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ABSTRACT

The extreme environments of space exploration have pushed scientists to create
revolutionary materials that have filtered back to terrestrial life. A key challenge is lightweight
insulation to replace dense ceramics for aerospace applications, where every kilogram is worth
$5,000 to $20,000 to just reach low Earth orbit [1]. A promising form of insulation is aerogels.
The high porosities and low densities of ceramic aerogels offer outstanding insulative performance
in applications where weight is a critical factor. The high surface-to-volume ratios and specific
surface areas provide extremely low thermal conductivity, but also contribute to rapid densification
of the pore structure at elevated temperatures. This densification diminishes their favorable
properties and inhibits use of aerogels in high temperature applications. The purpose of this work
was the establishment of a design framework for thermally stable, highly porous materials. Design
considerations including composition, synthetic parameters, and post-synthetic modification were
evaluated via sol-gel synthesis and characterization of metal oxide aerogels.

Zirconia aerogels doped with varying concentrations of yttrium, ytterbium, gadolinium,
cerium, and calcium were studied to 1200 °C. For yttria-stabilized zirconia (YSZ) aerogels,
increased yttria content was associated with increased thermal stability and retention of porosity
to 1200 °C. The improvements in thermal stability with increased yttria content are hypothesized
to be the result of a reduction in surface energy and cation diffusivity, thereby reducing the driving
force for densification and slowing transport processes that result in densification, respectively.

When the broader set of dopants were analyzed, increased dopant concentration was found
to reduce rate of densification for all materials. Gadolinium and yttrium were the most effective
dopants for improving thermal stability. Evaluation of material property — thermal stability

relationships was challenging because of a lack of material property data for the compositions
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studied. A material property database for the aerogels studied would serve as a useful tool for
future analysis of design considerations for thermally stable aerogels and furthering the
understanding of properties and mechanisms controlling the densification of highly porous
structures.

The synthetic parameters of solids loading and water content were used to modify the
starting structure of the aerogel, including its specific surface area, mesopore volume, and
mesopore size. The structural evolution of these materials was studied at elevated temperatures.
The differences in starting structure had negligible impact on the thermal stability of the aerogel.
This result serves as an important control for the study of composition, where choice of dopant
and dopant concentration influence both starting structure and thermal stability.

Post-synthetic modification of YSZ aerogels with coatings of silica was performed in an
effort to further improve thermal stability. Silica coatings significantly improved thermal stability
to 1000 °C but underwent rapid densification beyond this temperature, which was attributed to
viscous sintering of silica. This result points towards a strong motivation to study YSZ aerogels
with coatings of zirconia, titania, and alumina to identify a coating that offers improved thermal
stability to temperatures beyond 1000 °C by avoidance of viscous sintering.

The colloidal stability of yttria was evaluated in an effort to develop a colloidal synthesis
for YSZ aerogels. The development of a colloidal synthesis for YSZ aerogels will enable the study
of aerogel thermal stability in context of structural motifs and how these motifs are assembled.
Ultrasonication of yttria colloids in aqueous citric acid solutions or in ethanol were found to reduce
the particle size and improve colloidal stability, an important first step in developing a colloidal
YSZ synthesis. The colloidal synthesis of alumina-zirconia as an alternative composition to YSZ

was also proposed and preliminary work identified precursors and possible synthetic routes.
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Overall, important design considerations were identified for thermally stable metal oxide
aerogels, including surface energy and cation diffusivity. Surface energy is expected to be
especially important, given the extremely high specific surface energies of aerogels. There are
certainly more design rules and considerations to be identified. This work suggests promising
future routes of study including the establishment of material property databases in conjunction
with thermal stability measurements, the use of non-densifying coatings, and the development of
novel colloidal syntheses for thermally stable aerogel compositions.

Thermally stable aerogels can be implemented into flexible reinforcements such as metal
oxide felts, papers, and weaves to form composite insulation. The addition of aerogel will reduce
the thermal conductivity and permeability of the composite, permitting higher operating
temperatures and pressures while avoiding the transport of heat and gas through the insulation.
This work identified metal oxide aerogels, including zirconia doped with yttrium or gadolinium as
well as silica coated aerogels, that offer promise as components in insulative composites for

aerospace thermal protection systems.
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CHAPTER 1: INTRODUCTION

A significant challenge in the field of aerospace materials is the development of
lightweight, highly insulating materials that can maintain high performance in extreme
environments. Materials with reduced thermal conductivity permit higher operating temperatures
and improved insulative performance. Reduced weight mitigates cost and improves payload
capacity. Take for example NASA’s cost estimates from the Space Shuttle program: assuming a
cost of $5000 per kilogram to launch into low Earth orbit, a 10% reduction in the mass of the Space
Shuttle’s thermal protection system would save $4.3M per launch [1,2]. A promising class of
lightweight, low thermal conductivity materials are aerogels. Aerogels are highly porous,
extremely lightweight (densities can be under 0.05 g/cm?), and display extraordinarily low thermal
conductivity (as low as 0.009 W/(m<K) in atmosphere and 0.003 W/(m+K) under vacuum) [3].

The same highly porous structure that makes aerogel an excellent insulator is also the
source of a critical engineering challenge: thermal stability. Upon thermal exposure, the aerogel’s
highly porous structure collapses, and the favorable properties of low thermal conductivity and
low density are lost. Aerogels with improved thermal stability must be developed to enable the use
of aerogels as insulation in extreme environments and temperatures to 1200 °C. A successful
aerogel system must be able to suppress both densification and phase transformations to maintain
sufficiently low thermal conductivity and mechanical integrity across the full range of relevant
extreme operating conditions.

The goal of the project was to develop an understanding of the structural and thermal
properties of doped zirconia aerogels for use in thermal protection systems for aerospace

applications. Relevant background to the project is provided in Chapter 2. Chapter 3 describes the



methods employed to characterize the structure and properties of aerogels and understand how
these materials evolve at high temperatures.

Formulations and synthetic approaches for high temperature aerogels were developed
through iterative synthesis and characterization of zirconia aerogels. Chapter 4 describes the
improvement in thermal stability realized by doping zirconia aerogels with high concentrations of
yttria and presents hypotheses on property-stability relationships. The study of composition and
material properties was expanded to encompass zirconia doped with yttrium, ytterbium,
gadolinium, cerium, and calcium and this work is included in Chapter 5. Dopant and material
properties were related to the thermal evolution of the aerogel structure to provide a
thermodynamically and kinetically informed study of aerogel thermal stability. Relationships
between synthetic parameters and the as dried structure and the as dried structure and thermal
stability were studied and are shown in Chapter 6.

Chapter 7 expands the work on structure-stability relationships by characterizing the
evolution with temperature of aerogels post-synthetically modified with various metal alkoxides.
Efforts were made to develop synthetic routes to doped zirconia aerogels via colloidal precursors
and these efforts are detailed in Chapter 8. By evaluating novel methods of forming aerogel
structures, relationships between structure and thermal stability can be drawn. Chapter 9
summarizes the work conducted within this project and suggests routes for future study of

thermally stable ceramic aerogels.



CHAPTER 2: BACKGROUND
2.1 Spacecraft thermal protection systems

Spacecraft encounter extreme environments in all phases of their operation, including
ascent, on-orbit, and atmospheric entry. The systems and components of the vehicles are subjected
to extremes of temperature, aerodynamic forces, and vibrational loads. The materials employed in
such components must demonstrate resilience to these extremes. Thermal protection materials
employed in thermal protection systems (TPS) that protect the spacecraft from high temperatures
are mission critical and often mission limiting. In the most extreme cases of heating, the only
current viable material option are carbon-based composites that ablate and pyrolyze upon
atmospheric entry, absorbing and carrying away the heat at the material is consumed. Such ablative
heat shields are employed on Earth re-entry capsules, including the Apollo, Dragon, and Orion
spacecraft.

Under milder conditions, in the context of spaceflight, reusable TPS become feasible. The
most famous example being the lightweight ceramic tiles that covered much of the Space Shuttle
Orbiter. These tiles, consisting primarily of silica fibers, enabled the Shuttle to reenter Earth’s
atmosphere up to temperatures of 1200 °C and heat loads of 77 kJ/cm?. Thermal conductivity of
the tiles ranged from 0.05 to 0.126 W/m-K [2,4,5]. The tiles were categorized by their density (LI-
900, L1-2200, AETB-8) and their surface coating (HRSI or LRSI).

Densities of LI-900, LI-2200, and AETB-8 were 9, 22, and 8 Ib/ft®, respectively (0.14,
0.35, and 0.13 g/cm®) . High temperature reusable surface insulation (HRSI) used a black
borosilicate reaction cured glass (RCG) coating with high emissivity to reject heat and were
applied in areas where temperatures reached 1260 °C, covering much of the underside of the

vehicle. Low temperature reusable surface insulation (LRSI) used a white coating that more



effectively reflected sunlight to maintain proper on-orbit temperatures and were rated to 649 °C.
Further improvements were made to the tiles used in the Orbiter throughout the Space Shuttle
program, culminating in the replacement of some HRSI with Fibrous Refractory Composite
Insulation (FRCI) and Alumina Enhanced Thermal Barrier (AETB) tiles, both of which offer
reduced weight and improved toughness to orbital debris impacts.

Perhaps less well known, yet covering almost a third of the Shuttle Orbiter, were flexible
insulation blankets (FIB) and felt reusable surface insulation (FRSI) blankets. Lightweight and
flexible, the FIB and FRSI were employed where temperatures were below 649 and 371 °C,
respectively [2,6]. Flexible materials referred to as thermal barriers were also used to prevent
superheated air from flowing through penetrations on the vehicle, such as where the RCC met the
wingtip (shown in Figure 2.1), the landing gear door, and the crew hatch [5]. The thermal barriers
consisted of a tubular Inconel 750 wire mesh filled with Saffil (aluminosilicate) fibrous insulation
wrapped with a ceramic sleeving and a Nextel AB312 alumina-borosilicate ceramic fiber outer
cover. Exposed surfaces had applied a high emissivity ceramic coating and the entire barrier was
attached using a room temperature vulcanizing (RTV) silicone. The materials developed in this
work are candidate component materials for use in flexible insulation such as the aforementioned
blankets and thermal barriers. The overall layout of the TPS on the Space Shuttle orbiter is shown
in Figure 2.2 [6].

Developing TPS capable of withstanding higher temperatures and insulating the spacecraft
structure enable new mission architectures and make spaceflight safer and more affordable. Take
the Space Shuttle Orbiter for example. At an estimated cost of $5,000 per kg to launch into low
Earth orbit (LEO) and Orbiter’s total TPS weight of 8,574 kg, a 10% reduction in TPS weight

would result in $4.3 million reduction in cost per launch or equivalently 857 kg of extra science



payload [1,2]. This reduction can be achieved via materials with lower density and lower thermal
conductivity than existing alternatives.
2.2 Aerogels
2.2.1 History of aerogel

An aerogel is an extremely porous, lightweight material that is derived from the sol-gel
process. Aerogels can vary widely in their composition, including metals, ceramics, polymers,
carbon, and more. The liquid phase of the gel is replaced with a gas, leading to a material with
extraordinarily low density and low thermal conductivity and surface areas upwards of 1000 m?/g.
Steven Kistler is credited with the development of aerogels while at the College of the Pacific in
Stockton, California, with the first report published in Nature in 1931 [7]. The legend is that he
and a friend made a bet as to who could remove the liquid from a “jelly”” and replace it with a gas
without shrinkage. Kistler won the bet and made the first aerogel via supercritical drying, where
the solvent (generally methanol) was brought to its supercritical state. At this point, the surface
tension goes to zero and the fluid can be extracted while maintaining the porous structure by
avoiding the capillary stress associated with a liquid-vapor interface in small pores. Unfortunately,
his process took weeks to prepare a single sample due to a tedious synthesis from sodium silicate
with hydrochloric acid, which was slowly saturated with methanol via solvent exchange. Kistler
came to University of Illinois shortly after his invention of the aerogel and published foundational
papers on the low thermal conductivity of silica aerogels and the promise of high catalytic activity
for metal oxide aerogels. The Monsanto Corporation licensed the technology from Kistler and
began commercial production around 1942. Through 1970, Monsanto produced silica aerogels for

use as a thickening agent for paints and makeup, cigarette filters, and as insulation in freezers [8].



In the 1970s, the French government renewed interest in aerogels using a silicon alkoxide,
tetramethoxysilane (TMOS) with alcohol, water, and a catalyst. This alkoxide-based synthesis is
the basis of silica aerogel production to this day [9]. Eliminating the methanol solvent exchange
reduced the synthesis time from weeks to hours. The Lund group in Sweden pioneered the
commercial production of aerogels using the new synthesis, but continued to use alcohol-based
supercritical drying [10]. This process involved taking the methanol solvent, which contained the
synthesized gels, to its supercritical point (240 °C, 80 atm). This process came under scrutiny after
a gasket failure led to the explosion of 3000 liter autoclave full of methanol, destroying the entire
facility [10].

Dr. Arlon Hunt’s group at Lawrence Berkeley National Laboratory developed a
supercritical drying process that replaced with alcohol with liquid CO2, which has a much lower
supercritical point (50 °C, 80 atm) and is not flammable [11]. This vastly increased the safety of
aerogel production, both at laboratory and commercial scales.

The advancements in aerogel synthesis and supercritical drying gave rise to new and
interesting applications. Physicists at CERN used aerogels as a detector for Cherenkov radiation,
where pions, muons, and protons moving near the speed of light would leave an electromagnetic
shock front through the aerogel, which could be detected by the light this process emits [12].
Aerogel is perhaps most famous for its spacefaring applications. NASA utilized aerogel to protect
the electronics on the Mars rover, Sojourner, in 1997. The aerogel’s great success led to the
implementation of aerogel as insulation on both Mars Exploration rovers Spirt and Opportunity in
2003, where aerogel protected the battery, electronics, and computers. A fascinating application
of aerogel as a cometary particle collector on the NASA Stardust mission, which operated from

1999 to 2006. The goal was to approach a comet, collect particles ejected from the comet, and



return the particles to Earth to study the composition of comets, which would lend information on
the origins of the early solar system. The mission was a complete success, as the aerogel first
collected particles as they collided with the aerogel and embedded themselves within. The probe
survived reentry in 2006 and the particles were able to be analyzed, with a special issue of Science
devoted to the mission and its discoveries [13].

2.2.2 Aerogel structure & properties

The IUPAC defines an aerogel as a “gel comprised of a microporous solid in which the
dispersed phase is a gas” [14]. This definition has come under some scrutiny, as it would also
include materials such as zeolites, but also excludes many materials considered to be aerogels that
have pores on the mesoscale. A more encompassing definition of an aerogel is a highly porous,
three-dimensional structure where the liquid phase has been replaced with air, leading to a structure
with porosity over 90% and pores smaller than 100 nm. Pores smaller than this size are required
for the low thermal conductivity of aerogels and their ability to significantly reduce heat transfer
via both conduction and convection. Highly porous materials with a majority of pores greater than
100 nm are often referred to as foams.

Aerogels are an extraordinarily diverse group of materials, encompassing gels based on
metal oxides, metals, carbon, polyimides, polyurethanes, phenolics, cellulose, rubbers,
biopolymers, and more. Obviously, the differences synthesis, structure, properties, and
performance between these classes are huge, let alone the differences that can exist within a class.
In this thesis, the discussion will focus on metal oxide aerogels, as these are best suited for the
high temperature insulative applications that are the focus of this work.

