. The Si-C bonds are maintained in the
structure during the hydrolysis and condensation process and through the pyrolysis step. This
result was first confirmed by 2°Si magic angle NMR experiments performed by Babonneau et
al., and Zhang and Pantano.”%""

Porous silicon oxycarbide glasses have been synthesized from a variety of precursors
using the sol-gel method as described in Singh and Pantano.”? Insight of microstructural stability
upon pyrolysis temperature can help to tailor properties such as pore size distributions and
average pore diameter.

BTEE derived ambigels have been prepared previously with and without aging in silane

solution and with high and low hydrolysis ratios. Aging in silane solutions has been utilized for

64



strengthening the 3D network of aerogels synthesized using ambient conditions. 7>7# It was
reported in Aravind and Soraru 2011 that aging the gels in silane solutions did not strengthen
the gel network when using the1,2 BTEE precursor and that high and low hydrolysis ratios had
an effect on SSA found in the SiCO ambigels.?®* We do not investigate aging in silane solution or
hydrolysis ratios in this present study.

Applications of porous silicon oxycarbide ceramics include drug delivery5® 7°,
supercapacitors’®, and Li-ion battery applications.”””® The purpose of this study is the
investigation of the microstructural stability of SiCO porous materials with pyrolysis temperature
and ceramic conversion.

4.2 Experimental
4.2.1 Chemicals

1,2 Bis(triethoxysilyl)ethane (1,2 BTEE; Aldrich catalogue number: 447250; used
without further purification). Isopropanol was bought from EMD Millipore, and HCI was obtained
from Macron Fine Chemicals, and all chemicals were used without further purification.

4.2.2 Ambigel Synthesis

Synthesizing ambient dried SiCO porous materials (ambigels) we follow the procedure
outlined in Dire et al. 2015.27 In brief, starting with 1,2 Bis(triethoxysilyl)ethane (1,2 BTEE;
Aldrich catalogue number: 447250; used without further purification) we dissolved the silicon
alkoxide in isopropanol under constant stirring until we obtained a homogeneous mixture. For
the one-step acid sol-gel synthesis, we added 3M HCI dropwise to initialize hydrolysis and
condensation and continued stirring for another 15 minutes. Overall, the molar ratio between
the reactants 1,2 BTEE: isopropanol: HCI was chosen to 1:5:0.006. The starting mass of BTEE
was 16.19 grams. The chemical composition of the crosslinked non-pyrolyzed material is
calculated from the precursor assuming complete condensation.?” This assumption provides a

hypothetical formula of H2CSiO+.5 for the non-pyrolyzed sample.
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The clear and homogenous solution was then covered with parafilm and placed in an
oven at 50 °C. Every 12 hours (twice a day) we exchanged the solvent with fresh isopropanol
until after about two weeks the gel was visibly dry. Thereafter, we kept the gels in the oven for
another month to dry completely. Samples obtained after the complete process were typically
broken, see Figure 4-1.

4.2.3 Pyrolysis Procedure

Pieces of the SiCO ambigel were pyrolyzed in a quartz tube under flowing N2
atmosphere (flow of 1 L/min) at different temperatures. To investigate the development during
pyrolysis, we set maximum pyrolysis temperatures Tmax of 400 °C, 600 °C, 800 °C, and 1000
°C. Samples were heated with a rate of 5 °C/min up to Tmax, then kept at Tmax for 2 hours, and
cooled thereafter by switching off the furnace. Initial and final masses were recorded to
calculate mass loss. Shrinkage of samples could not be quantified due to their irregular shape.
The precursor, together with Tmax, is used to identify the different samples: e.g. BTEE1000 for
the sample exposed to 1000 °C.

4.2.4 Characterization Procedure
4.2.4.1 Microstructural Analysis

Nitrogen adsorption analysis was performed at 77 K using an ASAP 202 Micromeritics
Instrument (Micromeritics, Norcross, GA). Ambigel samples were degassed using an
evacuation ramp rate of 10 °C/min up to 90 °C. We used an evacuation rate of 5 mmHg/s with
a vacuum setpoint of 10 mm of Hg. To calculate specific surface area, the BET equation
(SSAseT ) was applied using a molecular cross-sectional area of 0.1620 nm? and a correlation
coefficient of 0.9571864. Pore size distribution and average pore diameter are obtained from
the desorption branch of the isotherm using the BJH model using the Faas correction and

Halsey thickness curve.®1-62
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4.2.4.2 Vibrational Spectroscopy: FT-IR Characterization

FT-IR spectroscopy and (Bruker's ALPHA-P FTIR spectrometer) was recorded for the
BTEE samples. For analysis, the sample was grounded with pestle and mortar. Spectra were
recorded in transmittance mode between 4000 and 400 cm™" with a resolution of 4 cm™.
4.2.4.3 Surface Characterization: FE-SEM imaging

FE- SEM (Field Emission Scanning Electron Microscopy) images were obtained using a
Hitachi S-4800-II FE-SEM. Samples were broken using tweezers to create a small crack to form
a fracture surface. Prior to SEM imaging, we coated samples for 2 minutes using a CRC 100
sputtering system. Particle sampling and measuring were performed using ImageJ
software(include reference). We collected diameters for 50 individual particles in each between
30 (for BTEES50), and 50 (for BTEE400-BTEE1000) particles were collected for each sample,
with the exception of BTEES5O0 for which only 30 particles were observed due to agglomeration
and apparent fusing. Testing for outliers using the first and third quartiles was performed, but
none was detected.

4.3 Results and Discussion

4.3.1 Physical Appearance

SiCO ambigels received after gelation are translucent and cracked see Figure 4-1 (far
left). Even after annealing at 400°C the sample retains is white/ translucent appearance, while
further annealing yields to strong changes: BTEEG0O takes an orange color and BTEE800 and
BTEE1000 appear black and glassy. The following image displays the resulting SiCO ambigels.

Unannealed SiCO sample is at the far left, and SiCO annealed at 1000 °C (BTEE1000)

is at the far right.
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Figure 4-1 SiCO ambigel samples obtained after annealing. From left to right: BTEES0,
BTEE400, BTEE600, BTEE800, and BTEE1000
4.3.2 Mass Loss
The mass losses of samples, relative to BTEES0, are given in Table 4-1. While the

mass loss of BTEE400 is below 1%, a significant mass loss of 15% occurs only between 400
and 600 °C. Samples annealed at 600, 800, and 1000°C have almost identical masses. The
magnitude of mass loss, as well as the temperature range in which it occurs, are characteristic
for pyrolysis of sol-gel derived SiCO materials,'® ® although variations depending on precursors
used do occur. In a previous study, the pyrolysis of BTEE-derived SiCO ambigels in flowing Ar
showed a mass loss of 10% up to 300 °C and another 10% between 400 and 600 °C.?% The first
step is typically associated with water evolution, while the second mass loss relates to
condensation reactions of Si-OH and Si-OEt. Table 4-1 summarized the mass loss percentage

results and the physical appearance of the resulting materials.

Table 4-1 Mass Loss Percentage and Physical Appearance of SiCO Ambigels as Received and

Annealed at Different Temperatures

Sample % Mass Loss Physical Appearance
BTEES0 N/A Translucent, hard chunks
BTEE400 0.8 Transparent, cracked
BTEE600 15 Yellowish
BTEES800 16 Shiny, black, hard chunks
BTEE1000 16 Shiny, black, hard chunks
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4.3.3 Surface Characterization: FE-SEM Imaging

Electron micrographs of the fresh fracture surface of samples are presented in Figure 4-
2. The microstructure of the ambigels resembles an agglomeration of particles of different sizes
densely packed together. The apparent size of particles is largest for BTEE50 and decreases
with increasing annealing temperature. Individual particles in BTEE50 are difficult to distinguish
while they appear more defined for BTEE1000. Using the FE-SEM images, we quantified
particle size distributions with the help of the ImageJ software.8 Only primary particles defined
as the smallest identifiable units in a particulate system, are used in the analysis.?' Particle
sizes fall into the range from 30 to 400 nm for all samples and are shown as histograms in

Figure 4-3.
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Figure 4-2 FE-SEM images with scale bar (equivalent) of BTEE50 to BTEE1000
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Figure 4-3 Histograms for particle size sampling for SiCO ambigels based on FE-SEM images

Using the sampling data of the FE-SEM images, we calculated the average size of
particles in the microstructure, see Table 4-2. Overall, with increasing temperature, the average
particle size decreases. The average particle size found in BTEE50 is 168 nm and decreases
to almost half its value, 90 nm, in BTEE1000. Since the standard deviation also decreases as
temperature increases, it turns out that the dispersion of the distribution, characterized by the
relative standard deviation, remains approximately constant (o/p= %2). Thus, the particle sizes
encounter a homogeneous change during annealing, with no particular preference for small or
large particles. Particle size analysis of some silica aerogels showed that functional groups on
the surface such as methyl groups were oxidized or decomposed, but that the aerogel
structures were stable up to 550 °C, and when the temperature was increased up to 800 °C
micropores collapsed. Their results also showed that the diameter of a primary silica aerogel
particle first expands and then shrinks upon heating and that the volume of a single particle
generally decreases with increasing holding time (at 1000 °C) due to the elimination of

destruction of the porous structure. Their results showed a dependence on particle size and
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densification. The largest shrinkage was around 70 % for 75 pm diameter silica aerogel
particles.®? The results were related to pore shrinkage and collapse.®?
The following table displays the average particle length along with the standard

deviation for samples BTEE50 to BTEE1000.