Metal oxide aerogels are generally comprised of interconnected polymeric or colloidal

primary particles that are on the order of 10 nm in size, forming a monolithic structure with most



pores from 2 to 100 nm in size, with some macroporosity also present [15]. Porosities exceed 90%,
leading to densities as low as 0.03 g/cm® and specific surface areas (SSA) from 250 to over 1000
m?/g [16]. The properties of pore size, porosity, bulk density, SSA, and pore volume are generally
the most important and relevant values to fully characterize the texture of an aerogel.

One of the most remarkable properties of aerogels are their extremely low thermal
conductivities. For silica aerogels, thermal conductivity is generally near 0.015 W/(mK). This is
lower than the thermal conductivity of air, also an extraordinary insulator, at the same conditions:
0.025 W/(m+K). How can the thermal conductivity of a solid be lower than that of air at similar
conditions? First, the highly porous, loosely interconnected network of small solid particles creates
a very tortuous path for heat transfer via conduction. Heat must transverse a random path, traveling
along the fractal-like solid structure. The ability for the aerogel to conduct heat can also be further
reduced by selecting a solid material with low thermal conductivity. Second, and most critically,
the mesoscale pores (2 to 100 nm) block heat transfer via convection. The mean free path of gas
molecules, even at ambient conditions, is on the order of 66 nm, similar in scale and often larger
than the pore size within the aerogel. Therefore, the air molecules struggle to move through the
small, random pore structure of the aerogel, leading to minimal heat transfer via convection. The
mean free path of particles in a gas grows linearly with temperature, so heat transfer via convection
becomes even more tenuous at the high temperatures experienced in aerospace applications.

With such high specific surface area, the surface chemistry of aerogels plays an important
role in their properties and potential applications. Most synthesis methods for metal oxide aerogels
lead to a structure than contains unreacted surface hydroxyl groups, contributing to high

hydrophilicity. Often, care must be taken to avoid adsorption of water vapor onto the vast surface



area of the aerogel, which can impede catalytic activity and influence the structural evolution at
high temperatures.

The unreacted surface groups also present an opportunity for functionalization of the
surface. Hydrophobic groups, such as =Si—(CH2)xCHs, can be introduced either during gel
synthesis or after supercritical drying, to reduce the affinity for metal oxide aerogels to take up
water. Surface groups tailored for catalysis of specific chemical reactions can also be attached to
the surface. The flexibility of surface functionality and the massive surface area available for
reaction make aerogels of much interest to the catalytic community.

2.2.3 Sintering & densification of aerogels

With porosities in excess of 90% and primary particle sizes on the order of 10 nm, aerogels
are comprised nearly entirely of free surfaces and interfaces. Free surfaces exist where the vapor
phase is in contact with the solid and interfaces exist between the primary particles that make up
the solid network of the aerogel. The high specific surface area of aerogels generates a large
thermodynamic driving force for sintering and densification of the mesoporous structure, reducing
surface area and therefore the total surface energy of the system. In a solid, the surface energy (y)
can be thought of as the work (w) required to increase the surface by a unit area (A), or the excess
energy of the surface per unit area compared to the bulk material. Since the surface is associated

with excess energy, the driving force of surface energy favors the elimination of surface area.

dw
dA

Equation 2.1

The source of surface energy is the disruption of intermolecular bonds at a surface. The
atoms on a surface do not have a full coordination number’s worth of neighbors. The bonds will
either be broken or distorted, leading to an excess energy at the surface. The value of surface

energy in solids depends on numerous factors, including material composition, crystallographic
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face, and adsorption of surface-active species. Outside of vacuum, adsorbed species play an
important role in the surface science of solid materials. In any case, the high specific surface area
comes with high total surface energies, leading to instability of the mesoporous structure at high
temperatures. Ceramics, both highly porous varieties as well as dense, polycrystalline materials,
undergo a combination of sintering, coarsening, and densification at high temperatures to minimize
the energy associated with free surfaces and interfaces.

Sintering requires the diffusion of atoms through the material. This diffusion is driven by
a gradient of chemical potential. In the case of surfaces, the surface energy creates a pressure
difference across curved surfaces. Since surfaces have excess energy, a curved surface seeks to
become flat to minimize its energy. In turn, the pressure difference across a curved surface leads
to a difference in solubility and/or vapor pressure relative to a flat surface. This increases the
chemical potential of the material under a curved surface, generating a chemical potential gradient
that drives diffusion when the material is heated. An additional source of sintering in aerogels is
the condensation of surface hydroxyl groups. As shown in a simplified depiction in Figure 2.4,
pore collapse can be driven by the condensation reaction of adjacent hydroxyl groups.

Sintering and densification in mesoporous aerogels are not well understood. The small
scales involved, with pores on the scale of 2 to 100 nm and primary particles on a similar scale,
make imaging of the structural evolution extremely difficult, therefore most work in this aerogel
utilizes simulation to understand the structural evolution [17-21]. The validity of models is
evaluated via comparison of macroscopic properties obtained in experimental work including
thermal conductivity and density [22]. Experimental studies of aerogel sintering were largely
conducted in the 1990s and early 2000s and were further limited by availability of high resolution

microscopy [21,23-26]. Most work in this field leverages small-angle x-ray scattering (SAXS) to
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infer the structure of the two-phase system comprised of solid backbone and void space [27,23,28—
36]. Though the nanoscale of the particles and pores involved preclude a complete understanding
of the sintering mechanisms involved in aerogel densification, an understanding of traditional
ceramic sintering processes informs design efforts for metal oxide aerogels.

The six mechanisms of sintering between two particles are shown in Figure 2.5.
Mechanisms 1 to 3 are non-densifying, meaning they do not contribute to shrinkage or loss of
porosity. Mechanisms 4 through 6 are densifying, meaning they move atoms from the bulk or grain
boundaries to surfaces, reducing the total amount of porosity and shrinking the material. All six
mechanisms are important to consider in the context of aerogel structural evolution. Mechanisms
1 through 3 will lead to particle growth, reduction of specific surface area, and loss of
mesoporosity. Although these non-densifying mechanisms do not reduce fotal porosity, they do
lead to the coalescence of pores into larger voids while maintaining constant pore volume. Loss of
mesoporosity and formation of macroporosity increases the thermal conductivity of the aerogel.
Mechanisms 4 through 6 can be catastrophic to an aerogel. Loss of total porosity of course
increases density and thermal conductivity. Furthermore, the fragile solid network of a mesoporous
aerogel cannot often survive the shrinkage associated with densification, leading to cracking and
failure of the material.

Viscous flow is a process of coalescence of particles driven by surface tension and is an
important mechanism in the early stages of aerogel sintering and densification. Most aerogels are
amorphous as prepared and viscous flow can be a dominant mechanism in amorphous materials.
The rate of sintering via viscous flow is given by Equation 2.2, where p is the bulk density, 1 is
viscosity, and ysv 1s the surface tension, which is closely related to the surface energy.

ld_p — E(l—p) 2Ysp

p dt T4 on T Equation 2.2
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The rate of viscous flow, and therefore the rate of growth for bulk density, can be slowed
by reducing the surface tension or increasing the viscosity. Therefore, reduction of surface tension
is one possible route to improving the thermal stability of aerogels prone to densification and
sintering via viscous flow.

Once the aerogel has crystallized, surface energy continues to be a critical factor in
sintering and densification. Material continues to be transported to reduce total energy via
densifying and non-densifying mechanisms. There are now added complications due to the
anisotropy in surface energies and the balance between free surface energy and interfacial grain
boundary energy. Anisotropy in surface energies arises due to different crystallographic faces of a
material having different surface energies, owing to differences in atomic packing and bonding.
This can lead to anisotropic crystallite growth, coarsening, and sintering. The balance between free
surface energy and interfacial grain boundary energy must also be considered. The change in
energy during sintering can be approximated as shown in Equation 2.3, with a change in free
surface area (Asv) leading to a change in grain boundary area (Agb), each having their own energy
per unit area (ysv, Ygb). Generally, ygb is lower than vysv, but the magnitude of the difference is an
important consideration in sintering, coarsening, and grain growth.

AE = AAgy, * Vs + AAgp * Yo Equation 2.3

In Figure 2.5, if one imagines the particles densifying, with matter transported from a free
surface to the grain boundary between particles, the total free surface area will decrease, but the
total grain boundary interfacial area will increase. Therefore, there will be a reduction in surface
energy, but an increase in grain boundary energy. Prof. Ricardo Castro et al. provides excellent
work on the concept of metastability in nanocrystalline ceramic systems, a field with much to offer

the pursuit of thermally stable aerogels [37—40]. The general strategy employed in this work is
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leveraging a balance between free surface energies and grain boundary energies to achieve
thermodynamic metastability of nanocrystalline ceramics. The particulars depend on the material
system under study, but generally increasing yeb relative to ysv, will make densifying mechanisms
less energetically favorable, as turning free surface area into grain boundary interfacial area does
not reduce the total energy of the system as dramatically.

Most of the discussion thus far has focused on the thermodynamics of sintering and
densification, i.e., the driving forces behind these phenomena. These changes to the material
require transport of matter and this of course has a kinetic perspective as well. The rates of
sintering, coarsening, and densification are controlled by diffusivity, of which there are different
values for the different species and for different routes, such as through the bulk, along a free
surface, and along a grain boundary. Reducing the rate at which matter can be transported will in
turn reduce how quickly the material can densify. This presents a set of parameters (bulk, surface,
and grain boundary diffusivity) to minimize by choice of material (with or without additives or
dopants) in order to improve thermal stability. There are also extrinsic methods to reducing mass
transport, such as organic coatings to hinder mass transport in nucleated clusters or segregated
impurities that exert a “solute drag” on boundaries and free surfaces [41,42]. Whether intrinsic or
extrinsic, slowing mass transport in aerogels will extend the time and increase the temperature to
which the mesoporous structure will remain stable.

In summary, a review of aerogel sintering and densification points to three possible
parameters or strategies to employ to reduce rate of densification and improve thermal stability:
reduce surface energy, increase ygb relative to ysv, and inhibit diffusion (via reduced diffusivity or

pinning mechanisms). Identification of routes to achieve these changes and assessing the
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magnitude of their effects are important steps in achieving thermally stable aerogels for use in
extreme environments.
2.2.4 Thermal stability of existing aerogels

Polymeric aerogels, which demonstrate excellent mechanical properties, are limited to
temperatures below 500 °C due to the polymer network’s decomposition [43,44]. Silica aerogels,
perhaps the most studied and well-known, undergo significant sintering and densification above
700 °C [23,45,46]. Exploration of various metal oxides have led to mixed results. Zirconia aerogels
lose much of their specific surface area (SSA) upon heating, from 282 m?/g as dried to 92 m?/g
after two hours at 500 °C [47]. Similar reductions in SSA are observed for many lanthanide oxides
by 650 °C [48]. Alumina aerogels demonstrate improved resistance to densification to 750 °C, but
undergo significant sintering beyond 1000 °C upon forming a-alumina [49,50]. Doping alumina
with yttria slightly improves the sintering resistance to 1100 °C [49]. The most significant
improvement in thermal stability of alumina-based aerogels is realized by introduction of silica
and use of a crystalline boehmite precursor [50]. In this case, a SSA of 266 m?/g is maintained to
1100 °C with a reduction to 33 m?/g at 1300 °C. In all cases, the extremely high specific surface
areas of aerogels result in large driving forces for sintering and densification, which occur rapidly
upon heating.

Beyond reductions in SSA and porosity, deleterious phase transformations contribute to
shrinkage and cracking of the aerogel [51]. Silica and zirconia undergo multiple phase
transformations between room temperature and targeted operating temperatures of 1200 °C. The
introduction of silica into alumina aerogels inhibited phase transformations and improved thermal

stability [50].
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2.3 Sol-gel synthesis

The sol-gel process involves the preparation of a sol followed by transformation into a
semi-rigid gel. The precursors used in the sol can be colloidal nanoparticles, metal alkoxides, or
metal salts. Preparation of the sol from colloidal precursors involves stabilization of a colloid
through steric, electrostatic, or electrosteric means. The sol forms a gel network by attractive
surface forces between particles. For metal salts or alkoxides, the precursors must be hydrolyzed
with water to form reactive hydroxyl (-OH) groups. The sol condenses and polymerizes into a gel
network by condensation and polymerization of precursor species.

For any precursor, the pH must be carefully controlled to stabilize the sol and form the gel
under controlled circumstances. While in solution, the precursors form polymeric or hydrated
species dependent upon the precursor type, pH, and valence of metal cation. If careful control is
not exerted over the reaction conditions, precipitation of insoluble species, such as the
corresponding metal oxide, can occur prior to gel formation. This must be avoided to enable the
formation of extended gel network. In some cases, catalysts may be necessary to initiate or
accelerate the gelation process.

Once the gel is formed, it must be dried into its final form, which depends on the
application. The sol-gel process provides great flexibility in the final material morphology
obtained from the gel. It may be deposited on a substrate to form a film, ambiently dried to produce
a powder or dense ceramic, supercritically dried to produce an aerogel, or spun into ceramic fibers
[42]. The focus of this work is on supercritical drying to form the highly porous aerogel structure.

What follows is a discussion of each step in the sol-gel process, including hydrolysis,
condensation, aging, and drying. The process is presented for the general case of silica sol-gel

synthesis from tetraethyl orthosilicate (TEOS). This was selected as the process is well understood
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and serves as a baseline case to compare other sol-gel synthetic routes. Each stage in the process
must be understood to exert control over the structure and properties of the final aerogel.

Once the general case is related, specific routes from metal salts via the Gash process and
colloidal syntheses are described as these techniques were the primary routes used in this work.
2.3.1 Hydrolysis

Metal alkoxides are the most used precursor in the preparation of sol-gel derived materials.
Most popular is the use of tetraethyl orthosilicate (TEOS) [Si(OC2Hs)4] as a precursor to silica
materials. This process is referred to as the Stober Process, its namesake from its inventor, Werner
Stober, whose group first published on the process in 1968 [52]. The precursors hydrolyze and
polymerize to form small particles, these particles grow by continued condensation, and eventually
the particles link into chains to form the extended gel network.

In general, the first step is the dissolution of the metal alkoxide in its corresponding alcohol.
Water is then added in sufficient concentration to hydrolyze the alkoxide as follows in Scheme 2.1
The ratio of water to metal decides the particle size and crosslinking within the network [46].

M(OR), + xH,0 - M(OR),_»(OH), + xROH Scheme 2.1

The hydrolysis mechanism of silica species depends on the pH of the solution. Below in

Scheme 2.2 is the acid catalyzed hydrolysis and Scheme 2.3 is the base catalyzed hydrolysis,

courtesy of Danks et al. [53].
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In acid catalyzed conditions (2 < pH < 7), the hydrolysis occurs through nucleophilic attack
of silicon by a water molecule. The alcohol acts as the leaving group, leaving behind a reactive
hydroxyl group for condensation. In base catalyzed conditions (pH > 7), hydrolysis once again
occurs by nucleophilic attack. In this case, the free hydroxyl (OH") group can directly attack the
silicon with its negative charge. The alcohol (unprotonated) acts as the leaving group. As seen
above, the final product is the same, though the rate and its dependence on reaction progress varies.
The rate is a function of the stability of the transition state, which depends on the relative electron
withdrawing or donating power of the -OH versus -OR group. In the case of Si-OR, an increase in
length or branching of the R group decreases the rate of reaction. In Scheme 2.4 below, the relative
electron density at Si is given in decreasing order for various coordination environments [54].

=Si—-R>=Si—-0OR>=Si—0H>=Si—0-Si Scheme 2.4

Therefore, as hydrolysis proceeds, the silicon becomes increasingly electrophilic (electron
rich). In the acid catalyzed mechanism, the hydrolyzed species therefore become more stable
(balance of electron rich Si and partial positive charges) and successive hydrolysis steps get
progressively slower. The opposite is true in base catalyzed systems using the same line of
reasoning [53,54]. This is important to consider in context of the final gel structure and
connectivity as to be seen in the next section and Figure 2.7.