Table 4-2 Average Particle Size and Standard Deviation of the Particle Size Analysis for SiCO

Ambigels
Sample Average Particle Length (nm)
BTEES50 168478
BTEE400 125448
BTEEG00 140+60
BTEES800 106+43
BTEE1000 90442

4.3.4 Porosity Analysis

The following figures display nitrogen isotherms, pore volume, and pore size distribution
for all samples. From the nitrogen isotherms, it is possible to observe that the maximum amount
of N2 adsorbed decreases with increasing temperature for all samples, except for BTEE400 and

BTEE600. The same trend is observed for the pore volume and pore size distribution results.
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Figure 4-4 Nitrogen isotherms of BTEE-derived SiCO ambigels

Gas sorption analysis is an established technique for the characterization of porous
solids. Adsorption and desorption curves are determined by the interaction between adsorbent
and adsorbant species as well as by condensed state interactions. Nitrogen isotherms of SiCO
ambigels are displayed in Figure 4. According to IUPAC nomenclature, they are classified as
IV(a).%® In these isotherms, capillary condensation follows a hysteresis loop, which occurs when
a critical width is exceeded by the pore width.82 The hysteresis loop present in these materials
resemble an H2(a) hysteresis loop. The steep desorption branch is a characteristic that can be
attributed to pore-blocking/percolation in a narrow range of pore necks or cavitation-induced
evaporation. This type of hysteresis loop is found in many silica gels, some porous glasses and
some ordered mesoporous materials such as SBA-16 and KIT-5 silicas.®®

The BTEESO0 isotherm displays the highest quantity of adsorbed of nitrogen of all
samples. This amount decreases with increasing temperature for all the samples, with a

notable exception for BTEEG0O.
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Figure 4-5 displays the cumulative pore volume (cm?®/g) vs. pore width and figure 4-6
and the pore size distribution of the samples. The data was obtained from the desorption
branch of the isotherm using the BJH model. BTEE50 displays the largest pore volume of 0.77
cm?/g and the largest average pore width of 3.65 nm. With increasing temperature, pore
volume and average pore size decrease. An exception is present with BTEE600 since it falls
slightly out of the trend. Pore volume and average pore sizes decrease to 0.30 cm?3/g and 3.50
nm, respectively, for BTEE1000. Note that in all samples, almost the complete pore volume is

accumulated in small pores with diameters below 5 nm.
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Figure 4-5 BJH desorption cumulative pore volume of BTEE-derived SiCO ambigels
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Figure 4-6 dV/dlog(w) pore volume (pore size distribution) derived from the BJH desorption

branch for BTEE-derived SiCO ambigels

The following table summarizes the results of the nitrogen adsorption analysis of the

SiCO ambigels using the BET and BJH methods.

Table 4-3 Summary of BET and BJH Analysis of SiCO Ambigels

Sample SSAgeT (M?/g) BJH Pore Volume (cm?®/g) BJH Pore diameter (nm)
BTEES50 736+41 0.77 3.64
BTEE400 551+30 0.49 3.56
BTEE600 620+29 0.59 3.56
BTEES800 472426 0.45 3.53
BTEE1000 329+21 0.30 3.50

The specific surface area SSAget of annealed SiCO ambigels decreases with increasing

temperature, see Table 4-3. This result parallels the observed changes in pore volume and

average pore diameters. The highest SSAgeT of 736 m?/g is achieved for BTEE50 and
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decreases to 329 m?/g for BTEE1000. Previous work on BTEE derived SiCO ambigels reported
1131 m?/g and 430 m?/g for the SSAger of dried and annealed (at 1000°C) SiCO ambigels.?®
Using methyl-tryethoxisilane (MTES) as precursor to synthesize SiCO ambigels produced dried
ambigels with SSAget of 727 m?/g with a BJH pore volume and average pore diameter of 1.43
cm®/g and 8 nm respectively.?® The various “discontinuities” in property changes that occur
between BTEE400 and BTEE600 are due to significant changes in the SiCO ambigel during
annealing between 400 and 600°C. This temperature range, for which the highest mass loss is
reported, is most crucial in the conversion of carbon-bearing siloxanes into SiCO ceramics.'® A
transient increase in porosity has been reported for other SiCO materials, and it attributed to the
evolution of gaseous compounds.34-86

The average pore diameter of the SiCO ambigels, extracted from the desorption branch of
the isotherm (see method section), is 3.64 nm in the dried gel and decreases slightly to 3.50 nm
in BTEE1000. This small change in linear dimension is significantly smaller than the almost
50% decreases in particle size analysis observed earlier. Moreover, a mere 4% change in pore
diameter does not relate to the much larger changes in surface area and pore volume. Hence,
relative to particle size, surface area, and pore volume — quantities that change considerably
upon annealing — the diameter of pores remains remarkable “stable” throughout the
temperature range up to 1000 °C. Previous experiments of BTEE-derived SiCO ambigels
yielded a similar result.?> While SSAger decreased from 1131 m?/g to 430 m?/g, and BJH pore
volume decreased from 1.29 cm?®/g to 0.46 cm?®/g in dried gel and sample annealed at 1000 °C,
the average pore diameter remained “stable” at 4.2 nm. The MTES-derived SiCO ambigels
mentioned earlier were not annealed and characterized.?®

The observation of an almost “constant” average pore diameter is somewhat puzzling. A
decrease in SSAgeT is usually associated with the collapse of pores due to material
densification. Given the gradual shrinkage of the particle size, one can expect that pores show

a similar gradual change as well. A possible explanation is related to the hysteresis observed in
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the gas sorption curve. Such hysteresis occurs, for example, if pores are not cylindrical but are
ink-bottle shaped with a wide body and a small window.®” In that case, the diameter extracted
from the desorption branch reflects only the diameter of the window, while the diameter of the
body behind the window remains secluded. A method such as Differential Hysteresis Scanning
can provide further insight.88

4.3.5 Vibrational Spectroscopy: FT-IR characterization

FT-IR spectra of the SiCO ambigel samples are displayed in Figure 4. The spectra for
BTEES50 and BTEE400 display a very subtle peak around 1630 cm™ but not a noticeable peak
around 4000-3000 cm™'. These two bands correspond to water adsorbed in the sample. Also,
set those samples apart from samples annealed at higher temperatures. It has been reported in
the literature that due to the expected hydrophobic properties of similar gels (bearing Si-CHs
units) absorption bands around 1635 around 4000-3000 cm™ due to water adsorbed in the
sample are not present in these materials.%*

BTEES50 and BTEE400 display small bands around 1414 and 1273 cm, these bands
are close to what corresponds to methyl group vibrations.®® For BTEE600, bands at 1414 cm™’
and 1273 cm™ are still present but are quite small. For BTEE800, the bands are decreasing
even more, and for BTEE1000 the bands are basically gone. All samples show characteristic
Si-O asymmetric stretching frequencies at around 1005 cm™. BTEE50 and BTEE400 display a
clear shoulder at 1152 cm™" on the peak around 1005 cm™'. BTEE600 displays a more diffuse
shoulder at 1152 cm™', and for BTEE800 and BTEE 1000 this shoulder is even less prominent.
Bands at 1150 cm™ are reported to be due to Si-O bonds in a siloxane network.®* The
disappearance of this shoulder in the FT-IR spectra signals the conversion of the sol-gel to
ceramic. The decrease of the CHs stretching frequencies with increasing temperature can be
related to the demethanation of the gels, which has been observed previously in FT-IR analysis

of sol-gel SiCO ceramics.®® Bands positioned around 900- 700 cm™ are caused by the overlay
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of Si-O, Si-C stretching vibrations. Figure 4-7 displays the FT-IR spectra of all BTEE- derived

SiCO ambigels.
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Figure 4-7 FT-IR spectra of BTEE50 to BTEE1000 (SiCO ambigels)

4.3.6 Discussion
BTEES50 to BTEE400

BTEESQO is translucent and in pieces after the gelation and drying process. From
BTEES50 to BTEE400 there is a mass loss of 0.8%. BTEE400 sample is shrunk and cracked
after heat treatment and looks transparent in appearance. The BTEE50 sample shows the
highest SSAget with a value of 736 m?/g, and it decreases to 551 m?/g for BTEE400. This value
corresponds to a decrease of 25% in SSAser. The BTEES0 BJH pore volume is 0.77 cm?®/g,
and it drops to 0.49 cm3/g for BTEE400, and this is a 36% decrease while the average pore
diameter drops from 3.64 to 3.56 nm corresponding to a 2% decrease.