2.3.2 Condensation

Condensation is the reaction between alkoxy-alkoxy, hydroxyl-alkoxy, or hydroxyl-
hydroxyl groups to release water and form an M-O-M bridge. The hydroxyl (-OH) group provides
a reactive site for condensation and polymerization reactions to occur between species. The
condensation mechanism depends on the pH of the solution. In Scheme 2.5 is the acid catalyzed

condensation and Scheme 2.6 is the base catalyzed condensation, courtesy of Danks et al. [53].
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The differences between the two mechanisms are analogous to the hydrolysis step. In acid
catalyzed conditions, the neutral -OH group attacks a silicon that has a protonated group leading
to a transition state with partial positive charges. In base catalyzed conditions, the negatively
charged -O" directly attacks the silicon leading to a transition state with partial negative charges.
The hydrolysis and condensation mechanisms have impacts on the structure of the gel. Under acid
catalyzed conditions, the rate of polymerization is faster than the rate of hydrolysis. Therefore,
there may only be one or two reactive -OH groups for condensation on any given silicon. This
leads to long, polymeric chains with branching between chains. Under base catalyzed conditions,
the rate of hydrolysis is faster than condensation. Therefore, base catalysis forms fully hydrolyzed
species with four sites for reaction. Such species form highly condensed particles go on to connect,
leading to strongly branched, interconnected structures as seen in Figure 2.7 [53].

These mechanisms can be extended to other metal alkoxides such as zirconium, titanium,
and aluminum alkoxides. These species have lower electronegativities relative to silicon and
therefore the details of partial charges, stability as a function of pH, and rates of reaction change
significantly [7]. For example, the lower electronegativity results in the metal alkoxide being more
prone to nucleophilic attack by water. Significant increases in the rates of hydrolysis result for Zr,

Ti, and Al alkoxides, often so high that atmospheric water will hydrolyze the precursor
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uncontrollably, leading to insoluble precipitates that cannot condense into a gel. Such alkoxides
must then be handled under inert atmospheres and carefully controlled conditions. Therefore, it
would be beneficial to find alternative precursors for metals apart from silicon that can be used to
form extended gel networks. To this end, researchers developed methods that utilize widely
available, stable, and inexpensive metal salts, to be discussed in Section 2.3.5.
2.3.3 Aging

After formation of a solid gel with an entrapped liquid in its pores, the gel is kept in its
pore liquid for a number of days. Though this may sound like a static process without any
interesting characteristics, it is actually highly dynamic and leads to significant changes to the gel’s
properties and structure. In particular, polycondensation reactions, syneresis, and coarsening can
occur while the gel ages in its solvent [46]. In particular for silica gels, the number of bridging O-
Si-O bonds increases, and the number of free hydroxyls decrease. Syneresis refers to the shrinkage
of the gel and subsequent pushing out of liquid of the pores. Typically, this is caused by the
aforementioned polycondensation reactions, which increase the number of bridges and contracts
the network. Others have suggested the driving force may be the reduction of solid-liquid
interfacial area in the gel [46,55]. Coarsening, also known as Ostwald ripening, is the dissolution
of the gel into a solvent in which it is soluble. The dissolved gel will then redeposit into areas of
negative curvature, leading to an increase in pore size and reduction of surface area [55].
2.3.4 Drying

There are multiple routes to drying of gel materials that a number of different materials
with entirely unique properties. The typical approach is conventional drying, that is elevated
temperature or decreased pressure. This approach is well understood and can be divided into three

stages [55,56]. First, the liquid evaporates, with the volume of liquid evaporated equal to the
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subsequent shrinkage of the gel. This stage results in the biggest change in mass, density, and
structure. Second, the gel shrinks to a point where the strength of the solid network is enough to
prevent further shrinkage caused by capillary pressure. Maximum capillary pressure results as the
contact angle approaches zero and the radius of the meniscus approaches the radius of the pore, as
seen in Equation 2.3 where P is capillary pressure, o is the liquid/vapor surface energy, € is the

contact angle, and r, is the radius of curvature of the interface [42,57].

20cos0

P = Equation 2.4
Tp

During this stage, the solid gel typically cracks and a liquid film forms over the pore walls,
which serves as a route for liquid to flow to the surface and evaporate. Third, the continuous liquid
film breaks, and any remaining liquid can only leave by evaporate and diffusion through the pores
to the surface of the gel. During this process, differences in pore size leads to unequal rates of
evaporation and therefore unequal stresses on the pore walls, leading to pore collapse, shrinkage,
and cracking. The result of the conventional drying process is a xerogel, which are typically
powders. To control shrinkage, thin films are fabricated to minimize stresses associated with
conventional drying. A unique chemistry-derived solution to overcome the surface energy and
associated capillary pressure is modification of the pore walls with hydrophobic groups. One of
the first examples of this approach involved dip coating silica gels in trimethylchlorosilane
(TMCS) to form organosilyl derivatized silica which led to materials with 98.5% porosity [58].

Perhaps the most important development in drying methods for sol-gel processing is drying
with supercritical fluids, known synonymously as “supercritical drying”, “supercritical fluid
extraction”, or “hypercritical drying”. The result of the supercritical drying process is an aerogel,

where the pore liquid has been replaced by air. As mentioned previously, Kistler made the first

aerogel in the 1920s and was the inventor of supercritical drying. He demonstrated that bringing
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the alcohol used as the solvent for the synthesis to a temperature and pressure within the
supercritical region, the pore structure was preserved by avoiding formation of a liquid-vapor
interface and the associated capillary pressure. As seen in Equation 2.4, the pressure scales
inversely with pore radius. A mesoporous aerogel with rp < 100 nm will generate extremely large
pressures that collapse the pore structure. Dr. Arlon Hunt’s group at Lawrence Berkeley National
Laboratory developed a supercritical drying process that replaced with alcohol with liquid COz,
with has a much lower supercritical point than alcohols (50 °C, 80 atm) and is not flammable,
making the process much safer and less energy intensive [11].
2.3.5 From metal salts via the Gash process

The development of the Gash process allows for the synthesis of metal oxide aerogels in a
wide array of compositions without the use of highly reactive and often expensive metal alkoxides
[59—-61]. This approach involves the hydrolysis of metal salts in ethanol, followed by gelation
using an epoxide that acts as a proton scavenger. Hydrolysis of the metal salt precursor forms
reactive species that can then undergo condensation reactions during gelation. Below in Scheme
2.7 1s an example of the hydrolysis of metal salts:

H>,O
MClpsmH,0 =—==>= [M(H,0),]™" + nCI Scheme 2.7

To induce gelation in metal oxide systems, a gelation agent can be added, such as an
organic epoxide or citric acid [59,62—65]. In organic epoxide systems, the epoxide acts as a proton
scavenger, deprotonating metal-water complexes which increases their reactivity and leads to
gelation. The epoxide then undergoes nucleophilic attack from a counter-ion, such as the anion of
the metal salt, which leads to irreversible ring opening displayed in Scheme 2.8. The irreversible
nature of the epoxide sequence of reactions leads to a homogenous and controlled rise in pH,

resulting in gelation. In citric acid systems, the citric acid acts as a chelating agent. It weakly
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dissociates and forms complexes with the metal precursors, forming an extended backbone that

can then gel upon heating [63—-65].

H

, HO
2\ + HA &C—\A' — > Aj\ Scheme 2.8

The deprotonation of the hydrolyzed metal species by an organic epoxide is key in forming

a reactive species that can undergo condensation shown in Scheme 2.9. The result of condensation
is an M-O-M bond, known as an oxo bridge, and the process continues until there is an extended

M-0O-M network

[MOHX(HZO)n-x](Z‘X)“‘ [MOH(Hz0)n, =" > [(Hzo)n-x(OH)x-1 M-O-M(OH)x-1(Hzo)n-x]z(z-x)+ SCheme 2‘9

The gels are then aged in ethanol for five to seven days and supercritically dried using
carbon dioxide. The gels are washed with liquid carbon dioxide to replace ethanol in the pore
structure, before bringing the carbon dioxide to its supercritical state and evacuating the fluid.

In summary, the Gash method allows for the synthesis of homogenous mixed metal oxide
aerogels. In the context of the present study, this enables the study of a vast array of doped zirconia
aerogels for any dopant where hydrated metal salts are readily available.

2.3.6 From colloidal precursors

In contrast to the above sol-gel syntheses from metal alkoxides and salts in solution, there
is another class of sol-gel synthesis that utilizes colloidally dispersed metal oxides or hydroxides
as the precursor [50,66—69]. The choice of precursor has a significant impact on the structure, as
demonstrated in Figure 2.9 [53]. Gels derived from colloids (top) have particles connected by van
der Waals forces, hydrogen bonding, or in some cases chemical bonding. Gels derived from
hydrolysis and condensation reactions (e.g., from metal alkoxides or salts in solution) have

structures resembling inorganic polymers (bottom) interconnected via covalent or ionic bonding.
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The change in structure has a significant impact on the properties of the gel and the materials
derived from the gel. For example, the use of aluminum chloride as a precursor favored the
formation of an amorphous network of Al-O-Al tetrahedral bonding, whereas use of a crystalline
boehmite precursor resulted in a gel that maintained the AlO¢ octahedral structure of the boehmite
precursor [50,70,71]. This demonstrates the crystallinity of precursors can in fact be maintained
into the final gel structure, which is in contrast to the standard view of a gel as an amorphous,
glass-like state.

Work in this realm is not nearly as developed as sol-gel chemistry from metal salts and
alkoxides. The amount of literature pales in comparison, which also means the depth of
understanding of mechanisms, tunable parameters, and control over the final structure is not well
understood. The nature of electrolytes in solution as well as the concentration of the colloidal
precursor has a significant effect on the gel point. Furthermore, only over certain pH values will
gelation occur in these systems [67]. The impacts of these various parameters are heavily
dependent on the metal oxide used.

The ideas of electrostatic, steric, and electrosteric stabilization can be considered in
formation of colloidal gels. Steric and electrosteric stabilization methods are not preferable in sol-
gel chemistry as the bulky polymer groups prevent the necessary intermolecular interactions
between metal oxide or hydroxide species. One, the steric interactions keep particles far away from
one another. Two (and most important), the surface hydroxyls on the particles are blocked when
polymers are functionalized or adsorbed onto the surface. Therefore, the hydroxyls cannot form
strong hydrogen bonds, or in some cases covalent or ionic bonds, between the metal oxide
particles. With this in mind, electrostatic interactions are the best option for synthesis of a gel from

a colloidal precursor. pH and ionic strength must be carefully adjusted to (1) enable the formation
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of a stable colloidal suspension and then (2) slowly and controllably shift the colloid into a region
of instability to flocculate the particles in a gel-like network [66,68].
2.4 Prospects for high temperature aerogels

The extremely low thermal conductivity of aerogels coupled with their low density, both
enabled by a highly porous structure comprised of mesopores on the scale of 2 to 100 nm, make
this class of materials promising candidates for lightweight insulation in the extreme environments
of aerospace applications. The fractal solid network of interconnected nanoparticles makes for a
tortuous path for heat transfer. The mesoscale pores are on the order of the mean free path of gas,
even at room temperature, strongly inhibit heat transfer via convection. Their extraordinary ability
to insulate have led to their use as insulation on multiple Mars rovers, but in relatively benign
environments.

At high temperatures experienced during spaceflight, protection and insulation of the
spacecraft structure is of paramount importance. Use of aerogels as insulation in thermal protection
systems (TPS), with their low thermal conductivity and density compared to existing alternatives,
would reduce TPS mass and increase operating temperature limits. Unfortunately, the highly
porous nature of an aerogel is not immutable. At elevated temperatures, the vast surface area
provides a large thermodynamic driving force for sintering of the solid particles and densification
of the mesoporous structure. The same properties that make aerogel an extraordinary insulator also
contribute to its demise at high temperatures.

To enable the use of metal oxide aerogels in the extreme environments of spaceflight,
routes must be developed to stabilize the mesoporous structure at temperatures beyond 1000 °C.
The development of thermally stable aerogels requires an understanding of the interplay between

composition, structure, properties, and performance. This work seeks to contribute to a design
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framework that views aerogel thermal stability through the lens of structure and the
thermodynamic and kinetic properties resulting from composition. Through the controlled
synthesis of novel aerogel compositions and architectures, extensive characterization of the
structure and properties of the synthesized aerogel and its evolution at high temperatures, and
connection to material properties, the opportunity exists to improve metal oxide aerogel thermal

stability and inform future material design efforts in the field.
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2.5 Figures

Figure 2.1: An example of a flexible thermal barrier used to seal between an RCC panel and the
wingtip. The thermal barriers on the Orbiter were rated to 1093 °C. The use of aerogels in such
forms of conformal insulation would afford lower thermal conductivities and lower gas
permeabilities, permitting operation in more extreme environments. Image courtesy of NASA.
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Figure 2.2: The use of TPS on the Space Shuttle orbiter varied across the vehicle depending on
the heating and aerodynamic conditions. Much of the orbiter was covered in various forms of
lightweight insulation, including reusable tiles and blankets, with flexible thermal barriers used in
gaps between critical panels and components. Aerogels can be used in composite materials for
flexible blankets and thermal barriers. Image courtesy of NASA.
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Highly porous network of
interconnected nanoparticles

Silica aerogel block (NASA JPL)

Figure 2.3: Aerogel is a highly porous (>90%), monolithic material comprised of a random
network of interconnected nanoparticles. The high porosity of the aecrogel contributes to extremely
low thermal conductivities. The low density of the solid network creates a tortuous path for heat
transfer and the small pore sizes, on the scale or even smaller than the mean free path of gas at
room temperature, prevents heat transfer via convection. The aerogel image on the left is courtesy
of NASA.
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Figure 2.4: Surface hydroxyls in close proximity can condense upon heating to further drive pore
collapse in metal oxide aerogels. This is one mechanism that is particularly important at low to
intermediate temperatures (up to 500 °C) and can be avoid via capping of the hydroxyl groups.
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Non-Densifying Mechanisms
1 = Surface diffusion

1 |3 2 = Lattice diffusion (from surface)
3 = Vapor transport

Densifying Mechanisms

4 = Grain boundary diffusion

5 = Lattice diffusion (from grain boundary)
6 = Plastic flow

Figure 2.5: The six common mechanism of sintering for ceramics. All play a role in acrogel
thermal stability, as 1 through 3 contribute to particle growth and loss of mesoporosity and 4
through 6 contribute to shrinkage and loss of overall porosity. Copyright 2003 From “Ceramic
Processing and Sintering” by Mohamed Rahaman. Reproduced by permission of Taylor and
Francis Group, LLC, a division of Informa plc. [72].

Figure 2.6: When exposed to high temperatures, the high specific surface area of aerogel provides
a large driving force for sintering and densification. The particles making up the aerogel structure
coalesce, grow, and begin to sinter together, eliminating the mesoporous structure. This leads to
an increase in density and thermal conductivity of the aerogel as well as significant shrinkage and
cracking that can lead to failure of the material.
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Figure 2.7: The change in gel network morphology as a function of pH and time. Low pH
generally forms polymeric-like structures with weakly branched chains. Higher pH increases
branching and connectivity to the point of forming a backbone that resembles spherical particles.
The figure is from Danks et al. under a Creative Commons Attribution 3.0 Unported License [53].