The particle size investigation using FE-SEM imaging yielded an average particle length

of 168+78 for BTEE50 and 125+48 for BTEE400.
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Unannealed BTEE-derived SiCO ambigels were synthesized with a high and low
hydrolysis ratio. SiCO ambigel synthesized with the low hydrolysis ratio had an SSAger of 938
m?/g with a total pore volume of 0.61 cm3/g and 2.6 nm average pore diameter. SiCO ambigels
synthesized with the lower hydrolysis ratio had an SSAger of 1131 m?/g, a pore volume of 1.29
cm®/g and an average pore diameter of 4.5 nm.?°

Intermediate temperatures for these materials have not been investigated to the best of
our knowledge.

In a different study, SiCO materials synthesized using triethoxysilane and
methyldiethoxysilane were synthesized with three different Tn/Dn ratios. They found that from
the gel state to 400 °C SSAsger increased for samples with Tw/Dn ratios of 1 and 2, but
decreased for the sample with Tu/Dn ratio of 9. Also, the sample with Tu/Dx ratio of 9 had the
highest SSAgerin the gel state.®®
BTEE400 to BTEE600
From BTEE400 to BTEE600 there is a mass loss of 15%. The appearance of BTEE60O0 is
yellowish. There is a mass loss of 15% after the heating process. BTEE400 has a SSAser of
551 m?/g while BTEE600 has an SSAset of 620 m?/g this corresponds to an 11% increase. The
BTEE400 pore volume is 0.49 cm®/g while for BTEE600 is 0.59 cm?®/g; this is a 17% increase.
The average pore volume for BTEE400 and BTEE600 remains at 3.56 nm.

Average particle size for BTEE400 was 125+48 and 140+60 nm for BTEEGOQO, so the
average particle size increases by 11%.

Samples synthesized using triethoxysilane, and methyldiethoxisilane showed that there
was a decrease in SSAget for samples including 1, 2 and 9 Tw/D+ ratios going from 400 to 600
OC.68
BTEE600 to BTEE800

BTEEB8O00 is dark and shiny. There is a mass loss of 16%. SSAset of BTEE600
decreases from 620 m?/g to 472 m?/g. This change corresponds to a decrease of 24%. Pore
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volume decreases from 0.59 cm?®g to 0.45 cm®/g, and average pore diameter decreased from
3.56 to 3.53 nm. These are a decrease of 24% and 0.8% respectively. The average particle
length for BTEE800 is 106+43, which corresponds to a particle length decrease of 24%.

Nitrogen adsorption analysis was performed for samples synthesized using
triethoxysilane and methyldiethoxisilane showed that there was a decrease in SSAger for
samples including 1, 2 and 9Tw/DH ratios from 600 to 800 °C.8
BTEES800 to BTEE1000

BTEE1000 is dark and shiny, and it appears almost identical to BTEE800. It has a
mass loss of 16%. After rounding the mass loss of BTEE800 and BTEE1000 is the same.
SSAgeT of BTEE1000 is 329 m?/g, constituting an SSAger loss of 30% from BTEE800. The pore
volume was 0.30 cm?g, and the average pore diameter was 3.50 nm. This is a pore volume
decrease of 33% and a pore diameter decrease of 1%. Particle length average decreases to
90+43 for BTEE1000, and this represents a 15% decrease from BTEE800.58

BTEE-derived SiCO ambigels were annealed at a 1000 °C. The resulting materials had
an SSAset of 430 m?/g, a pore volume of 0.46 cm?/g and an average pore diameter of 4.2 nm.
This constitutes a decrease of 62% in SSAgeT, a decrease of 64% in pore volume and a 7%
decrease in average pore diameter.?®

In the same study of SiCO glasses outline above; SSAser decreased for all samples
with different Tw/Dn ratios.

4.4 Conclusion

We synthesized SiCO porous materials using sol-gel synthesis using a solvent with low
surface tension (isopropanol) as prepared in the literature.?> 27 Ambient dried SiCO aerogels
with high SSAger and narrow pore size distributions were obtained in this work. Nitrogen
adsorption analysis can be summarized as follows: SSAser decreases 25% from BTEES50 to
BTEE400 and increases 10% from BTEE400 to BTEE600, and there is an overall final SSAser
loss of 55% from BTEES0 to BTEE1000.
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The pore volume calculated using the BJH model shows a decrease from BTEE50 to
BTEE400 of 36%. There is a 13% increase in pore volume from BTEE400 to BTEE600 and an
overall final decrease of 61%. The average pore diameter for all the samples is 3.56+0.05 nm.
There is an overall average pore diameter decrease of 4%. These results indicate that the
calculated average pore diameter does not change significantly up to 1000 °C.

The sampling particle size of SiCO ambigels was performed using ImageJ software on
FE-SEM. The average particle length for BTEE5S0 is 168 nm and decreases to 90 nm for
BTEE1000. Average particle size decreases by almost up to 50% at 1000 °C. These results
suggest the importance of particle size as well as pore size changes upon heat treatment of

SiCO ambigels.
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Chapter 5
Investigation of Microstructural Evolution of Bulk SiCO Ceramics Annealed up to 1500 °C
Abstract

The motivation for this work is to investigate the properties of bulk SiCO ceramics when
exposed up to 1500 °C in Argon atmosphere. Dense monolithic SiCO ceramics are synthesized
through the polymer-derived ceramic (PDC) route using polymethylhydrosiloxane (PMHS) and
divinylbenzene (DVB).

This work is a systematic investigation of a 1:2 mass ratio of PMHS: DVB SiCO ceramic
annealed from 1000-1500 °C. In this work we have prepared samples in 100 °C increments to
provide a detailed study in this temperature range.

Materials were characterized using powder XRD, SEM, FT-IR, and Raman
spectroscopy. These materials show phase separation above 1200 °C. Phase separation
evolution depending on exposure temperature is an important characteristic of these materials
since this affects properties such as crystallization and oxidation.

The XRD analysis provides information about the progressive increment of SiC
crystalline growth as well as the presence of small and decreasing graphite peaks with
increasing annealing temperature. The XRD analysis provides information about the formation
of graphite in these materials, and along with Raman analysis, we investigate the free carbon
phase present in these SiCO ceramics.

5.1 Introduction

Silicon oxycarbide materials belong to the polymer derived ceramics or PDC’s. They
have the general formula SiCxO2.2x + yCrree Where SiCxO2-2x corresponds to the oxycarbide phase
(SiO2 and SiC) and yCrree to the free carbon phase.®® Where the atomic composition is related to
the precursor in the precursor structure.®’ SiCO materials are amorphous and metastable

compounds up to temperatures about 1300 °C.%2
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The use of polymer precursors with a variety of compositions allows for control of the
oxycarbide phase and the graphitic like or free carbon phase.” The PDC process consists of a
starting material (polymer or alkoxide) that is shaped, crosslinked and converted to a ceramic
material through pyrolysis in controlled atmospheres at temperatures above 800 °C. Through
the PDC route; it is possible to obtain materials with complex nanostructures; comprised of
nanocrystalline and amorphous phases.%’

SiCO materials possess a low steady-state creep rate up to 1300 °C®® and resistance to
crystallization up to 1300 °C having a primarily amorphous structure.?® Carbon content in these
materials influences oxidative stability and thermal expansion.®® These materials have been
characterized through 2°Si NMR and XPS spectroscopy.® 2°Si NMR studies show Si-C bonds
retained after pyrolysis. 2°Si NMR shows Silicon having: SiO4, SiCOs, SiC202, SiC30, and SiC4
possible sites.” ' Carbidic carbon atoms (in the oxycarbide phase) should be bonded only to
silica giving rise to CSis units, but the local bonding of carbon is more complex. Residual
hydrogen cannot be disregarded, and can still be present in the structure in CH or CH2 units.
Also, C-O-Si units can be in the SiCO structure.