Figure 2.8: Pictured is the phase diagram for COz. By forming a supercritical fluid from liquid
CO:z in the pores of the aerogel and evacuating this fluid (green path), the high capillary stress and
associated pore collapse resulting from a liquid-gas interface (red path) can be avoided. Image
courtesy of Ben Finney and Mark Jacobs under CCO license.
(https://commons.wikimedia.org/wiki/File:Carbon_dioxide pressure-

temperature_phase diagram.svg)
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Figure 2.9: Gel network derived from colloidal precursors (top) and metal salt/alkoxide (bottom).
Previous work has shown gels derived from colloidal precursors have improved thermal stability
compared to their metal salt/alkoxide-derived counterparts. The figure is from Danks et al. under
a Creative Commons Attribution 3.0 Unported License [53].
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CHAPTER 3: CHARACTERIZATION OF AEROGEL STRUCTURE
3.1 Defining thermal stability

The highly porous structure of an aerogel provides extremely low thermal conductivities
and densities. As described in Chapter 2, exposure to high temperatures induces rapid sintering,
densification, and pore structure collapse. The high specific surface areas and the associated high
total surface energy, coupled with a fragile solid network, make an aerogel prone to near total pore
structure collapse at even moderate temperatures for spaceflight (600 to 1000 °C). With pore
structure collapse comes an increase in thermal conductivity and density, the two parameters most
relevant for aerospace TPS insulation. Therefore, in this context, aerogel thermal stability can be
defined as maintaining a highly porous structure at high temperatures.

The properties selected to quantify the aerogel pore structure are specific surface area
(SSA), cumulative mesopore volume (Vsin), and average mesopore size (Dsin), all measured via
nitrogen physisorption. More detail on nitrogen physisorption and measurement of these properties
is provided in 3.2. It is important to note Ve and Dgs only account for pores from 2 to
approximately 150 nm. Pores larger than this size are not accounted for in the pore volume or
average size measurements for reasons discussed in Section 3.2.

With the properties identified, the evolution of these values with temperature defines
thermal stability. Simply put, all three properties should remain as close as possible to their
starting, as dried values. As dried (AD) refers to the aerogel samples following synthesis and
supercritical drying, prior to any heat treatment. Maintaining a high SSA and Vgiu implies a highly
porous structure is preserved. High SSA and Ve are correlated with low thermal conductivity
and low density. Maintaining a constant Dein implies the pore structure is undergoing minimal

evolution. With a constant Dy, properties such as permeability and gas convection through the
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material should remain constant. Properties such as bulk density and bulk shrinkage are of course
relevant to thermal stability but are challenging to apply in practice because of the cracking and
fracturing into irregular shapes that occur during heating.

In this work, three methods are proposed and applied to quantify differences in thermal
stability between materials: absolute, relative stability (percent change), and relative stability
(slope). Absolute stability is the simplest: the value of SSA, Vain, Dsin, and crystallite size at a
given temperature are compared for multiple samples. The higher the SSA and Vsin, the higher
the thermal stability at a given temperature. This analysis is useful if evaluating a material for a
given application and expected environment. The second method is relative stability (percent
change): the percent change of SSA, Vein, and Daju are computed over a given temperature range
normalized to the starting value. This analysis normalizes the thermal stability to the starting value,
which can have a strong effect on subsequent comparison at higher temperatures. It is most useful
when comparing the evolution of different materials with the goal of extracting stability-property

relationships to inform future design, where x represents a property.

Xpinal —Xniti .
Percent Change = w X 100% Equation 3.1
Initial

The third method is relative stability (slope): the change of SSA, Vsin, Dein, and crystallite
size are computed over a given temperature range and divided by the change in temperature. This
provides a rate (per degree) at which the structure is evolving. This analysis is useful if evaluating
material performance if your desired application has a range of operating conditions where the
TPS must perform. All three methods prove useful in holistically evaluating the thermal stability

of aerogels for high temperature applications.

Slope = XEinal”Xinitial Equation 3.2

Trinal — Trnitial
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The crystal structure of the aerogel also plays an important role in thermal stability. Phase
transformations are associated with deleterious shrinkage and cracking of the aerogel [51].
Therefore, phase stability over expected operating temperatures and times is desirable. Small
crystallite size is also essential for maintaining the highly porous structure made up of thin solid
struts. If crystallites tend to grow rapidly a material, these solid struts will coalesce, and the
mesoporous structure will be eliminated. Therefore, minimized crystallite growth over expected
operating temperatures and times is also desirable.

3.2 Nitrogen physisorption
3.2.1 Purpose

Surface area and porosity are two of the most important properties needed to quantify and
describe an aerogel’s structure. The extremely high surface area and high surface-to-volume ratio
of aerogels results in a tortuous path for conductive heat transfer. The small pores in many aerogels
are on the scale or smaller than the mean free path of gas at room temperature and pressure of 68
nm. It is important to note at the elevated temperatures and reduced pressures associated with
spaceflight, this mean free path grows significantly. The metal oxide aerogels under study in this
work have pores from 10 to 150 nm and can generally be described as mesoporous. Nitrogen
physisorption provides information on the pore structure near the mesopore range, generally
limited to measuring pores from 2 nm to around 150 nm. Therefore, this technique is well-suited
to describing the properties relevant to the use of aerogels as high-performance insulation in
extreme environments.

Nitrogen physisorption is performed to provide three values: specific surface area (SSA),
cumulative mesopore volume (Vsin), and average mesopore size (Dpsn). SSA is reported in m?/g

and calculated via application of the method of Brunauer, Emmett, and Teller (BET) [73].
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Cumulative mesopore volume captures pores from 2 nm to 150 nm and is reported in cm?/g.
Average mesopore size is reported in nm. Pore volume and pore size are calculated via application
of the method of Barrett, Joyner, and Halenda [74]. A description of the process of adsorption and
a brief overview of these calculation techniques follows.

Physisorption is a specific type of adsorption where the adsorbable gas (adsorptive) is
attracted to the surface of a solid (adsorbent) via physical forces without the formation of chemical
bonds. These forces are generally the family of van der Waals forces, including London dispersion,
Debye, and Keesom forces [75]. For these forces to not be overcome by thermal fluctuations, the
analysis must be performed at low temperatures. Nitrogen is often used as an adsorbent as it is
inert, relatively inexpensive, has a well-known molecular size, and can also be used in its liquid
form (Tvp = 77 K) to reduce the temperature of the sample. Physisorption of nitrogen onto the solid
surface takes place in two general stages and a third stage for mesoporous materials. First, a
monolayer of nitrogen adsorbs to the surface. Calculation of the amount of nitrogen required to
form this monolayer is the basis of BET theory for determination of SSA [73]. Second, nitrogen
adsorbs to itself to form multilayers. Third, in the case of mesoporous materials, capillary
condensation of nitrogen takes place, where the gas condenses into a liquid in a pore at a pressure
less than the saturation pressure of the bulk liquid. This behavior allows for determination of
mesopore volume and size via BJH theory [74].

During a physisorption experiment, the amount of gas adsorbed (generally reported in mol
adsorbent per g adsorbate) is tracked as a function of relative pressure p/p°, where p is the pressure
in the test vessel and p° is the saturation pressure of the adsorbent at the test temperature. The
experiment is performed as pressure is increased from zero to p® and back from p° to zero. The

plot of amount of gas adsorbed as a function of relative pressure, at constant temperature, is called
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an isotherm. Isotherms are grouped into categories based on appearance according to guidelines
set by the International Union of Pure and Applied Chemistry (IUPAC) shown in Figure 3.1 [75].
These isotherm shapes have been shown to be closely related to specific pore structures and was
most recently updated in 2015 with an expansion from six to eight unique classifications.

In this work, samples analyzed provided Type IV(a) isotherms. Type IV are given by
mesoporous materials where the dominant interactions are adsorbent-adsorbate (initial rise and
plateau) and adsorbent-adsorbent within mesopores (second rise and plateau). Type 1V(a)
isotherms arise when capillary condensation is accompanied by hystersis. For nitrogen at 77 K,
hysteresis occurs when pores larger than 4 nm are present. The adsorption branch requires
nucleation of the liquid phase to begin capillary condensation and is not in thermodynamic
equilibrium. The desorption stage is equivalent to a reversible liquid-vapor transition and
equilibirum is established.

Hystersis can also result from network effects and pore blocking in more complex pore
structures. The IUPAC provides six unique classifications of hystersis loops based upon their
shapes [75]. Four of these classifications are shown in Figure 3.2 with schmatics of the pores that
produce these unique loop shapes [76]. Materials under study here generally resemble HI1,
indicitative of a narrow range of uniform mesopores, or H2(b), indicative of more complex pore
structures with network effects where the distribution of pore neck widths are quite large. Overall,
important information on the structure of the porosity in an aerogel can be gleaned from the
appearance of the isotherm and hysteresis loop.

Application of the BET method for SSA and BJH method for Dsin and Vs provides a
quantitative evaluation of the mesopore structure. For the BET method, the specific amount

adsorbed (n) at relative pressure (p/p°) is used in the following form given in Equation 3.3, where
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the left-hand side of the equation is plotted as a function of p/p°. nm is the specific monolayer
capacity and C is the “BET parameter,” which is exponentially related to the energy of monolayer
adsorption.

p/p° _ 1
n(1-p/p°) nmC

+ YCL;E (p/pv°) Equation 3.3

Data from the adsorption branch is used from p/p° of 0.05 to 0.3. Over this range, the BET
equation is linear and the slope, (C-1)/(nmC), and intercept, 1/(nmC), can be calculated. These two
values and equations can be used to compute C and nm. The monolayer capacity (hm) can then be
applied in Equation 3.4 to find the BET specific surface area (asin m?/g) from the molecular cross-
sectional area (om), Avogadro’s number (L), molar volume of the gas (Mv), and mass of the

adsorbent (m).

nLo;
=== Equation 3.4
mM,,

Methods to assess mesoporosity in terms of pore volume and pore size distributions are
based upon the Kelvin equation shown in Equation 3.5. This equation relates the change in vapor
pressure (p) due to a curved liquid-vapor interface, such as the inside of a cylindrical pore, via the
surface tension (y) of the bulk fluid, the radius of the pore (r), adsorbed multilayer film thickness

(tc) and the molar liquid volume (Vm). R is the ideal gas constant and T is the temperature.
P\ _ .
In (p_o) = —2yV,,/RT(r — t.) Equation 3.5
The method of Barrett, Joyner, and Halenda uses a modified version of the Kelvin equation
applied to the isotherm data to compute pore volume and pore size distributions [74]. Care should

be taken when applying the BJH method and other methods that employ the Kelvin equation to

materials with pores smaller than 10 nm, at which point macroscopic theories no longer apply. If
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pores below 10 nm are present and of interest, recently developed methods employing densify
functional theory (DFT) should be used [75].
3.2.2 Methodology

Aerogel samples used in nitrogen physisorption were both ground and unground. Initial
analyses used aerogels ground in a mortar and pestle, though later studies proved this step was
unnecessary and did not change the resulting pore structure properties. The mass of the sample
was determined as the mass to give less than 2% instrument error in BET SSA value. The equation
provided by Micromeritics to calculate the percent error in SSA (y) is the following, where X is
the total area analyzed in m?.

y = 0.38x71 Equation 3.6

This technique requires an estimate of the SSA of the sample in m*/g. Estimates used were
generally 400 m?/g (as dried), 150 m?/g (600 °C, 20 min), 50 m?/g (1000 °C, 20 min), and 20 m?*/g
(1200 °C, 20 min). As a rule of thumb, 20 m? of surface area in the tube was targeted which
provides 1.9% instrument error. Using excess sample can lead to program failure due to the amount
of nitrogen required to adsorb onto the available surface area. A more in-depth analysis of error
present in nitrogen physisorption methods is covered in the following Section 3.2.3, but it is
prudent to note that this target of less than 2% error covers just instrument error and not error and
variability resulting from mass measurements and sample inhomogeneity.

The mass of the empty tube, filler rod, and seal was obtained, the sample was added, and
the mass of the tube, rod, seal, and sample was then collected. The samples were degassed on a
Micromeritics Smart VacPrep under vacuum at 80 °C for 6 h. The mass of the tube, rod, seal, and
sample was collected again. This measurement was used to calculate the final mass of the sample

being analyzed. Analysis was performed on a Micromeritics 3Flex Adsorption Analyzer. The
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sample tubes were insulated with isothermal jackets, installed on the instrument, and submerged
in a bath of liquid nitrogen. A 40-point sorption/desorption program was used to quantify the
mesopore structure of the sample. The relative pressure ranges (p/p°) and their corresponding
pressure increments were 0.000 to 0.050 at 0.0375, 0.050 to 0.300 at 0.0500, 0.300 to 0.997 at
0.0150, and 0.997 to 0.300 at 0.0150.

From the reports generated via the Micromeritics software, the BET SSA, Vs, and Dsin
were obtained. For SSA, the BET report was evaluated to ensure a reasonable range of p/p°® was
selected, generally between 0.05 and 0.3. Furthermore, the data as described in Equation 3.3 were
ensured to be linear over this region. The single point desorption total pore volume of pores below
a given size and a given pressure (generally for 2 nm <D < 193 nm and p/p° = 0.99) was reported
as Ve (in cm’/g). The pore size distribution was also obtained from the BJH Desorption
dV/dlog(D) pore volume with the Harkins and Jura Faas Correction. The distributions were plotted
with dV/dlog(D) in cm?/g as a function of pore diameter (nm). Dgyn (in nm) was provided via the
BJH Desorption average pore width (4V/A).

3.2.3 Study of error

As described previously, instrument error in SSA can be estimated via a simple relationship
requiring only the total area being analyzed to be known. This does not consider error arising from
the two measurements of mass used to find the mass of the sample and possible inhomogeneities
within the sample. Aerogel samples prepared in different synthesis, but identical parameters and
conditions, were used. Four conditions were selected for the aerogel samples: as dried and after
heat treatments at 600 °C, 1000 °C, and 1200 °C (each ramped at 600 °C/h with a 20 min hold). It
is important to note this analysis was performed prior to the decision to use 20 m? of area in each

analysis and ultimately was used to inform this decision. In many cases, less than 20 m? of area
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was analyzed and the instrument error was likely high in these cases. In Table 3.1, the average
value and standard deviation of BET SSA, Vg, and Dgin is included, along with the percent
deviation for each of these properties.

Percent deviations were generally less than 10%, apart from samples heat treated at 1200
°C. To better understand the magnitude of these errors, it can be compared to instrument error
from Equation 3.6. The average value of instrument error and measured percent deviation are
compared for each condition in Table 3.2.

For as dried and 600 °C samples, the measured deviation exceeded the instrument error.
This suggests that this error stems from variations between synthetic batches. As the samples are
heat treated to higher temperatures, the instrument error in this study exceeded the measured
percent deviation. The high instrument error at 1000 and 1200 °C, 8.7% and 17.0%, respectively,
motivated the use of additional sample for materials heat treated to these temperatures.