SiCO materials structural characterization has been the topic of several literature
papers. 6 5% 92,959 Grgphitic carbon in SICO materials is known to undergo structural ordering
with increasing temperatures at about 1500 °C. Also, quantitative NMR studies show phase
separation into SiO4 and SiCa4 groups, and XRD analysis shows B-SiC crystallites around 1400-
1500 °C. This is consistent with the onset of carbothermal reduction of silica with the free

carbon phase; forming silicon carbide and carbon monoxide.%”
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5.2 Experimental

5.2.1 Chemicals

PMHS (polymethylhydrosiloxane, average Mn: 1.700-3200), DVB (divinylbenzene
technical grade 80%), and Karstedt’s catalyst (Platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in xylene, Pt ~2%) were purchased from Sigma Aldrich.
All chemicals were used without further purification.
5.2.2 SiCO Bulk Synthesis

We placed 2 g of DVB in a small glass container with a diameter of 3.5 cm, added 1 g
of PMHS and stirred the solution for 5 min. Given the structure of PMHS and DVB, this yields a
ratio of Si-H to C=C bonds of 1:2. We then added 10 uL of Karsted’s catalyst to the solution
and stirred for another 5 min. The solution was covered with parafiim and left for gelation at
room temperature overnight. This procedure follows precedence in Blum et al. 2005.28
Resulting materials are disk-shaped, transparent, and resin-like with a diameter of about 3 cm.
The thickness of the disks was about 0.5 cm.
5.2.3 Pyrolysis (Polymer to Ceramic Conversion)

The PMHS/DVB disk samples were pyrolyzed in N2atmosphere (flow of 1 L/min) using
a quartz tube. Using a heating rate of 5 °C/min samples were heated up to 400 °C and kept at
400 °C for 2 hours. Then temperature was increased at a rate of 5 °C/min up to 1000 °C. After
holding at 1000 °C for 4 hours the furnace was switched off; no particular cooling rate was
selected. The initial and final masses of the sample were recorded to calculate the mass loss
percentage. The linear extension of the samples was measured before and after pyrolysis.
5.2.4 High Temperature Annealing

Annealing at higher temperatures was done in flowing Argon to at 1100, 1200, 1300,
1400 and 1500 °C in a tubular furnace. We used an even heating rate of 5 °C/min from room

temperature to the maximum temperature and applied a holding time of 5 hours at the
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maximum temperature. After heating, the furnace was turned off, with no cooling rate selected.
The SiCO samples are labeled using the maximum temperature of exposure.
5.2.5 Characterization Procedure
5.2.5.1 FE- SEM Imaging

FE-SEM micrographs were taken on a Hitachi S-4800 || FE-SEM. Surfaces of the
materials are studied. Prior to imaging, samples were coated on a CRC-100 sputtering system
using a carbon target with two-minute sputtering time.
5.2.5.2 X-Ray Diffraction (XRD) Characterization

XRD data was accumulated on a BrukerD8 Advance powder X-Ray diffractometer
equipped with an LYNXEYE XE detector. Spectra were taken in flat sample transmission
geometry using a Cu Ko radiation source (A= 1.54184 A).

The Scherrer equation, which assumes a spherical model was used for the estimation
of crystalline domains. Jade Software was used to calculate the mean size of the ordered

(crystalline) domains. Calculations were possible for SiCO-1300, SiCO-1400 and SiCO-1500
using the peaks located at ~ 60 and 72° in 26.

5.2.5.3 Raman Characterization

Raman spectra were recorded with a Horiba LabRam Aramis Raman Spectrometer with
an integrated confocal micro Raman system (Horiba Jobin Yvon, Bergheim, Germany). For
high-resolution purposes, measurements were performed using 1200 lines/mm grating with a
confocal magnification of 50 x with a laser power of 20 mW. Prior to analysis, the samples were
grinded using mortar and pestle. All presented Raman data has been subjected to baseline
correction using the Origin Software.®®
5.2.5.4 FT-IR Characterization

FT-IR spectra were recorded on a Bruker's ALPHA-P FTIR spectrometer in

transmittance mode with a resolution of 4 cm™', and a scan time of 16 scans/s. Spectra were
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recorded between 4000 and 400 cm™'. Before the analysis, the samples were grinded using
mortar and pestle.
5.2.5.5 TGA Analysis

A Shimadzu TGA-50H was used to investigate the polymer to ceramic conversion as
well as the oxidation of samples. For the polymer to derived conversion investigation, the
analysis was performed in a platinum crucible in nitrogen atmosphere, with 20 mL/min gas flow,
and a heating rate of 5 °C/min up to 900 °C. For oxidation studies, the analysis was performed
in a platinum crucible in air atmosphere, with no gas flow, and a heating rate of 5 °C/min up to
900 °C.

5.3 Results and Discussion

5.3.1 Pyrolysis: Physical Characterization

After cross-linking but before pyrolysis the PMHS/DVB sample is a transparent and
slightly yellowish resin, see Figure 5-1. Pyrolysis turns the sample black with metallic luster as
seen by the reflections of SiCO-1000. SiCO-1000, SiCO-1100 and SiCO-1200 are similar in
appearance, not at least since they remained in one piece. Samples SiCO-1000 to SiCO-1200
are hard and rigid and tough to break for analysis purposes. Samples annealed at 1300 °C and
higher appear dull, brittle, and easily broken with handling, causing them to crack into several
pieces.

Ceramic yield after pyrolysis, hence after exposing the material to 1000 °C, was 66%
(£1%). This mass loss is consistent with previous TGA characterization for the same
composition as presented here, where a yield of 60% was reported.®® Another study of
PMHS/DVB derived SiCO reports 60-65% ceramic yield.?® Since disk samples retained their

shape we could measure a linear shrinkage of 28% (*1%) between the cross-linked resin and

pyrolyzed sample.
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Figure 5-1 TGA analysis of cross-linked PMHS/DVB annealed in nitrogen atmosphere

We also report the additional mass loss due to annealing, hence, relative to material
exposed to 1000 °C obtained after pyrolysis, see Table 5-1. The mass loss for SiCO-1100,
SiC0O-1200, and SiC0O-1300 is less than 1%. Hence, while SiCO-1300 cracked during
annealing, it did not lose significant mass. Mass loss observed for SiCO-1400 is 12.3%, and
that of SiCO-1500 is 30%. Mass loss encountered at 1400 and 1500 °C is related to the
evolution of gaseous species, e.g. SiO and CO, during carbothermal reduction. Carbothermal
reduction along with sample mass loss at these temperatures is reported in literature results.?

Figure 5-2 shows the PMHS/DVB crosslinked material, and Figure 5-3 shows the SiCO

ceramics after being exposed to higher annealing temperatures.
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Figure 5-3 Optical images of SiCO ceramics from SiCO-1000 to SiCO-1500

Table 5-1 displays the mass loss percentage after pyrolysis up to 1500 °C and physical

appearance. Samples are identified with SiCO and the final temperature of annealing.

Table 5-1 Mass Loss % of SiCO PDC Samples up to 1500 °C

Sample Mass Loss % Physical Appearance
SiCO-1100 0.2 Bulk, shiny, hard
SiCO-1200 0.3 Bulk, shiny, hard
SiCO-1300 0.7 Opaque, powdery
SiC0O-1400 12.3 Broken, white areas, fragile
SiC0O-1500 30 Broken, white edges, fragile

5.3.2 FT-IR Analysis

FT-IR spectra of PMHS, DVB, the crosslinked gel and SiCO-1000 are displayed in

Figure 5-4. Stretching bands corresponding to polymer functional groups are present in the

crosslinked (pre-ceramic) gel. Spectrum for crosslinked material shows an almost complete

reduction of the Si-H peak indicating successful crosslinking through hydrosilylation reaction.
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Figure 5-4 FT-IR spectra of PMHS, DVB, crosslinked gel and SiCO-1000 (from top to bottom)

5.3.3 FE-SEM Imaging

FE-SEM micrographs for annealed samples SiCO-1000 to SiCO-1500 are shown in
Figure 5-5. Images of SiCO-1000 and SiCO-1100 appear smooth and without any cracks on
the surface with no particular features. First cracks are visible for SiCO-1200, and SiCO-1300
shows cracks together with pores on the surface. In the micrograph for SiCO-1400, we observe
whisker-like structures on the surface of the sample. These whiskers can be observed more
closely in the in-set image.

Formation of these whiskers leads to cracks formed in the ceramic, which have a strong

effect on the material properties. The fiber-like structures present in this SiCO ceramic were
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attributed to the formation of nanocrystalline SiC.3! The formation of whiskers at this
temperature is consistent with carbothermal reduction leading to the formation of SiC
nanocrystallites. The formation of SiC nanocrystallites is reported in the literature according to
the following reaction: 230

SiO2+ C(s)— SiO(g)+ CO(g) and SiOg) + 2Cs) — CO(g) + SiCys)

Sample SiC0O-1500 shows formation of spheres. As observed from the FE-SEM
images, these spheres are seemingly formed as part of amalgamation or possible growing of
whiskers. The FE-SEM image for SiCO-1500 shows whisker-like structures covering and
around the spheres. Using this information, we suggest that spheres present on SiCO-1500 are
likely formed by agglomeration or by the growth of the whiskers present in SiCO-1400. We
arrived at this conclusion doing a visual analysis on the FE-SEM images, but we also use the
XRD particle size analysis for SiC nanocrystallites in this work. SiC nanocrystallites are present
in the XRD pattern starting from SiCO-1300 and grow in SiCO-1400, and SiCO-1500. This data
is presented in detail next, but we use our XRD results to support our suggestion on the nature

of the growth of the spheres present in SiCO-1500.
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Figure 5-5 FE-SEM images for SiCO-1000 to SiCO-1500
5.3.4 XRD Results

XRD patterns of the annealed samples are shown in Figure 4. SiCO-1000, SiCO-1100,
and SiC0O-1200 show XRD patterns typical for amorphous SiCO. "%

A broad “glass” hump around 22° dominates the spectrum, and no sharp diffraction
peaks are visible. While the “glass” hump persists even up to 1500 °C, sample SiCO-1300
exhibits diffraction peaks at 36, 60 and 72°. These lines emerge due to the formation of B-SiC
nanocrystallites.'? 3! The “glass” hump decreases visibly in SiCO-1400 and SiCO-1500, while
the peaks at 36, 60 and 72° grow sharper and more intense. Note that even the sample SiCO-
1500 displays a “glass” hump besides sharp diffraction peaks, indicating a considerable amount

of amorphous substance besides crystalline phases.
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Figure 5-6 Powder XRD data for SiCO samples up to 1500 °C (1000 to 1500 °C from bottom to

top)

It has been reported that the broad hump around 22° corresponds to the silica present
in the glassy phase of these materials. Diffraction peaks at 36, 60 and 72° are assigned to the
formation of B-SiC nanocrystallites. SiCO-1000 to SiCO-1200 diffraction patterns reveal that the
material is amorphous at these temperatures as they do not present diffraction peaks in the
pattern. From literature; This result is consistent with previous studies.®® The phase
development observed in the XRD patterns is consistent with previous studies of SiCO
materials produced by different routes. SiCO remains non-crystalline without sharp diffraction
peaks up to 1200 °C.%" 1! Resistance to crystallization of SiCO ceramics has been reported in

the literature with phase separation starting around 1200 °C.*' Phase development of sol-gel
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derived SiCO glasses was followed with XRD analysis.®® The results of these analyses show
that SiCO remains non-crystalline without sharp diffraction peaks up to 1200 °C.% 102103

Notably, no diffraction peaks related to polymorphs of silica are observed up to 1500 °C.%
An XRD pattern of PMHS and DVB system with the same composition as presented here
shows a hump related to the amorphous structure at 1000 °C, and starting at 1300 °C the hump
was due a glass “silica” network in the structure. Also at this temperature reflections for p-SiC
nucleation starts to develop.®® Phase separation of SiCO into SiO2 and SiC-rich amorphous
regions is typically followed by 2°Si NMR and traceable already in samples annealed at 1000
°C.% However, only SiC then crystallizes at temperatures above 1200 °C, while SiO2 remains
amorphous.

XRD patterns for some sol-gel derived SiCO ceramics were already developing XRD
diffraction peaks at 1200 °C. Their results also showed that the size of B-SiC nanocrystals
remained nearly constant with increasing temperature and that the size of the -SiC
nanocrystals depended on initial composition. The maximum size of the crystallites for all
compositions was about 3 nm at 1500 °C.1%°

We used the diffraction peaks of Figure 5-6 related to B-SiC and estimated the grain
size using the Scherrer equation.'™ We obtain diameters of B-SiC crystallites between 51,
9.542.1 and 15.5+2.1 nm for SiCO-1300, SiCO-1400, and SiCO-1500, respectively.

Previous studies have investigated the growth of SiC nanocrystals in SiCO materials.
XRD analysis of sol-gel derived SiCO glasses pyrolyzed at 1400 °C have been estimated to
have SiC crystallites up to 2 nm.%”

HR-TEM studies of sol-gel derived SiCO ceramics with different compositions
confirmed the presence of silicon and silicon carbide nanocrystallites with a diameter of 300 and

80 A respectively. These results were found for SiCO ceramics annealed at 1200 °C for the TH
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DH 9 composition. These crystallites grow up to a maximum of 500 A at 1500 °C, and they are
embedded in an amorphous silica matrix as identified by EDP (Electron Diffraction Patterns).%

Further analysis of the XRD patterns of samples SiCO-1300, SiCO-1400, and SiCO-
1500 allowed us to identify small diffraction peaks for (002) reflections related to the presence of
ordered graphite.

The total area covered under the diffraction line decreases with increasing temperature,
consistent with the consumption of graphite in carbothermal reduction. From SiCO-1300 to
SiCO-1400, the total area of the graphite peak decreases by 79%. From SiCO-1400 to SiCO-
1500 the remaining area decreases by a 51% decrease in the total area of the graphite peak,
yielding an overall reduction by 90%. The peak position shifts as well, from 26 = 22.3° to 23.6°
and 24.9° from SiC0O-1300 to SiC0O-1400 and SiCO-1500. The corresponding d-value, thus,
decreases from 3.98 A in SiCO-1300 to 3.76 A in SiCO-1400 and 3.56 A in SiCO-1500.
Applying the Scherrer equation, we calculate a correlation length of smaller than 1 nm of the
ordered domains for all samples.

High-quality graphite (SP-1), a standard crystalline graphite for research and industry,
exhibits a d-value for the (002) reflection of 3.3553 A.'% Moreover, the interlayer distance of
graphite decreases with increasing crystallinity.'%® Typical values for 26 of graphite are 26.37° or
26.6 ° depending on the graphite reactant used in the synthesis.'?”:1% Therefore, the increase in
26 for the position of graphite diffraction lines in our data is consistent with a progressive
ordering of carbon in the SiCO material as temperature is increased. However, while annealing
leads to a more organized carbon phase, the diffraction patterns indicate that the extent of the
ordered domains is limited.

The presence of graphitic domains and turbostratic carbon in SiCO annealed at high
temperatures has been established in various TEM studies.'>7® In another study, Raman
mapping was utilized for the investigation of carbon domains in PMHS/DVB derived SiCO

ceramics. It was possible to identify two different types of carbon in the vicinity of SiC
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nanocrystallites. The results showed a well-organized sp? carbon and a disordered sp? carbon
phase. They found that carbon domains with low-intensity D band were found in close proximity
to SiC nanocrystallites, and that disordered carbon appeared to be located in the interface
between the SiCO matrix and ordered sp? carbon.®® Our results are consistent with the
presence of an organized sp? carbon phase present in these materials.

Polymer derived SiCO ceramics show a decrease in carbon content percent as pyrolysis
temperature is increased. This decrease can be due to volatile species being more likely to
escape at higher temperatures. 32
5.3.5 Raman Results

Raman spectroscopy is particularly well suited for the investigation of carbon-based
materials. Bands in Raman spectroscopy correspond to a vibrational frequency in the material.
Raman spectra of graphite show the G band that is caused by an in-plane sp? stretching of
carbon atoms.'® Raman spectra of (disordered graphite) carbon-based materials also display
the E2g symmetry (G band) positioned between around 1575 to 1595 cm™, as well as an Ajg
symmetry band, positioned around 1350 cm™.1%°

The D and G bands are characteristic features of carbon-based materials. The D band
is related to sp? breathing modes, and the G band is related to sp? bond stretching.''® The
vibrational frequency depends on laser wavelength.''! Figure 5-6 displays the Raman spectra

for samples SiCO-1000 to SiCO-1500.
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Figure 5-7 Raman spectra for SiCO samples up to 1500 °C (1000 to 1500 °C from bottom to
top)

The Raman spectrum of single crystal graphite has been reported to have one band at
1575 cm™'. For the Raman spectra of carbonaceous materials such as carbon black, vitreous
carbon, or activated carbon, a second band is present around 1355 cm™.1"2 The intensity
increase of this second band is related to the increase of unorganized carbon structures and the
decrease of the crystalline size of carbon domains.''?