The appearance of pore size distributions was used to compare samples throughout this
work. To this end, comparing the variability in pore size distributions within the error study was
important to evaluate the usefulness of such comparisons. Figure 3.3(a-d) compares the pore size
distributions for as dried, 600 °C, 1000 °C, and 1200 °C samples. Most variability is seen in the as
dried pore size distributions, which again suggests there is some degree of variability between
synthetic batches. Figure 3.3(a) also includes the as dried pore size distribution for an aerogel with
a different composition (15 mol% YOu.s in ZrOz, whereas all other samples are 30 mol% YOu.s).
This shows the clear difference between compositional variants, suggesting the error does not
diminish the ability to leverage pore size distributions to understand the impact of composition,

synthetic parameters, and synthetic approach on mesopore structure.
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3.3 Scanning electron microscopy (SEM)
3.3.1 Purpose

Aerogel morphology is influenced by synthetic approach, synthetic parameters,
composition, and heat treatment. These influences span multiple length scales, from the primary
particles, mesoporous structure (2 to 50 nm), macroporous structure (>50 nm), and macroscale
texture. Scanning electron microscopy (SEM) is well-suited to evaluate the macroporous structure
and the morphology of the aerogel backbone, which can be made up of spherical particles, fibers,
or platelets. In the as dried state, the primary mesoporous structure is too small to be resolved by
SEM and the focus is on the morphology of the macroporous structure and overall aerogel solid
network. As the materials are heat treated, the pores coarsen, and particles grow. SEM is able to
capture this evolution and can even be used to estimate macropore size and grain size in samples
that have densified significantly. The qualitative information provided by SEM changes depending
on the state of the material (as dried versus heat treated) and provides complementary analysis to
the quantitative pore structure data provided by nitrogen physisorption, which is limited to 2 to
150 nm.
3.3.2 Methodology

Metal oxide aerogels are prone to strong charging with SEM if not properly mounted and
imaged under the correct conditions. A small amount of aerogel is crushed and applied to carbon
tape on the SEM stub. Minimal sample should be used to allow for efficient charge transfer from
the sample to the carbon tape. Low accelerating voltage and current minimize the charging effect.
The working distance should be minimized, which improves image resolution given the low
accelerating voltage. In this work, aerogels were primarily imaged using a Hitachi S4800 at 2 kV

accelerating voltage, 10 pA current, and 5 mm working distance. The mixed (M) detector setting
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was found to offer the best image quality for most aerogel samples. Images are collected at 45kx,
60kx, and 80kx. At a working distance of 5 mm, these magnifications maximize the available
resolution on the microscope given the operating conditions. If larger features are identified in a
sample, images are also collected at lower magnifications.

No coating was applied to the samples. Previous work has demonstrated coating
mesoporous samples prior to SEM results in false morphology and the coating structure to be the
focus of the image rather than the aerogel structure [77].

3.4 X-ray diffraction (XRD)
3.4.1 Purpose

X-ray diffraction (XRD) provides insight to the crystalline structure of a material. In the
context of aerogels, the most pertinent abilities of XRD are identification of any crystalline phases
present and a measure of the average crystallite size. In most aerogels, the as dried material is x-
ray amorphous, so XRD is employed following heat treatments. Identification of crystalline phases
can suggest if the synthesis employed was successful and achieved the target composition. Phase
formation, or lack thereof, can also identify segregation of components within a material. There
are situations where phase formation is a convolution of composition and particle size, as is the
case with zirconia [78]. Therefore, care should be taken when using phase formation to infer
chemical composition.

Lattice parameters are related to the phase and its chemical composition, among other
parameters. In doped zirconias, lattice parameters shift as a function of dopant identity and amount
so the lattice parameter can also be used to estimate the chemical composition. Overall, the
crystalline phase influences a broad range of properties, including diffusivities, interfacial

energies, kinetics of crystallite growth, mechanical properties, and more. These properties are
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intimately intertwined with aerogel structural evolution and thermal stability. The identity of
phase(s) present and their evolution are key properties to know as part of a holistic understanding
of aerogel structure and evolution.

As discussed in Section 3.1, crystallite size is an important parameter for aerogel thermal
stability. If crystallites grow rapidly and to sizes larger than 100 nm, it is highly unlikely that a
fine mesoporous structure of pores 2 nm to 100 nm is being maintained. The breadth of XRD peaks
is related to the crystallite size via the Scherrer equation shown below in Equation 3.7. D is the
crystallite size (nm), C is the Scherrer constant (typically taken as 0.9), A is the x-ray wavelength
(nm), B is the peak width at half the maximum intensity (radians), and 0 is the Bragg angle.

D = CA/fBcosb Equation 3.7

This equation can be applied directly to fits of the peaks to provide crystallite size as to be
discussed in Section 3.4.3. Alternatively, full pattern fitting methods such as Rietveld refinement
can be employed to provide crystallite size as to be discussed in Section 3.4.4.

3.4.2 Methodology

Samples for XRD were crushed with a mortar and pestle. The powders were deposited via
suspension in 200 proof ethanol onto low background holders. XRD was performed using Cu Ka
radiation on a Bruker D8 Advance XRD. Scanning conditions were 10 to 100° 20, 0.02 degrees
per step, and 0.25 seconds per step. Parallel beam geometry was used with a 0.2 mm divergence
slit and a panoramic Soller slit. The goniometer had a radius of 280 mm.

3.4.3 Crystal structure via peak fitting

Individual peak fitting is one method to quantify crystallite size from XRD data via

application of the Scherrer equation (Equation 3.7). Once values of crystallite size are computed

for individual peaks, there are several methods available to determine a final crystallite size,
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including use of single peaks, average of all peaks, and several weighted methods [79]. In this
work, OriginPro® (v. 9.6.0.172) was used to fit the XRD data and provide peak positions and peak
widths assuming Gaussian peak shapes. The Scherrer equation was applied to each peak to
calculate D/C. This does not provide an absolute measurement of crystallite size but does allow
for comparison between samples. An average value was obtained by averaging the D/C value of
each peak.
For single phase systems with simple XRD patterns, a combination of peak positions and
a visual inspection can be adequate to identify the phase present via comparison with known
patterns. Bragg’s law shown in Equation 3.8 is used to find the grating constant (d) from the
diffraction order (n), peak position (0), and x-ray wavelength ().
nl = 2dsinf Equation 3.8
For cubic systems, which were the focus of study when this methodology was employed,
the lattice parameter (a) can be obtained via the following relationship in Equation 3.9 where h, k,
and | are the Miller indices of the Bragg plane. For the cubic YSZ system, the lattice parameter (a)
was taken as the average of a for the (111), (200), (220), and (311) planes.
a=dVhz+kZ+12 Equation 3.9
3.4.4 Crystal structure via Rietveld refinement
Whole pattern fitting, such as the Rietveld refinement, uses the XRD pattern to provide
many properties of the material’s structure. From peak position, unit cell parameters are calculated.
From peak intensity, atomic parameters and preferred orientation may be inferred. Peak shape
provides a measure of crystallite size and/or strain. These properties and more can be provided via
a non-linear least squares method [80]. For this work, the majority of Rietveld refinements were

performed in GSAS II (v. 4783) to identify crystalline phase, calculate lattice parameter(s), and

43



calculate crystallite size using structural data from the Crystallography Open Database
(http://www.crystallography.net/cod/) [81]. Rietveld refinement as implemented in the JADE
(Materials Data, Inc.) software package was also used in conjunction with the International Center
for Diffraction Data (ICDD) crystallographic database for some analysis.
3.5 Fourier transform infrared spectroscopy (FTIR)
3.5.1 Purpose

Fourier transform infrared spectroscopy (FTIR) is a technique used to obtain information
on the bonds and surface groups within an aerogel. For mixed metal oxide aerogels, it can be used
to provide information on the bonding between and within the metal oxides used in the material.
FTIR can also be used to estimate the degree to which residual carbon (from the synthetic
precursors) is incorporated to the structure and the relative amount of surface hydroxyl groups.
The bonding and surface chemistry of the aerogel will change as a function of synthetic route and
the degree of heat treatment. In this work, the primary purpose of FTIR was to understand the
structure and evolution of post-synthetically applied metal oxide layers on the aerogel free surfaces
via a liquid alkoxide deposition method. FTIR was also used in efforts to measure the degree of
functionalization for yttria nanoparticles with surfactants for colloidal stabilization.
3.5.2 Methodology

During the following steps, extreme care must be taken to avoid any source of
contamination. All equipment and material that encounters the sample should be thoroughly
cleaned and completely dried before use. For each measurement, approximately 25 mg of sample
was required to ensure extra sample remained for repeat runs. The samples were lightly ground in
a clean mortar and pestle. The powders were added to open-top vials and dried at 80 °C in air for

24 h. A small portion of the sample was then added to KBr which was ground together and pressed
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into a pellet. The ratio of sample to KBr is dependent on the absorption characteristics of the
specific sample and therefore had to be adjusted following the first round of data collection. If
absorption reaches 100% at any point in the spectrum, a lower ratio of sample to KBr is required.
On the other hand, if absorption is low and noise dominates the spectrum, a higher ratio of sample
to KBr is required. The pellet was loaded into the instrument. The Nicolet Nexus 670 FTIR was
used in this work and collected data in transmission mode from 4000 to 800 cm.

By identifying the functional group and/or bond corresponding to a given peak from
literature or reference material, the magnitude and shape of the peak could be compared between
samples to identify the presence of a given bonding motif and its relative amount.

3.6 Colloidal characterization
3.6.1 Purpose

As described in Section 2.3.6, the use of colloidal precursors for synthesis of aerogels offers
the potential for improved thermal stability. To the author’s knowledge, there is no existing
synthetic route to mesoporous stabilized zirconia aerogels from colloidal precursors of zirconia
and/or the stabilizing metal oxide (yttria, ytterbia, gadolinia, etc.). It was therefore sought to
develop such a synthesis, and this requires the preparation and characterization of a stable colloid
of zirconia and/or yttria precursors. The two properties of interest are particle size and colloidal
stability. Particle size must be small enough to form a mesoporous structure with pores between 2
and 100 nm. Particles beyond 100 nm will not be conducive to forming such a structure. Colloidal
stability refers to the tendency of particles to flocculate as well as settle. Flocculation will lead to
increase in particle size and settling will lead to inhomogeneities in the final gel. Therefore, high

colloidal stability, at least over time scales of hours to days, is desired. In this work, a Malvern
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Zetasizer Nano ZS, which operates on the principles of Dynamic Light Scattering (DLS), was used
to measure particle size distributions and zeta potential for zirconia and yttria colloids.
3.6.2 Sample guidelines

Sample preparation has strong influences over the properties measured with the Zetasizer.
In particular, concentration of particles in solution can influence the measurement and, if not
chosen carefully, lead to wildly inaccurate results. With regards to developing guidelines for
preparing samples in this work, I would like to give my sincere thanks to Prof. Dr. rer. nat. Michael
Bredol at FH Miinster for his advice on colloid ball milling and target sample concentrations for
yttria colloids based upon his work on yttria colloids [82].

Target sample concentrations for the yttria system, the primary focus of this work, were on
the order of 0.1 g/L. The optical measurement system on the Malvern Zetasizer provides
nonphysical results if the colloid being analyzed is too concentrated or strongly absorbing.
Choosing the proper concentration is not enough to achieve consistent, repeatable results. This
also requires dispersing the particles well. For most metal oxide systems, the metal oxide powder
will need dispersed via some energetic method prior to measurement. In this work, the methods
used were bath sonication, ultrasonication, and colloidal ball milling. Following dispersion, time
must be tracked as the powders often have the tendency to settle quickly. Time after dispersion is
a key parameter that ultimately must be studied to provide a measure of colloidal stability.
Generally, Zetasizer measurements were taken as soon as possible following dispersion.

3.6.3 Particle size and zeta potential measurements

Colloids were prepared by adding the desired powder into DI water or 200 proof ethanol.

Typical target solids loadings were 10 to 20 wt. %. The powder was then further dispersed via bath

sonication, ultrasonication, or ball milling. Immediately following dispersion, a small amount of
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the colloid was removed and diluted with additional DI water or ethanol to 0.1 g/L. This diluted
colloid was added to a Malvern Folded Capillary Zeta Cell (Malvern Panalytical #DTS1070). The
cell was held upside down and the colloid was injected to the halfway point of the channel using
a syringe, at which point the cell was flipped right-side up and the channel was filled to the full
mark. This procedure ensured no air bubbles were trapped. At this point, the cell could be loaded
into the instrument for both size distribution and Zeta potential measurements.

The Malvern Zetasizer used in this work is capable of measuring particles in the range of
0.6 nm to 6 pum. The included software provides an indication of “data quality” that is generally
reliable. If data quality was “Good”, the test should be rerun a minimum of three times to ensure
a constant size distribution. In Figure 3.4, (a) shows a stable colloid with high quality data,
evidenced by the constant size distribution, whereas (b) shows either an unstable colloid or
unreliable data. The drift towards larger particle size suggests the particles are flocculating. A
similar method was used for measuring Zeta potential, with any sample of “Good” data quality run

a total of three times as a measure of stability.
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3.7 Figures and tables
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Figure 3.1: The eight isotherm classifications according to the 2015 IUPAC report on nitrogen

physisorption. Most materials in this study are Type IV(a), indicating the material is mesoporous.
The figure is courtesy of Thommes et al. [75].
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Figure 3.2: Four of the six classifications of hysteresis loops with schematics of the pore shape
that produces a given hysteresis loop. In this work, the hysteresis loops resemble H1, indicative of
cylindrical mesopores with a narrow size distribution. The figure is used with permission from
Bardestani et al. [76].

Table 3.1: Mean and standard deviation (u + o) for each property reported from nitrogen
physisorption along with percent deviation in parentheses. The sample size was 5 for as dried, 600,
and 1000 °C and 4 for 1200 °C.

Condition SSA (m?/g)  Veyu (cm3/g) DgyH (nm)

As Driod 489+46  292+020  258+13
(9.3%) (6.8%) (4.9%)

. 151+ 9 1084003 255406
600°C (6.2%) (3.1%) (2.5%)

. 470434  050+001  365+26
1000°C (7.3%) (2.0%) (7.2%)

. 1842 020+0.02  482+57
1200°C (10.2%) (10.9%) (11.9%)
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Table 3.2: The average area analyzed for each condition was obtained by multiplying the measured
SSA by the mass of the sample. The calculated instrument error is the result of using this value in

Equation 3.6. The measured percent deviation was lower than the expected instrument error for
1000 and 1200 °C.

Average Area Calculated Measured
Condition Anal zged (m?) Instrument Percent
y Error (%) Deviation (%)
As Dried 39 1.0 9.3
600 °C 15 2.8 6.2
1000 °C 4.8 8.7 7.3
1200 °C 2.3 17.0 10.2
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Figure 3.3(a-d): BJH desorption pore size distributions for repeats at (a) as dried, (b) 600 °C, (c)
1000 °C, and (d) 1200 °C. A different compositional variant (15Y) is included in (a) to demonstrate

the greater difference in pore size distribution between unique samples compared to repeats of an
identical variant.
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Figure 3.4(a-b): Particle size distribution by intensity for two yttria colloids obtained with a
Malvern Zetasizer. In (a), the colloid appears stable as the distribution does not change
significantly over three separate measurements. In (b), the colloid is unstable as the distribution
is changing significantly over the course of three measurements. From Run 1 to 3, the particles
appear to be flocculating and increasing in size.
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CHAPTER 4: EFFECT OF YITTRIA CONTENT ON THERMAL STABILITY OF
YTTRIA STABILIZED ZIRCONIA AEROGELS
4.1 Introduction

A successful aerogel material system must be able to suppress both densification and phase
transformations to maintain sufficiently low thermal conductivity and mechanical integrity across
the full range of relevant extreme operating conditions. A promising material system to achieve
such aims is yttria-stabilized zirconia (YSZ), which can maintain a cubic crystal structure from
room temperature to over 2600 °C if properly stabilized [83]. Tetragonal YSZ has been extensively
studied as a thermal barrier coating (TBC) on the basis of suitable phase stability, low thermal
conductivity, and toughness [84-91]. YSZ TBCs are applied in turbine engines and can withstand
multiple cycles to 1150°C [92,93]. Given this practical, industrial experience, it follows that an
YSZ-based aerogel could be an effective, lightweight insulator that does not undergo phase
transformation at elevated temperatures.