Samples SiCO-1000 to SiC0O-1500 show features of a carbon-based material with
disordered carbon. SiCO-1000 also displays a shoulder around 1205 cm™' as well as a broad
contribution that does not display maxima around (1512 cm™), but that it is positioned between

the D and G bands. SiCO-1000 also displays a very broad shoulder around 1780 cm™.
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SiC0O-1100 also shows the D and G bands positioned at1334 and 1596 cm™', respectively.
The shoulders around 1212 cm™ and 1549 cm™! are less prominent in comparison to SiCO-1000
and shifted to higher wavenumbers. SiCO-1200 has D and G bands positioned at 1318 and
1589 cm™' respectively. Shoulders are positioned at 1271 and 1515 cm™ SiCO-1300’s G and D
bands are positioned at 1319, and 1582 cm™ and shoulders are positioned at 1214 and 1502
cm™'. SiCO-1400 has D and G peaks positioned at 1333, and 1589 cm™' and shoulders are
located at 1277 and 1447 cm™'. SiCO-1500's D and G peaks are located at 1318, and 1590 cm-
"and small shoulders are present at 1236 and 1478 cm™'.

Samples SiCO-1000 to SiCO-1500 display a shoulder around 1200 cm™' that shifts to higher
wavelengths from SiCO-1000 to SiCO-1500 and decreases with increasing temperature. This
shoulder can be related to C-C-sp? vibrations.'" This shoulder is also reported in the literature
to correspond to hydrocarbons or aliphatic moieties connected to graphitic basic structural
units'3. Also, around 1500 cm™' a shoulder is visible for SiCO samples and becomes
increasingly smaller at 1500 °C. This shoulder is related to amorphous carbon.''® The decrease
of the shoulder around 1500 cm™ is consistent with higher ordering of carbon domains as
temperature is increased.

The presence of D and G bands for SiCO ceramics obtained at 1000 °C is supported by
literature data.’* SiCO aerogels (PMHS: DVB, mass ratio of 1:2) annealed at 900 °C show D
and G bands at 1331 and 1598 cm™" respectively (using a 514 nm laser).?° These band positions
correspond to the ones presented here for the SiCO-1000 sample. These bands correspond to
disordered carbon domains.'?'19 As temperature increases, the D & G bands become
narrower, and FWHM decreases, indicating increasing ordering of carbon domains.?" % D and
G peaks slightly move to lower wavenumbers for samples SiCO-1200 to SiCO-1500. For
sample SiCO-1500, D and G are positioned at 1316 and 1589 cm™'. Therefore, there is an

overall shifting to lower wavenumbers for the D and G peaks in these samples.
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Formation of disordered carbon as evidenced by Raman is facilitated by using a carbon
enhancer as DVB. Using DVB as a crosslinker enhances the free carbon in the SiCO
ceramic.'? 2832115 Prgvious studies have investigated the thermal conversion of PMHS and
DVB.3% 32 The results show that the use of DVB as a crosslinker increases the carbon content in
a more controlled manner in comparison to tetramethyl tetravinyl cyclotetrasiloxane (TMTVS) or
methyl, vinyl, or phenyl groups connected to silicon atoms. It was noted that the aromatic
groups present in DVB in the pre-ceramic stage allow for the formation of graphitic like carbon
starting at 800 °C in inert atmosphere and shown in the Raman spectrum.''* DVB promotes the
formation of sp? carbon because it already contains aromatic groups in the structure.

It is possible to gain more information about the carbon present in these samples by using
graphitization indicators. These can provide information about the carbon domain size in these
materials. The lateral crystal size (La) of segregated carbon sites can be obtained''® as well as
the inter-defect distance using the ratio of the D and G peaks.'!” For the calculation of the
lateral size of carbon domains and inter-defect distance, the following formulas were applied,

respectively. Table 5-2 summarizes the results for the graphitization indicators.

La(nm)=2.4x 10710 -/1% . (':_1;)—1

Lo (nm?) = 182 102+ Af - (42)
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Table 5-2 Graphitization Indicators Calculated Using Raman Results

Sample D-band.C.)enter G band. z.:enter D-band G band AolAe L (nm) | Ls (nm)
Position Position Area area

SiC0O-1000 1329 1597 215170 74944 2.87 |13.42 | 10.03
SiC0O-1100 1334 1596 162923 72233 226 |17.08 | 11.32
SiC0O-1200 1318 1589 89611 33647 266 |14.47 | 10.42
SiC0O-1300 1319 1582 36249 12528 289 |13.32 | 9.99
SiC0O-1400 1321 1589 50256 30073 1.67 |23.06 | 13.15
SiC0O-1500 1318 1590 67901 31333 217 |17.78 | 11.55

From the graphitization indicators; we calculated for SiCO-1000 to SiCO-1500 a lateral
domain (La)of 13.42 nm, 17.08, 14.47, 13.32, 23.06, and 17.78 nm respectively. Also, the
inter-defect distance (Lq4) for SiCO-1000 to SiCO-1500 was 10.03, 11.32, 10.42, 9.99, 13.15,
and 11.55 nm, respectively. Overall, the lateral size for the graphitic domains and the inter-
defect distance increase with increasing temperature for SiCO-1000 to SiCO-1500.

SiCO samples synthesized with the same PMHS: DVB ratio showed narrowing from D and
G peaks in Raman spectra when going from 1000 to 1300 °C. Their results showed an
increase in the estimated graphite crystal size from 11.1 nm at 1000 C to 13.1 nm at 1300 °C.
As well as a shifting to lower wavenumbers for the D and G peak with temperature increase.®
Our results show similar lateral size domains for SiCO-1000 and SiCO-1300 around 13 nm and
shifting D and G bands to lower wavenumbers as well. Our results for lateral size domains for
SiCO-1000 to SiCO-1300 decreases slightly in this study, but the overall trend is an increase of
lateral size domains with increasing temperature. These results show that the trend is not
consistent for all samples. SiCO-1400 displays the largest La. of all samples, and we believe
that this inconsistent growth of graphitic-like domains can be related to the loss of carbon,
related to carbothermal reduction, which is well reported for SiCO materials.

In another study, sol-gel derived SiCO ceramics have shown a decrease in carbon content
of about 6 % and a decrease of more than half in the size of carbon nano-domains when
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samples are annealed from 1100 to 1500 °C.""® This loss of carbon content is related to the

onset of carbothermal reduction around 1400 °C."2
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Figure 5-8 SiCO-1000 to SiCO-1500 (from a) to f)) fitted using Origin software after baseline

correction

Figure 5-8 compares the Raman spectra of the SiCO-1000 to SiCO-1500 samples. All

samples are fitted using 4 Gaussians but SiCO-1000. SiCO-1000 displays a prominent peak

that is centered at 1780 cm™'. This peak has been fitted because it proved necessary to

achieve a good fit. This large shoulder does not correspond to shoulders or peaks reported in
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literature for carbonaceous materials.''® 11920 \We suspect that it can be related to fluorescence
effects. Fluorescence effects have been reported in the literature for SiCO materials, and D &
G peaks have not been discernible due to a large fluorescence background.'" In our results, D
& G peaks are still observable for all samples, but we suggest that fluorescence could be
causing shoulders in the spectra not reported to be part of D and G peak deconvolution for
carbonaceous materials. Also, this shoulder decreases with increasing temperature, and it has
been reported that D & G peaks are easier to observe and more defined at higher
temperatures.®® 1" This observation is consistent with Raman results we have obtained here.
Results show that with increasing annealing temperature, the D and G peaks become narrower
and more defined.
5.3.6 TGA Results

TGA in air was done to investigate the oxidation resistance of these ceramics up to 900 °C
in air. For sample SiCO-1000, a final mass loss of 3.5% is observed. SiCO-1100 and SiCO-
1200 show a mass loss of less than 1%. Mass loss from SiCO-1200 to SiCO-1300 is 3.5%,
from SiCO-1300 to SiCO-1400 there is a mass loss of 15%, and this increases to a final mass
loss of 33% for SiCO-1500.