While the tetragonal phase of YSZ has been the primary focus of TBC work, the cubic
phase has attributes that may prove promising for insulative aerogels. First, the thermal
conductivity of YSZ is further reduced from the tetragonal to the cubic phase. Increased yttria
content reduces the thermal conductivity because of higher oxygen vacancy concentration and
subsequent phonon scattering [94]. The thermal conductivity of cubic YSZ is also lower than many
previously studied aerogel compositions, such as silica, aluminosilicate, and zirconia [95-99].
Second, stabilization of the cubic phase avoids phase transformations that can occur at lower yttria
content [83]. Overall, a cubic YSZ aerogel could exhibit all three properties of a good insulator,

with low thermal conductivity, low weight, and thermal stability at high temperatures.
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YSZ aerogels have been studied previously. Synthetic procedures have been developed
utilizing propylene oxide [61,100] as well as citric acid [65], though these studies are restricted to
a limited compositional space and focused on synthesis over microstructural evolution at high
temperatures. The stabilizing effect of yttria in YSZ aerogels was demonstrated in studies utilizing
up to 8.7mol% YO1.5[101] and 15 mol% YO1.5 [102]. Prior work on yttria- and ytterbia-stabilized
zirconia in the range of 0 to 15 mol% MO1 .5 demonstrated improvements to the thermal stability
upon doping of zirconia aerogels to 1000 °C [103]. In all works, higher dopant levels maintained
higher surface areas and smaller particle sizes, though still shy of acceptable values for use as
effective insulation. Beyond these studies, there remains much to be understood in terms of the
thermodynamic and kinetic contributions to the microstructural evolution of porous structures. A
thorough study of the microstructural evolution of YSZ aerogels is warranted to improve the
understanding of how yttria stabilizes the pore structure of high surface area materials.

The factors central to a thermodynamically and kinetically informed aerogel design process
include surface energy, cation diffusivity, and nucleation kinetics, all of which are a function of
Y-concentration in fully stabilized zirconia [104—107]. As such, systematic investigation of cubic
YSZ aerogels (beyond 15 mol% YOu.5) is a highly promising route to improving pore stability and
the associated thermal conductivity. Increased yttria content reduces the surface energy in YSZ,
with significant reductions from the monoclinic to tetragonal and tetragonal to cubic phase [104].
Such a reduction in surface energy reduces the driving force for sintering and densification, a
reduction that is of utmost importance in a material as porous as an aerogel. From a kinetic
perspective, increased yttria content decreases cation diffusivity, especially between 14.8 to 48.4
mol% YO [105,106]. Cation diffusivity controls mass transport in the YSZ system and a

reduction in mass transport with increased yttria content is expected to lessen sintering,

53



densification, and crystallite/grain growth. Cubic YSZ maintained smaller crystallites and lowered
relative density compared to tetragonal YSZ and monoclinic zirconia to temperatures of 1200 °C
and exposure of fewer than two hours [108—110]. As this work is focused on aerospace applications
such as atmospheric re-entry, exposure times at maximum temperature are expected to be brief
and the use of cubic YSZ is justified.

In the present work, YSZ aerogels in the range of 0 to 50 mol% YO:.s are prepared to
evaluate the stability of cubic YSZ aerogels and the effects of dopant level within a single phase.
The thermal stability is evaluated through characterization of the microstructural evolution and
crystalline phase development. Thermal stability is assessed on the basis of constant pore size
distribution, high SSA, and minimal crystallite growth. Overall, this study establishes the
foundation for a thermodynamically and kinetically informed aerogel design strategy that
incorporates the evolution of the structure and thermal properties, thereby enabling eventual use
of robust aerogels in the extreme environments of aerospace applications.

4.2 Materials & methods
4.2.1 YSZ aerogel synthesis

YSZ aerogels of 0, 15, 30, and 50 mol% YO1.s were prepared using a sol-gel process
adapted from previous work [59]. Zirconyl chloride octahydrate (ZrOCl2-8H20, Alfa Aesar 99.9%)
and yttrium trichloride hexahydrate (YCl3-:6H20, Acros Organics 99.9%), were first dissolved in
200 proof ethanol (Decon Labs) in separate containers. The standard solids loading was 1.263
mmol metal per mL of ethanol. DI water was added in six times the stoichiometric amount for
each metal precursor (e.g., 24 moles water per mole of Zr, 18 moles of water per mole of Y). The
precursors were stirred separately for 60 minutes for hydrolysis. The precursors were then

combined and stirred for 15 minutes. The solution was placed in an ice bath and propylene oxide
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(PO) (CH3CHCH:20, Sigma Aldrich) was added dropwise at a ratio of 2.342 mole PO per mole of
metal. The solution was stirred for 5 minutes and then transferred to molds made from polyethylene
syringes (24 mL) with the tip cut off. The plunger was placed at 20 mL and the mold was filled to
the 10 mL mark. Gelation occurred within 10 to 30 minutes. The gels were held in the mold for 24
hours, extracted into room temperature 200 proof ethanol, and aged for 5 to 7 days. The gels were
then supercritically dried using carbon dioxide [111]. The process used four washes in liquid
carbon dioxide to replace ethanol in the pore structure, before bringing the carbon dioxide to its
supercritical state and evacuating the fluid.
4.2.2 Heat treatments

For all heat treatments, aerogels were placed into high purity alumina crucibles. Heat
treatments at 600 °C were performed in a box furnace under air with a temperature ramp of 20
°C/min. The aerogels were heated to 1000 and 1200 °C in a tube furnace under a flowing argon
atmosphere and a ramp of 5 °C/min. The maximum temperature was held for 18 minutes, and the
aerogels were cooled to room temperature within the furnace.
4.2.3 Material characterization

The supercritically dried aerogels underwent physical measurement to characterize
shrinkage and bulk density. The length and diameter of cylindrical aerogel monoliths were
measured and used to calculate bulk density and shrinkage relative to the diameter of the mold.
Scanning electron microscopy (SEM) was performed on a Hitachi S4700 SEM to characterize pore
morphology. Samples were crushed onto carbon tape and imaged uncoated at 2 kV.

Nitrogen adsorption/desorption experiments were conducted on Micromeritics ASAP 2020
(NASA Glenn Research Center) and Micromeritics TriStar 3020 (Aerogel Technologies) to

measure the specific surface area via the method of Brunauer-Emmett-Teller (BET) and porosity
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via the method of Barret-Joyner-Halenda (BJH). Prior to adsorption/desorption, samples were
degassed under vacuum and heated at 5 °C/min to 80 °C with an 8-hour hold. Average pore size
and cumulative pore volume were calculated using the BJH desorption method.

Powder x-ray diffraction (XRD) was used to determine the crystalline phase and the
crystallite size via the Scherrer equation. Samples for XRD were crushed with a mortar and pestle.
The powders were deposited via suspension in 200 proof ethanol onto low background holders.
XRD was performed using Cu Ka radiation on a Bruker D8 Advance XRD. Scanning conditions
were 10 to 100° 26, 0.02 degrees per step, and 0.25 seconds per step. Parallel beam geometry was
used with a 0.2 mm divergence slit and a panoramic Soller slit. OriginPro® (v. 9.6.0.172) was
used to fit the XRD data and provide peak positions and peak widths assuming Gaussian peak
shapes. Metallic elemental composition was quantified using inductively coupled plasma optical
emission spectroscopy (ICP-OES) and halide content using lon Selective Electrodes (ISE).

The in-situ lon Irradiation TEM (I’'TEM) facility at Sandia National Lab was utilized to
study crystallization kinetics of yttria stabilized zirconia aerogels. The I’'TEM facility is a
combination of a modified JEOL 2100 TEM that was operated at 200 kV and a 6 MeV Tandem
ion accelerator, although no irradiation was performed in this study. The in-situ heat treatments
were conducted while using traditional bright-field TEM imaging modes. The samples were heated
using the Gatan double tilt heating holder, model 652. Each sample was ramped to 800 °C ata 10
°C/min heating rate with a 5-minute hold at the final temperature. While ramping to 800 °C, a 4-
minute hold was employed every 100 °C for taking dark field images and electron diffraction
patterns. The image analysis was conducted using open-source software called ImageJ, utilizing a
specific distribution of the software called FIJI [112]. FIJI was used for the segmentation of the

images and to identify specific features within the image. This segmentation was done using a
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plugin associated with FIJI called Trainable Weka Segmentation; details of the plugin can be found
elsewhere [113]. The thresholding of the segmented images was used to determine the size analysis
of crystallites.

4.3 Results

4.3.1 As dried aerogels

The composition as measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES), physical properties, measurements of specific surface area (SSA), and
porosity are included in Table 4.1 for aerogels of 0, 15, 30, and 50 mol% YO:.s prepared by the
sol-gel route and supercritically dried. Hereafter, the samples are referred to as xYSZ, where x is
mol% YOus. Shrinkage and bulk density measurements were not obtained for 50YSZ as all
samples broke during supercritical drying.

The formulated and measured compositions agree within 2 mol% YOu.s in all cases,
suggesting both metal salts were sufficiently hydrolyzed and incorporated into the structure at
similar rates and selectivities. Shrinkages were obtained by the dried aerogel’s diameter relative
to the mold and varied from -13.2% to -25.6%. Measured bulk densities ranged from 0.193 to
0.292 g/cm®. Increased yttria content decreased density and shrinkage. Furthermore, undoped-
zirconia aerogels were observed to be translucent and increased yttria content increased opacity of
the aerogel. Qualitatively, yttria content improved the structural coherency and strength of the
aerogel monoliths to 30YSZ. 50YSZ samples were fragile and easily broke into powdery
fragments after supercritical drying. SSAs and pore size distributions of the aerogels were
measured with nitrogen physisorption experiments. SSAs ranged from 301 to 456 m?/g. Figure
4.1(a-b) depicts the adsorption/desorption isotherms and the pore size distributions for the four

levels of yttria dopant. All isotherms in Figure 4.1(a) exhibited hysteresis loops characteristic of
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mesoporosity. The average pore size (BJH desorption method) shifted to larger values with
introduction of yttria, from 7.5 nm for 0YSZ (undoped zirconia) to between 10 and 14 nm after
doping with yttria (Figure 4.1(b)). A notable change in the shape of the pore size distribution was
observed as the yttria content increases from 15 to 30 mol% YOis. 0YSZ and 15 YSZ have
monodisperse distributions with an abrupt decrease after its peak. In stark contrast are 30YSZ and
50YSZ, which have very broad distributions that extend to much larger pore sizes.

The morphologies of the as dried aerogels were observed with SEM as shown in Figure
4.2(a-d). Overall, SEM corroborated the results of nitrogen physisorption. Very fine pores were
observed in the undoped zirconia aerogels, with appearance of additional larger pores in the YSZ
samples with higher yttria content. For 30 and 50YSZ (Figures 4.2(c-d)), an increasingly
hierarchical pore structure formed which contained both meso- and macroporosity. The
macroporosity became most evident for 50YSZ. The increase in dispersity of the pore structure
with increased yttria content can explain the decrease in SSA and shift to a larger peak pore size.
Images of the wet gels are inlaid in Figure 4.2 to demonstrate increased in opacity with increased
yttria content. Overall, yttria content’s strong effect on as dried zirconia aerogel structure was
demonstrated through nitrogen physisorption, SEM, and measurement of physical properties.
4.3.2 Pore Structure and Thermal Stability

The evolution of the pore structure in the YSZ aerogels after heat treatment at 600, 1000,
and 1200 °C was characterized using the same methods described previously for the as dried
aerogels. The pore morphology evaluated with SEM is presented in Figure 4.3(a-h). Not included
are materials at 600 °C as they exhibited little visual change in pore morphology. After heating at
1000 °C for 18 minutes, 0YSZ developed into a network of spherical particles with notable necking

visible in Figure 4.3(a). By 1200 °C, 0YSZ had densified with no evidence of the mesoporous
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structure remaining as shown in Figure 4.3(e). 15YSZ maintained its porosity to 1000 °C but
formed a network of spherical grains with loss of most mesoporosity at 1200 °C. In stark contrast,
30YSZ and 50YSZ clearly maintained mesoporosity characteristic of an aerogel to 1200 °C
(Figure 4.3(g-h)).

Nitrogen physisorption was used to quantify the structural evolution of the YSZ aerogels
after heat treatment. Pore size distributions are shown in Figure 4.4(a-d) of the four compositions
as dried and after heat treatment at 600, 1000, and 1200 °C. Pores smaller than 100 nm were
eliminated entirely by 1000 °C for 0YSZ and 1200 °C for 15YSZ. Measurable mesoporosity
remained in 30 and 50YSZ to 1200 °C. The distribution for 30YSZ in Figure 4.4(c) reveals notable
thermal stability of the pore distribution up to 1000 °C, with a nearly constant pore size distribution
centered about 22 nm. The pore size distribution does change below 1000°C for 50YSZ, but a
remarkably consistent distribution is maintained from 1000 to 1200 °C. While both the 30 and
50YSZ samples maintained mesoporosity to 1200 °C, the evolution of the pore size distributions
follows different pathways. Figure 4.5 depicts the evolution of SSA, average pore size, and
cumulative pore volume of the four samples upon heating. All materials experienced significant
loss of SSA, with 0 and 15YSZ having the largest percent reduction. By 1200 °C, both 0 and
15YSZ had no measurable surface area. Doping with yttria maintained porosity to 1200 °C in
30YSZ (22 m?/g, 0.157 cm?/g) and 50YSZ (44 m?/g, 0.390 cm?/g). The introduction of yttria
mitigated densification and coarsening of zirconia aerogels according to the results of nitrogen
physisorption and SEM.

4.3.3 Evolution of Crystal Structure
All materials were amorphous following supercritical drying. Powder XRD patterns of the

aerogels after heat treatment are shown in Figure 4.6(a-d). No unexpected phase transformations
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or segregations were observed [83]. 0YSZ predominantly crystallized into the monoclinic phase
and 30YSZ and 50YSZ into the cubic phase, as expected. 15YSZ crystallized into either the cubic
or tetragonal phase, with higher temperatures favoring the formation of the cubic phase as observed
previously [103]. Given the very small crystallite size, it was impossible to definitively distinguish
between the cubic and tetragonal phases of YSZ using lab-scale XRD, although, based upon the
diffraction profile and phase diagram, 30 and 50YSZ are expected to be cubic and 15YSZ lies near
the phase boundary. The phase behavior of 15YSZ did not have a significant impact on the
evolution of the pore structure, as most porosity was eliminated by 1000 °C.

It was observed that increased yttria doping broadened peaks, which can be evidence of
smaller crystallite size. As determination of absolute crystallite size would introduce unnecessary
uncertainty, D/C values from the Scherrer equation were calculated according to Equation 4.1 to
compare between samples and are shown in Figure 4.7. D is the crystallite size (nm), C the Scherrer
constant, A the x-ray wavelength (nm), B the full width at half maximum (rad.), and 6 the peak

position (rad.).

D y!

c - Bcos(0)

Equation 4.1

The full width at half maximum (FWHM) values and peak positions were obtained via
multiple Gaussian peak fitting in OriginPro®. In general, doping with yttria increased FWHM at
600 and 1000 °C. At 1200 °C, 50YSZ maintained a small crystallite size relative to the other
materials. The observed temperature required for the onset of rapid crystallite growth increased
with increased yttria content. The scatter in the 15YSZ at 1200 °C is attributed to the development
of a bimodal particle size distribution as observed with SEM in Figure 4.3(f).

To further explore yttria’s effect on crystallite size, dark field imaging via in situ TEM was

utilized. Darkfield images were produced by selecting a representative spot on each electron
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diffraction pattern on the first bright ring. An example diffraction pattern and its corresponding
dark field image are presented in Figure 4.8(a). Image processing of the dark field images produced
average crystallite sizes for each composition. Crystallite size distributions at 800 °C are shown in
Figure 4.8(b). Observed differences in average crystallite size between 0 and 15YSZ, 0 and
30YSZ, and 0 and 50YSZ were significantly different (o = 0.05). Outliers were included in the
calculation of the mean crystallite sizes and tests for statistical significance. Increased yttria
content suppressed crystallite growth as evidenced by both XRD and dark field TEM.