Thermal analysis coupled with emission gas analysis shows hydrogen evolution of
SiCO ceramics up to 1200 °C. Mass loss is attributed to hydrogen presence being significant in
SiCO ceramics at these temperatures.5®
The large mass loss % present in SiCO-1400 and SiCO-1500 can be attributed to the

high amount of carbon present in the structure'?!, which is related to the incorporation of DVB in
the material. In a previous report, a TGA analysis in air of SiCO foams annealed up to 1200 °C
showed a mass drop around 600 °C, this mass loss was attributed to free carbon in the ceramic
material.'?? This free carbon produced CO2 gas evolution. In this report, the free carbon was
attributed to the polyurethane foam residue in the SiCO foams. In this study, reheating the

SiCO foams up to 1000 °C caused little weight loss when TGA was performed in air or oxygen
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atmosphere. This result showed that a SiCO foam ceramic annealed at 1200 °C presents high
oxidation resistance up to 1000 °C."?2 In our results, SiCO-1200 has a mass loss of 0.62%
when exposed to air up to 900 °C.

In a separate study, the oxidation of SiCO ceramics with different compositions (annealed
at 1200 °C) and derived from silsesquioxanes was studied.'?® This study showed that the most
critical oxidation process causing the largest mass loss occurred within 0.5 hours of the initial
oxidation procedure. Also, their results showed that SiCO ceramics with high excess free
carbon were fully oxidized to silica (SiO2) at 600 and 800 °C and still contained quantifiable
amounts of excess carbon content after 500 hours of oxidation time at 1000 and 1200 °C. In
contrast, for SiCO ceramics with low carbon content, there was no complete oxidation to SiO2
with up to 500 hours of oxidation time. Results also showed that for all compositions, 800 °C
was the most critical temperature in terms of more composition changes due to oxidative
processes. They also observed that lower oxidation temperatures (600 and 800 °C) are
associated with loss of carbon in the form of CO and CO2. This reaction creates pores in the
sample, which provides oxygen better accessibility to bulk sample and allows Si-C bond
oxidation. At higher oxidation temperatures (1000 and 1200 °C) SiO2is formed on the surface
of the ceramic that slows down the oxidation processes throughout the bulk material. 23

In our results, SiCO-1400 and SiCO-1500 show significant mass loss % around 600 °C.
This mass loss % could be associated with SiCO phase separation at higher temperatures and
materials having a high amount of carbon content forming a free carbon phase. A turbostratic

carbon phase is shown to be present in these materials in the Raman analysis.
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Figure 5-9 TGA analysis in air for samples SiCO-1000 to SiCO-1500

Table 5-3 Final Mass Loss % for TGA in Air for Samples SiCO-1000 to SiCO-1500

Sample Final Mass Loss %
SiC0O-1000 3.5
SiC0O-1100 0.50
SiC0O-1200 0.62
SiC0O-1300 3.2
SiC0O-1400 15
SiC0O-1500 33

In a study performed by Lu et al., 2016, PMHS crosslinked with 80% content of DVB
was studied. The samples show oxidation resistance in air up to 1000 °C with a maximum
weight gain of less than 0.5%. This study also showed a correlation between mass loss
percentage and pyrolysis temperature. TGA analysis shows that PMHS/DVB derived SiCO
ceramics exposed to lower pyrolysis temperatures show lower mass changes, and higher

pyrolysis temperatures lead to weight gain before the onset of weight loss at around 800 °C.
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Less than 0.2% weight loss was obtained for samples annealed at 1200 and 1300 °C, and a
0.5% weight loss was obtained for a sample annealed at 1500 °C.3? Their results pointed out to
the decreased stability of the SiCO network with increasing temperature as well as increased
segregation of the SiCO ceramic. Our results show a significant increase in the weight loss
percentage as annealing temperature is increased, but it is also important to note that the
carbon content in our samples corresponds to 200% content of DVB with respect to PMHS.

In another TGA study, oxidation stability of sol-gel derived SiCO ceramics was
compared to PMHS/DVB derived ceramics. This study showed that PMHS/DVB derived SiCO
ceramics show increased resistance to oxidation in comparison to sol-gel SiCO ceramics.
Results obtained for sol-gel derived SiCO show increased oxidation at 700 °C in comparison to
PMHS/DVB derived SiCO ceramics with comparable amounts of carbon.®® These results
suggest that the PDC route can have improved oxidation resistance in comparison to the sol-gel
method. Figure 5-9 illustrates the TGA of the SiCO-1000 to SiCO-1500 performed in air
atmosphere, and table 5-3 summarizes the results.

5.3.7 Discussion

SiCO ceramics were synthesized using PMHS and DVB with an average ceramic yield was
66+1, and linear shrinkage was 28+1. Literature reports yields between 60 and 65% for these
materials.?% % Our results are consistent with reported data.

Further annealing in Argon atmosphere up to 1500 °C for SiCO ceramics yielded a mass
loss of less than 1% for SiCO-1000 to SiCO-1300, and increased mass loss for SiCO-1400 and
SiCO-1500, having a final mass loss of 30%.

Samples SiCO-1000 to SiCO-1200 are black and shiny, SiCO-1300 starts to appear fragile
and powdery, and SiCO-1400 and SiCO-1500 are broken with white areas on the surface.

FE-SEM imaging results show almost featureless surfaces for SiCO-1000 and SiCO-1100,
SiCO-1200 shows the formation of some large cracks on the surface. In SiCO-1300, cracks

become more pronounced, and pores are formed. SiCO-1400 whisker-like structures form on
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the surface of the sample. The formation of whiskers at this temperature is consistent with the
formation of SiC nanocrystallites. For SiCO-1500, spheres are formed on the surface of the
sample. These spheres are formed from the agglomeration or growth of whiskers present in
SiC0O-1400.

Powder XRD results show typical amorphous XRD patterns for SiCO-1000 to SiCO-1200.
SiCO-1300 displays small peaks 36, 60 and 72° start developing. These peaks are assigned to
the formation of B-SiC nanocrystallites. Also, at this temperature, a more pronounced hump
around 22° in 26 corresponds to silica in the glassy phase®. SiCO-1400 and SiCO-1500 show
more pronounced peaks corresponding to B-SiC nanocrystallites.

Scherrer particle size analysis for SiCO-1300 to SiCO-1500 showed an increasing p-SiC
particle size estimation. SiCO-1300 B-SiC particle size was estimated to be between 4 and 6
nm. B-SiC particle size increased up to a range of 14-17 nm for SiCO-1500. This result shows
an increase in crystallite size with increasing temperature of annealing, which has been
reported before for sol-gel SiCO ceramics®, and the growth of SiC nanocrystallites is reported
for PDC ceramics.!

From the powder XRD pattern, it was possible to locate small and decreasing peaks related
to graphite. The correlation length was less than 1 nm for SiCO-1300 to SiCO-1500. The d(A)
decreased with increasing temperature, and 26 value shifted from 22.3° to 24.9°, which
suggests increasing ordering of the graphitic like carbon phase present in these materials.
These results are consistent with increased ordering of carbon domains with increasing
temperature. This result is consistent with Raman spectra, and it is well reported in literature.
Also, with increasing temperature, the D & G bands become narrower, and FWHM decreases,
indicating increased ordering of carbon domains as reported in the literature.3" %°

To calculate La and Lq, graphitization indicators were used in this study. Our results indicate
that La increase with increasing temperature but decrease around 1200 and 1300 °C, and there

is a final Laof 17.78 nm. Lgincrease with increasing temperature except for 1200 and 1300 °C
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as well. We do not have conclusive reasoning for this effect yet, but it can be related to carbon
distribution changes.

Previous studies performed with the same material show an increase in La domains from
1000 to 1300 °C from 11.1 nm to 13.1 nm. Our results at these temperatures show a slight
decrease in Lafrom 13.42 to 13.32 nm from 1000 to 1300 °C. However, our results show an
overall increase when going from 1000 to 1500 °C.

TGA analysis in air was done up to 900 °C show that SiCO-1000 has a final mass loss of
3.5%. SiCO-1100 and SiC0O-1200 show a mass loss of less than 1%. Also, SiCO-1300 to
SICO-1500 mass loss increases from 3.2% to 15% (for SiCO-1400), and there is a final mass

loss of 33% for SiCO-1500.
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5.4 Conclusion

We investigated bulk SiCO ceramics when annealed up to 1500 °C using Raman, XRD, FE-
SEM, and TGA analysis. Using Raman Spectroscopy, we found that Ladomains of graphitic
carbon increase with increasing temperature up to 17.8 nm and Lq increase with increasing
temperature of annealing up to 11.6 nm.