Lattice parameters were calculated for 15YSZ, 30YSZ, and 50YSZ heat-treated at 1000
and 1200 °C. The (111), (200), (220), and (311) reflections were selected for calculations from the
XRD patterns assuming a cubic structure. The lattice parameters are included in Table 4.2. Lattice
parameters increased as the yttria content increased as expected [114].

4.4 Discussion
4.4.1 Effect of composition on as dried aerogels

The SSA of the YSZ aerogels peaked for 15YSZ, with decreasing SSA for 30YSZ and
50YSZ. This result can be understood by evaluating the materials’ pore size distributions in Figure
4.4(a-d). The lower SSAs of 30YSZ and 50YSZ result from a much wider distribution
encompassing larger pore sizes. The narrow distribution and small average pore size of 0YSZ and
15YSZ contribute to much larger SSAs.

Increased yttria content widened the pore size distribution and increased the average pore
size. Qualitatively, the microstructure shifts from a highly homogenous distribution of mesopores
in the case of pure zirconia to a more heterogenous pore structure of meso- and macropores in 30

and 50YSZ. Two proposed mechanisms that explain this shift follow.
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One, the change in structure is hypothesized to be the result of increased chloride ion
content. Because of the nature of the precursors, ZrOCl2#xH20 and YCl3*xH20, increased yttria
content increases the chloride concentration in the reaction solution. According to the mechanisms
proposed for the synthesis method utilized in this work [59], the chloride ion performs a
nucleophilic attack on the propylene oxide, resulting in irreversible ring opening, consumption of
a proton, and subsequent increase in pH. Increasing the chloride ion concentration is expected to
increase the reaction rate for this process. As the reaction rate increases, the resulting structure is
anticipated to resemble an agglomerated network of nanoparticles with more dispersed pore sizes
as the process leans towards precipitation rather than gelation. Slow reaction rates will lead to
more homogeneous rises in pH throughout the solution, increasing the homogeneity of the gel
structures and pore size distributions. Previous work on the effect of propylene oxide to metal
(PO/M) ratios in aluminosilicate aerogels demonstrated narrower pore size distributions at lower
PO/M ratios (slower reaction rate) and broader pore size distributions at higher PO/M ratios (faster
reaction rate) [50]. Similar effects are observed in the SEM micrographs and pore size distributions
of the YSZ aerogels; 0 and 15YSZ have homogeneous pore size distributions whereas 30 and
50YSZ display more dispersity in their pore sizes and structures that increasingly resemble
agglomerated nanoparticles, but still maintain mesoporosity.

The second proposed mechanism arises from potential effects from the differing behavior
of Zr*"and Y>" in solution. This mechanism was proposed following the work described in Chapter
5 and will be covered in greater detail in the coming chapter. The acidity of the hydrated metal
cation [M(H20)x]*" increases with increasing oxidation state and decreasing cation radius [115].
As the acidity increases, the rate of reaction increases. Thus, higher oxidation states will make

hydrolysis occur more quickly. In this work, increasing the concentration of YO1.5 reduces the
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average oxidation state and increases the cation radius in solution, both resulting in reduced
reaction rate and increased gel time [116].

A study on mixed metal-silicon oxide aerogels (Al, Cr, Zr, Hf, Nb, Ta, W, and more) by
Clapsaddle et al. evaluated the structure of aerogels prepared from hydrated metal salts and
propylene oxide [60]. In this work, gel times decreased as coordination number increased, owing
to increased acidity and reactivity of the water in the hydrated metal complexes. With shorter gel
times, observed shrinkages were higher and the average pore sizes were lower. Longer gel times
were generally associated with large particle sizes and coarser pore structures. The authors
proposed that with longer gel times, there was more time for nucleation and growth of particles in
the sol prior to gelation. Larger particles cannot pack as closely together, leading to reduced
shrinkage and larger pore size. This interpretation also is sensible given the evidence for YSZ,
where increased YO1.5 content reduces reaction rate and increases gel time, resulting in larger
particles and larger pore sizes as observed in SEM and quantified with nitrogen physisorption.

Notably, the two proposed mechanisms differ in their hypotheses of how yttria content
influences gelation time. The first mechanism suggests a reduction in gel time based upon
changing chloride content, resulting in a structure that resembles agglomerated precipitates rather
than a homogeneous gel network. The second mechanism suggests an increase in gel time based
upon changing yttrium ion content in solution, resulting in increased time for nucleation and
growth of particles and a population of larger particles that cannot pack as efficiently.
Experimentally, no major differences were noted between the four samples in gel time. Future
studies utilizing nitrate precursors to adjust the nucleophilicity of the counterion and other cations
to adjust acidity may be useful in elucidating the connection between the choice of precursor,

reaction rate, and gel structure.
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The increase in breadth of the pore size distribution changes the appearance and mechanical
robustness of the material. 0YSZ was completely transparent, whereas 15, 30, and 50YSZ were
opaque and increasingly so with higher yttria content. This implies that the broader pore size
distribution leads to increased light scattering and opaqueness. Qualitatively, the mechanical
integrity of the aerogel increased with increased yttria content to 30 mol% YO1.5. 50YSZ was the
only material that did not remain monolithic after supercritical drying, which suggests that as the
pore size distribution widens, ultimately there is a tradeoff between mechanical integrity and
thermal stability.

4.4.2 Effect of composition on structural evolution

This work set out to improve the thermal stability of aerogels for use as insulation in the
extreme environments associated with aerospace applications. To assess thermal stability, several
indicators were monitored. These include maintenance of a high surface area, constant pore size
distributions, limited phase transitions, and minimal shrinkage and cracking over the temperature
regimes of interest (600 to 1200 °C). High surface area implies a highly porous material, which is
associated with very low thermal conductivities. Constant pore size distributions contribute to
invariant transport properties through the insulation. Limiting the phase transitions, shrinkage, and
cracking will ensure structural integrity of the insulation in maintained.

The crystallite and grain growth behavior of nanocrystalline YSZ at varying yttria doping
levels have previously been studied. Yttria doping suppressed crystallite growth at 500 °C, but
heating to 1400 °C resulted in cubic YSZ having larger grains than both undoped zirconia and
tetragonal YSZ [117]. It was further revealed that the relative sizes and growth rates of crystallites
in cubic and tetragonal YSZ are a strong function of temperature and time [108—-110]. To

temperatures of 1000 °C, crystallites in cubic YSZ are smaller than in tetragonal YSZ. The growth
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rate of cubic crystallites begins to exceed that of tetragonal crystallites at about 1200 °C and over
an hour of exposure [109]. This presents an upper limit to the use of cubic YSZ aerogels in
applications involving long-term thermal exposure. In the present work, the addition of sufficient
yttria to stabilize the cubic phase also significantly suppressed the growth of crystallites to 1200
°C. We observed significant growth of crystallites in 15 and 30YSZ between 1000 and 1200 °C,
consistent with the temperature at which the growth rate of cubic crystallites is expected to
increase. Interestingly, S0YSZ exhibited very little crystallite growth to 1200 °C despite being
identified as cubic like the 15 and 30YSZ. The increased yttria content in 50YSZ and decreased
grain boundary energy or diffusivity may play a role in this behavior as discussed later. The
prevention of rapid crystallite growth at higher yttria content is promising for maintenance of the
highly porous structures to 1200 °C and exposure times of less than 30 minutes.

The extent of yttria doping in YSZ has a significant effect on the key kinetic and
thermodynamic parameters responsible for driving structural evolution. Take, for example, the
surface energy, which has been measured as a function of mol% Y O1.5 for anhydrous YSZ from 0
to 33 mol% YOu.5 [104]. The surface energy decreased significantly from monoclinic zirconia
(1.9278 + 0.1543 J/m?) to cubic YSZ (0.9601 + 0.0283 J/m?) and within cubic YSZ, the surface
energy decreased with increased yttria content [104]. The decreased surface energy of YSZ with
increased yttria content may explain the reduction in densification of 30 and 50YSZ. In materials
with very large specific surface areas such as the presently studied aerogels, reductions in surface
energy will significantly reduce driving forces for densification.

In YSZ, slow cation diffusion controls mass transport and therefore densification and
crystallite growth. Previous work [105—107] measured bulk cation diffusivity in YSZ from 14.8 to

48 mol% YO1.s. Decreased yttrium and zirconium bulk diffusion coefficients with increased yttria
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content were reported. Though surface diffusion is expected to occur as a result of high surface-
to-volume ratios in aerogels, surface diffusion is a non-densifying mechanism and only contributes
to neck growth. The reduced diffusivity with increased yttria content may be partially responsible
for the reduced densification and crystallite growth in 30 and 50YSZ relative to 0 and 15YSZ.
Reduced mass transport will reduce sintering and densification of highly porous structures up to
the temperature where the activation energy barrier is surmounted, and rapid crystallite growth
occurs. Rapid crystallite growth is observed to occur between 600 and 1000 °C for 0YSZ, 1000
and 1200 °C for 15YSZ and 30YSZ, and beyond 1200 °C for 50YSZ, as evident in Figure 4.7.

Grain boundary energy and its relative value to surface energy are expected to play an
important role in crystallite and grain growth behavior [37]. To date there are only a limited
number of systematic efforts that attempt to quantify or understand the complete impact of
aliovalent doping on these key parameters in zirconia-based ceramics. Molecular dynamics
simulations of YSZ grain boundaries in model bicrystals did not reveal a clear relationship between
yttria content, grain boundary energy, or grain boundary diffusivity [118]. Experimental
measurement of grain boundary energy with microcalorimetry suggests reducing YSZ grain
boundary energy with increased levels of gadolinium doping [38] and lanthanum doping [39].
Despite this apparent discord in the YSZ system, studies on densification and grain growth in a
broader range of nanocrystalline ceramics consistently point towards doping as an effective route
to microstructural stabilization [40].

Ultimately, the nucleation and growth behavior of crystallites is affected by changes in
surface energy and diffusivity as a function of yttria content. With increased yttria content, the
relative difference in surface energy between the amorphous and crystalline state is reduced [104],

thereby decreasing the critical size for nucleation. The trends in crystallite size as a function of
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yttria content presented herein are consistent with this expectation. It is proposed that the
diminishing barrier to nucleation with increased yttria doping will form smaller crystallites at
higher yttria content and the reduced diffusivity will prevent their growth resulting in high specific
surface areas with exceptional thermal stability.

In this work, the distribution of yttrium is unknown and the small scale of the aerogel
structure limits such characterization. Previous work has demonstrated the ability of dopants and
defects to segregate to grain boundaries and free surfaces, imparting a drag or space charge effect
that inhibits sintering and grain growth [38,119—-122]. These effects cannot be ruled out in this
work given the lack of data on the distribution of yttrium in the material. It is safe to assume the
high surface area, relative to grain boundary area, will make dopant segregation to surfaces the
most important parameter in this context. Looking forward, high resolution chemical mapping
techniques would be beneficial, especially for high dopant concentrations, to establish the
distribution of dopants in zirconia in the as dried material and following heat treatments.

4.4.3 Connection of properties, behavior, and thermal stability

The starting structure appears to have little bearing on the thermal stability of the pore
structure. In all cases, mesoporous materials with average pore sizes of 6.4 to 13.9 nm were
synthesized and supercritically dried. The level of yttria dopant appreciably changed the structural
evolution and thermal stability of the pore structure in YSZ aerogels. Generally, it is accepted that
suppressed crystallite growth leads to faster densification because (1) the diffusion distances for
densification decrease with crystallite/grain size and (2) driving forces increase with increased
interfacial area. This effect has been observed experimentally [123,124]. The rate of densification
for intermediate and final state sintering has been shown to be inversely proportional to the grain

size raised to an exponent that is dependent on the diffusion mechanism [125]. Though in this
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work, both suppressed crystallite growth and slower densification are observed. This contradiction
may be explained by the combination of lowered surface energy and cation diffusivity with
increased yttria content. These two trends reduce driving forces and mobility for densification and
crystallite growth, leading to a highly porous aerogel structure with improved thermal stability in
30 and 50YSZ. Though this work demonstrated increasing the yttria doping in YSZ aerogels is an
effective way of improving the thermal stability, the materials still undergo significant shrinkage,
cracking, and loss of specific surface area. These issues must be overcome for use in composite
materials and aerospace applications, though shrinkage and cracking in aerogel monoliths may be
mitigated by use of the aerogel as a matrix in composites. Work focused on simultaneously
improving the mechanical properties and thermal stability of the pore structure are underway
utilizing crystalline precursors, surface modification, and other dopant schemes.
4.5 Summary

YSZ aerogels of 0 to 50 mol% YOis were prepared using a sol-gel technique and
supercritical drying. Increased yttria doping formed structures with larger pores and more
dispersity in pore size. Increasing yttria content to 30 and 50 mol% Y O.1.s is closely correlated with
improved thermal stability. The pore size distribution for 30Y SZ remained remarkably self-similar
to 1000 °C, though with reduced specific surface area and pore volume. While 15, 30, and 50YSZ
all were identified to crystallize in the cubic phase, their micro/meso-structures evolved in unique
ways. 15 and 30YSZ experienced rapid crystallite growth between 1000 and 1200 °C, while
50YSZ underwent little crystallite growth to 1200 °C. 30 and 50YSZ displayed improved
resistance to densification and maintained a mesoporous structure to 1200 °C, evidenced by SEM
and nitrogen physisorption measurements. It is expected that a reduction of both surface energy

and cation diffusivity contribute to improved thermal stability with increased yttria content. By
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improving the thermodynamic stability and reducing the rate of mass transport in the material,
thermally stable mesoporous aerogel structures are formed from doped metal oxide systems, with
thermally stable aerogels being defined as those capable of maintaining high SSAs, constant pore
size distributions, and minimal crystallite growth to temperatures of 1200 °C. Consideration of
other dopants and metal oxide systems remain of interest to further elucidate the importance of a
thermodynamically and kinetically driven design process for improved thermal stability of highly

porous structures.
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4.6 Figures and tables

Table 4.1: Physical and textural properties of YSZ aerogels. Yttria was incorporated near target
levels according to ICP. Pore size increases and density decreases with increasing yttria content.

mol % Actual mol% S?A VB§H DeuH Dpeak S (%) Pb \

YO Y045 (ICP) (m4g) (cm®lg) (nm) (nm) (g/cm®)
0 0.0 419 0.986 6.4 7.5 -25.6 0.292
15 14.3 456 1.950 13.9 22.9 -21.1 0.250
30 28.2 407 1.190 10.1 22.8 -13.2 0.193
50 48.0 301 0.997 10.8 28.5 - -

SSA = BET specific surface area

Veun = BJH desorption cumulative pore volume
Dssn = BJH desorption average pore diameter
Dpeak = peak diameter in pore size distribution
S = as dried shrinkage (diameter)

pb = bulk density
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Figure 4.1(a-b): (a) adsorption (solid) and desorption (dashed) isotherms for the as dried 0, 15,
30, and 50YSZ and (b) the associated pore size distributions which become notably broad for 30

and 50YSZ as dried.
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Figure 4.2(a-d): SEM images of 0, 15, 30, and 50YSZ in (a) through (d), respectively. The pore
distribution becomes increasingly heterogeneous with increased yttria content for the as dried
aerogels. The inlaid images of the gels show the increase in opacity with increased yttria content.