From XRD analysis, we obtained information about the progressive increment of SiC
crystalline growth as well as the presence of small and decreasing graphite peaks with
increasing annealing temperature. The XRD analysis provides information about the formation
of graphite in these materials, and a correlation length of less than 1 nm was calculated for
SiC0O-1300 to SiCO-1500. XRD and Raman analysis support the increasing arrangement of the

free carbon phase present in these SiCO ceramics.
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Chapter 6
General Summary
6.1 Chapter 1

Chapter 1 of this thesis dissertation introduces the term aerogel, which was first coined
by Kistler; we also introduce aerogel properties and applications. Also, in chapter 1, we
introduce silicon oxycarbide ceramics which belong to the PDC materials. These materials
possess a free carbon phase that affects stability and thermal conductivity.

Due to the low solubility of around 1% of carbon in silica, conventional solid-state
methods are not feasible for the synthesis of SiCO materials. This limitation is why the PDC
route provides a synthesis method that allows SiCO materials in a range of compositions,
shapes, and properties. More specifically, we talked about SiCO aerogels; these are porous
materials synthesized using the PDC method and subsequent supercritical drying. The
supercritical method allows for minimal pore collapse due to the almost complete elimination of
capillary forces. SiCO aerogels have been synthesized and characterized for gas sensing,
anodes for Li-ion batteries, water cleaning and more.

6.2 Chapter 2

In chapter 2, we investigate how the synthesis conditions of PDC SiCO aerogels
influence their microstructural properties. After having established a successful synthesis
method, we look at solvent effects on aerogel microstructure. We synthesized SiCO aerogels
by crosslinking poly(methylhydrosiloxane) and divinylbenzene (PMHS and DVB) in highly
diluted conditions. We used four different solvents (n-hexane, cyclohexane, tetrahydrofuran,
and acetone). We performed the synthesis using a digestion vessel and a Pt catalyst. We used
solvent exchange with liquid CO2 and supercritical drying in CO2 to obtain a porous material.
We investigated the microstructural features of the resulting aerogels and found that solubility
and swelling of the crosslinked polymer play a significant role in the pore formation process of

these materials.
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6.3 Chapter 3

In chapter 3, we synthesized SiCO porous materials using a different synthesis method.
In this chapter, we present the synthesis of highly porous silicon oxycarbide ceramics
synthesized using the sol-gel method. We used 1,2 Bis(triethoxysilyl)ethane and dissolved it in
isopropanol and used HCI as the catalyst. These materials were slowly dried at 45 °C until the
material dried. Then we anneal these materials in inert atmosphere to convert them to SiCO
ceramics. We investigate their microstructural features before and after annealing. We also
characterize SiCO ceramics and their ability to adsorb Methylene blue (MB) dye. We compare
SiCO porous materials to mesoporous silica and activated carbon. Our results conclude that
the material with the highest specific surface area (SSA) does not necessarily display the
highest adsorption capacity. In this study, SiCO outperforms mesoporous silica and activated
carbon even though it possesses the least SSA. Our results show a complete reduction of MB
dye characteristic UV-Vis absorption peak after overnight contact. In contrast; overnight contact
with activated carbon and mesoporous silica resulted in an 80 % reduction of UV-Vis
characteristic absorption peak of MB dye; despite of their higher SSAgeT.

6.4 Chapter 4

In chapter 4, we take a close look into the structural evolution of SiCO porous materials
(ambigels) synthesized through the sol-gel method and using ambient drying. We annealed the
SiCO ambigels at 400, 600, 800 and 1000 °C. For all samples, we obtained narrow pore size
distributions using the BJH method using nitrogen adsorption analysis. We also observed a
decrease of 4 % in the average pore diameter of these materials upon annealing. FE-SEM
imaging was used to investigate the microstructure of SiCO ambigels. The average particle
size decreased upon annealing temperature. These results point out that particle size, as well
as pore diameter, play a role in the specific surface area of these SiCO ambigels. Further
experiments such as dynamic hysteresis scanning can be required to investigate the pore

properties of these materials further.
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Nitrogen adsorption analysis is summarized with the following results: SSAser
decreases 25% from unannealed material to SiCO material annealed at 400 °C and increases
10% from 400 to 600 °C. There is an overall final SSAget loss of 55% from unannealed material
to SiCO material annealed at 1000 °C.

The pore volume calculated using the BJH model shows a decrease of 36% from
unannealed SiCO to annealed material at 400 °C. There is a 13% increase in pore volume from
400 to 600 °C and an overall final decrease of 61%. The average pore diameter for all the
samples is 3.56+0.05 nm. There is an overall average pore diameter decrease of 4%. These
results indicate that the calculated average pore diameter does not change significantly up to
1000 °C.

6.5 Chapter 5

In the last chapter, we present an investigation of bulk SiCO ceramics; we
characterized the properties of bulk SiCO ceramics when exposed up to 1500 °C in Argon
atmosphere. Dense monolithic SiCO ceramics are synthesized through the polymer-derived
ceramic (PDC) route using polymethylhidrosiloxane (PMHS) and divinylbenzene (DVB). We
present a systematic investigation of a 1:2 mass ratio of PMHS: DVB SiCO ceramics annealed
from 1000 to 1500 °C.

In this chapter, we show the phase separation of these materials. XRD analysis shows
B-SiC nanocrystalline growth; along with small graphite peaks starting at 1300 °C, which
decrease with increasing annealing temperature. Also, using Raman analysis, we show the
increasing ordering of carbon domains present in these materials.

Using Raman spectroscopy, we found that La domains of graphitic carbon increase with
increasing temperature up to 17.8 nm and Lq4 increase with increasing temperature of annealing
up to 11.6 nm. The XRD analysis provides information about the formation of graphite in these
materials, and a correlation length of less than 1 nm was calculated for SiCO-1300 to SiCO-
1500.
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6.6 Overall Summary and Future Directions

The goal of this research was to contribute to the field of ceramics by the investigation
of the ternary system of SiCO materials synthesized through the PDC (Polymer Derived
Ceramic) route and sol-gel route. Results in chapter 2 can be of interest to researchers
performing investigations of polymer-derived aerogels. We synthesized SiCO aerogels and
studied polymer solubility and swelling as important factors in the microstructural features of
SiCO aerogels. We used our results to provide a rationale for “good” and “bad” solvents.
Future research can be performed to obtain Hansen solubility parameters for PMHS polymer as
well as providing a rationale for their importance in the synthesis of aerogels.

Chapters 3 and 4 show the synthesis of porous SiCO ambient-dried materials. This
synthesis method offers advantages over the aerogel method. Advantages include ease of
synthesis, no need for digestion vessel and supercritical dryer chamber. This synthesis method
makes the ambient drying method less expensive and less complicated. One disadvantage of
the ambient dried method is long drying times. A critical advantage of the ambient dried method
is that the SSA of materials can be significantly higher in comparison to the aerogel synthesis
method.

This synthesis method can be further explored to gain information about applications in
the field of environmental remediation. Future experiments in this field would provide insight
into the applicability of SiCO materials in water cleaning of different contaminants and
concentrations. A systematic comparison of porous SiCO to commercially and currently
available materials could provide an alternative to alleviate water pollution issues.

Results from chapter 4 provide insight into pore and particle size development during
the annealing process. Findings can be useful to tailor porous SiCO materials. More insight

into the temperature-dependent microstructural feathers can facilitate the understanding of the
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effects of heating treatment in these materials. Further experiments can be focused on pore
and particle size development as a function of higher times and temperatures of exposure.
Chapter 5 focuses on the high-temperature behavior of SiCO ceramics up to 1500 °C.
SiCO ceramics are investigated for their high-temperature applications. The results provided in
this thesis provide a comprehensive analysis looking closely at the temperature-dependent
changing SiCO structure. Future experiments will be needed to understand the chemical

bonding evolution of these PMHS/DVB materials using XPS and NMR experiments.
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Chapter 2. Parts of this chapter correspond to a manuscript published in Materials.
Aguirre-Medel, S., Jana, P., Kroll, P., & Soraru, G. D. (2018). Towards Porous Silicon
Oxycarbide Materials: Effects of Solvents on Microstructural Features of
Poly(methylhydrosiloxane)/Divynilbenzene Aerogels. Materials (Basel, Switzerland), 11(12),
2589. doi:10.3390/ma11122589

Chapter 3. A manuscript in preparation. Aguirre-Medel, S., Kroll, P. Synthesis of
ambient dried SiCO materials and their potential for environmental remediation

Chapter 4. A manuscript in preparation. Aguirre-Medel, S., Kroll, P. Sol-gel SiCO
Ambigels Microstructural Evolution Upon Pyrolysis Temperature

Chapter 5. A manuscript in preparation. Aguirre-Medel, S., Hendrix, K., Kroll, P.

Investigation of Microstructural Evolution of Bulk SiCO Ceramics Annealed up to 1500 °C
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