0YSZ _ 15YSZ  30YSZ 50YSZ

1000°C £

500 nm
T

1200°C

Figure 4.3(a-h): SEM images of pore structure of YSZ aerogels after heat treatment at 1000 °C
(a-d) and 1200 °C (e-h). Necking between particles (a) and significant densification (e) observed
in 0Y'SZ. Mesoporous structure maintained to 1200 °C in 30YSZ (g) and 50YSZ (h).
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Figure 4.4(a-d): Evolution of BJH pore size distributions for 0YSZ (a), 15YSZ (b), 30YSZ (c),
and 50YSZ (d). Significant elimination of pore volume in 0 and 15YSZ by 1000 °C. 30YSZ
maintains a self-similar pore size distribution to 1000 °C. Porosity persists in both 30YSZ and

50YSZ to 1200 °C.
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Figure 4.5: The evolution of BET SSA, BJH desorption average pore size, and cumulative pore
volume for YSZ aerogels to 1200 °C. All aerogels suffer from reduction in SSA and pore volume,
but largest percentage losses occur in 0 and 15YSZ. Only 30 and 50YSZ maintain measurable
porosity to 1200 °C.

73



U o A

1200°C

N U U TN TV

1000°C

V\Nl“ A A N 600°C

20 40 60

80 100
26 (deg.)
[¢]
11 | | zec
L ‘\ \ 1000°C

AN

} \/\ A 600°C

20 40 60
26 (deg.)

T

80 100

1200°C!

L

1000°C

600°C

20

40 60
26 (deg.)

80 100

d
L | 1200°C

j \ A A A 1000°C]

600°C

20

40 60
26 (deg.)

80 100

Figure 4.6(a-d): Powder XRD patterns for heat treated YSZ aerogels. 0YSZ (a) crystalizes into
the monoclinic phase. 15YSZ (b), 30YSZ (c), and 50YSZ (d) crystallize into the cubic phase. At
1200 °C, peaks were observed to be significantly broader in S0YSZ.
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Figure 4.7: Calculated crystallite sizes (normalized) via the Scherrer equation. Significant
crystallite growth in 0YSZ from 600 to 1000 °C and in 15YSZ and 30YSZ from 1000 to 1200 °C.
50YSZ undergoes little crystallite growth to 1200 °C.
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Figure 4.8(a-b): (a) Electron diffraction pattern (inset) for 15YSZ at 800 °C and the corresponding
dark field image. In dark field, light spots are crystallites contributing to a selected feature on the
diffraction pattern. (b) Box-and-whisker plot of calculated crystallite sizes at 800 °C from dark
field images using image analysis. Crystallite growth suppressed with increased yttria content. The
0YSZ/15YSZ, 0YSZ/30YSZ, and 0YSZ/50YSZ crystallite sizes were significantly different at o
=0.05.

Table 4.2: Lattice parameters for cubic YSZ aerogels (15, 30, 50YSZ). 15YSZ at 1000 °C is

mixture of tetragonal and cubic. Lattice parameters increase with increased yttria content and
increase slightly from 1000 to 1200 °C.

a(A)
mol % YO1.5 1000 °C 1200 °C
15 - 5.138 + 0.001
30 5.158 + 0.002 5.159 £ 0.001
50 5.183 + 0.002 5.185 + 0.002
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CHAPTER 5: EVALUATION OF RARE EARTH DOPANTS IN ZIRCONIA
AEROGELS
5.1 Introduction

A study on doping of yttria and ytterbia into zirconia aerogels up to 15 mol% MOis
improved the thermal stability and the work described in Chapter 4 demonstrated yttria doping
beyond 30 mol% YOis proved to be an even more effective means of improving the thermal
stability of the pore structure [103,126]. The latter work hypothesized that a reduction in surface
energy (driving force for densification) and cation diffusivity (rate of densification) with higher
yttria content contributed to the improvement in thermal stability.

To further evaluate the effect of composition and material properties on zirconia aerogel
thermal stability, the study of other dopants, including ytterbium, gadolinium, cerium, and
calcium, is warranted. Work in doped zirconias in the field of thermal barrier coatings (TBCs)
have demonstrated the influence of dopants on the structure, properties, and structural evolution
of the material. For TBCs, materials are sought with low thermal conductivity, high phase stability,
high erosion resistance, and ease of processability. Modifying the dopant identity and
concentration has been linked to changes in thermal conductivity and is established as a means of
enabling advanced TBC material design [84,88,90,91,127,128]. A variety of rare earth dopant
systems have been studied in the context of nanocrystalline zirconias, again with dopant identity
and concentration changing the sintering and coarsening behavior of the materials [37,39,129—
132]. Obtaining an understanding of how relevant kinetic and thermodynamic material properties,
including surface energy, cation diffusivity, surface and grain boundary diffusivity, thermal
conductivity and more, in doped zirconia influence thermal stability will contribute to the

development and understanding of thermally stable aerogels.
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In this work, zirconia aerogels doped with 15 or 30 mol% M/(M+Zr) where M =Y, Yb,
Gd, Ce, Ca are prepared to study the evolution of the aerogel structure as a function of composition
to temperatures of 1200 °C. The evolution of the microstructure, porosity, and crystal structure are
characterized to assess thermal stability. Materials with improved thermal stability are expected to
exhibit higher SSAs, constant pore size distributions, minimal crystallite growth, and maintenance
of a single crystal phase. This study demonstrates again the impact of dopants on improving the
thermal stability of zirconia aerogels but suggests limitations on the magnitude of thermal stability
improvement achievable by tuning composition.
5.2 Materials & methods
5.2.1 Synthesis

Doped zirconia aerogels were prepared using a sol-gel synthesis adapted from previous
work [59]. Metal salts utilized in this work were zirconyl chloride octahydrate (ZrOCl2-8H20, Alfa
Aesar 99.9%), yttrium(Ill) chloride hexahydrate (YCI3:6H20, Acros Organics 99.9%),
ytterbium(IIl) chloride hexahydrate (YbCl3-6H20, Sigma Aldrich 99.9%), gadolinium(III)
chloride hexahydrate (GdCls-6H20, Sigma Aldrich 99.9%), cerium(IIl) chloride heptahydrate
(CeCl37H20, Sigma Aldrich 99.9%), and calcium(Il) nitrate tetrahydrate (Ca(NO3)2:4H20,
Sigma-Aldrich 99.9%). Zirconyl chloride octahydrate and the dopant metal salt were dissolved in
200 proof ethanol (Decon Labs) in separate jars at a ratio of 1.263 mmol metal per mL ethanol.
After 30 minutes of stirring, DI water was added at six times the stoichiometric amount needed to
fully hydrolyze the metal salt. As an example, for each mole of Zr**, 24 moles of water were added.
The precursor solutions were hydrolyzed under stirring for 60 minutes and were then combined
and stirred for 15 minutes. The combined solution was placed in an ice bath to slow down the

gelation reaction and propylene oxide (PO) (CH3CHCH20, Sigma Aldrich) was added dropwise
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at a ratio of 2.342 mol PO per mole of metal. The solution was stirred for 5 minutes and transferred
to molds made from polyethylene syringes (24 mL) with the top cut off. For consistency, the
plunger was placed at 20 mL and the mold filled to the 10 mL mark. Gelation was generally
complete within 30 min. Parafilm was used to seal the mold and gels were held in the mold for 24
hours. Gels were then extracted into 200 proof ethanol and aged for 5 to 7 days. The aged gels
were then supercritically dried using carbon dioxide, featuring four washes in liquid carbon
dioxide before bringing the carbon dioxide to its supercritical state and evacuating the fluid.
5.2.2 Heat treatments

Aerogels were heated treated in high purity alumina crucibles. Heat treatments were
performed in a box furnace under air with a temperature ramp of 10 °C/min to 600, 1000, or 1200
°C, each with a 20-minute hold at the maximum temperature. Aerogels were cooled to room
temperature within the furnace.
5.2.3 Characterization

The diameter and length of supercritically dried (as dried) aerogel monoliths were
measured to characterize bulk density and shrinkage relative to the mold. Nitrogen physisorption
measurements were performed using a Micromeritics 3Flex to measure specific surface area via
the method of Brunauer-Emmett-Teller (BET) and pore volume and size via the method of Barret-
Joyner-Halenda (BJH). Prior to physisorption analysis, samples were degassed under vacuum at
80 °C with a heating rate of 5 °C/min and a hold of 8 hours. Scanning electron microscopy (SEM)
was conducted on a Hitachi S4800 SEM to characterize pore morphology and microstructure.
Samples were crushed onto carbon tape and imaged uncoated at 2 kV, 10 pA, and a working
distance of 5 mm. Powder x-ray diffraction (XRD) was used to identify the crystalline phase and

calculate the crystallite size via the Scherrer equation. To prepare samples for XRD, powders were
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crushed in a mortar and pestle with a small amount of 200 proof ethanol. The suspension was
dropped via pipette onto low background holders. XRD was performed on a Bruker D8 Advance
(Cu Ka, 1.5406 A) from 10 to 100° 260, 0.02 degrees per step, and 0.25 seconds per step. Parallel
beam geometry was used with a 0.2 mm divergence slit and a panoramic Soller slit. Rietveld
refinements were performed in GSAS II (v. 4783) to identify crystalline phase and calculate
crystallite size.[133] Peak positions and widths were exported and the Scherrer equation was
applied to each. The reported crystallite size was obtained by taking the average of all peaks.
5.2.4 Statistical analysis

Statistical tests were conducted in OriginPro 2021b (v. 9.8.5.212). For all statistical tests,
a significance level (o) was selected of 0.05. Two-way ANOVAs were first applied with dopant
and concentration as the two factors. For significant factor-response pairs, Tukey tests were
employed to determine which levels of the factor had a significant effect on the response.
5.3 Results
5.3.1 As dried aerogels

Zirconia (ZrOz) aerogels were prepared at 15 and 30 mol% MOx for M =Y, Yb, Gd, Ca,
and Ce. The properties of these dopants are summarized in Table 5.1. Dopants were selected to
vary charge, radius, and mass to explore the relationship between composition and thermal
stability. From here, samples will be referred to as 15M or 30M (e.g., 15Y, 30Y, 15Yb, etc.).
Aerogels of all compositions successfully gelled and remained monolithic following supercritical
drying. Qualitatively, the Y, Yb, and Gd were white and more opaque with increased dopant
concentration. Ca-doped aerogels were also opaque but were markedly glassier and more brittle.

Ce-doped aerogels appeared yellow with some signs of white streaking through the material.
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The mass, diameter, and length of the aerogel monoliths were measured and averaged to
obtain percent shrinkage and bulk density measurements. Nitrogen physisorption isotherms were
used to calculate BET specific surface areas (SSA), BJH desorption cumulative pore volume
(VBm), and BJH desorption average pore diameter (Dsin). The summary of these results is
tabulated in Table 5.2, with SSAs between 400 and 550 m?/g and Dgyu from 14 to 27 nm. Increased
dopant level was correlated with statistically significantly reduced shrinkage, from -21.9% for 15
mol% and -15.2% for 30 mol% (p=0.012). The dopant identity did not have a bearing on shrinkage
or density. The dopant level modified all aspects of the pore structure with increased dopant
concentration leading to lower SSA (p=0.046), higher Vi (p=0.016), and higher D (p=0.022).
The dopant identity only influenced SSA (p=0.042). A Tukey test indicated Gd (average SSA of
500 m?/g) and Ce (average SSA of 428 m?/g) were significantly different, with the other dopants
lying between these extremes with no statistically significant difference.

Evaluation of BJH pore size distributions (PSD) in Figure 5.1 provided additional insight
to the pore structures of the doped zirconia aerogels. Increased dopant level increased the average
pore size and the PSD breadth for all dopants. The PSDs appeared remarkably similar at the same
dopant level, regardless of dopant identity. 30 mol% MOx consistently formed more disperse pore
structures with a larger average pore size. Scanning electron microscopy (SEM) provided a
qualitative look at the as dried pore structure as a function of dopant identity and level in Figure
5.2. In general, the pores appeared larger with more dispersity in size at higher dopant level,
consistent with the BJH desorption pore sizes and distributions.

5.3.2 Pore structure evolution with heat treatment
Nitrogen physisorption was performed on materials subjected to heat treatments of 600,

1000, and 1200 °C. Thermal stability is defined as maximum SSA, maximum Vaju, and minimum
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change in D following heat treatment. Figure 5.3(a-c) displays the change in SSA, Ve, and
Dgiu for each composition as a function of temperature. At 600 °C, 30Y and 30Gd performed the
best, maintaining SSAs of 166 and 140 m?/g, respectively. At 1000 °C, 30Y and 30Gd again
maintained the highest SSAs of 47 and 50 m?/g, respectively, with 30Ce also exhibiting notable
stability with 49 m?/g. Both Ce-doped samples are remarkably stable from 600 to 1200 °C, as
visible in the reduced slope of the SSA between these two temperatures. All samples underwent
significant densification and loss of porosity by 1200 °C with SSA generally reduced by an order
of magnitude compared to 1000 °C and two orders of magnitude compared to the as dried structure.
Yet again, 30Y (16 m*/g) and 30Gd (15 m?/g) maintained over double the average SSA of all
materials at 1200 °C (7 m?/g). Similar trends were observed in pore volume, with 30Y and 30Gd
exhibiting the greatest pore volume at each temperature. In Section 5.4.2, the evolution of these
structures will be evaluated in a relative sense.

From statistical analysis, dopant level consistently had a significant effect on SSA, Ve,
and Dgsju at all temperatures, with p-values for (SSA | Ve | Dsin) of (600 °C: p=0.027, 0.005,
0.003 1000 °C: p=0.018, 0.001, 0.004 | 1200 °C: p=0.017, 0.005, 0.014). 30 mol% M consistently
gave rise to higher SSA, Ve, and Dsm. Dopant identity had a statistically significant effect on
SSA at 600 (p=0.010) and 1000 °C (p=0.019), despite having no statistically measurable effect in
the as dried structure. No significance was detected at 1200 °C. At 600 °C, Y (15%: 125 m?/g |
30%: 166 m?/g) and Gd (15%: 127 m*/g | 30%: 140 m?/g) were significantly different than Ce
(15%: 72 m*/g | 30%: 85 m?/g) according to a Tukey test. At 1000 °C, Gd (15%: 40 m?/g | 30%:
50 m?/g) and Ce (15%: 41 m?/g | 30%: 49 m?/g) were significantly different than Yb (15%: 22

m?/g | 30%: 28 m?/g).
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The evolution of Dsu was found to depend on dopant level, but not identity. Figure 5.3(c)
demonstrates 30 mol% M had a larger average pore size at all temperatures regardless of dopant.
Of note is the pore size evolution of the trivalent dopants: Y, Yb, Gd. At 30 mol%, the structures
gradually coarsen with increasing temperature, before experiencing a large increase in Dpjn from
1000 to 1200 °C. At 15 mol%, the structures also coarsen, but only to 1000 °C, beyond which Dsn
drops precipitously. This behavior is remarkably consistent among the trivalent dopants, which
appear to display the same trend, only shifted in absolute value. 15Ca and 15Ce behave similarly
to their trivalent counterparts at 15 mol%, but Dgju for 30Ca and 30Ce remains stable from 1000
to 1200 °C.

BJH desorption PSDs provided a deeper look at the pore structure as a function of
composition and temperature. Figure 5.4(a-f) includes the PSD of all 10 samples at 600, 1000, and
1200 °C. At 600 °C, the PSD for 15 mol% M samples exhibited a high degree of similarity, with
sharp distributions set at smaller pore sizes. The trivalent dopants (Y, Yb, Gd) PSDs nearly
overlapped at 30 mol%. The area under the PSD is proportional to the total pore volume. By 1000
°C, it became evident that 30 mol% M samples maintained more porosity than their 15 mol%
counterparts for all dopants. This was even more obvious at 1200 °C, where all 15 mol%
distributions were essentially flat, except for 15Gd. Of the 30 mol% samples, 30Y and 30Gd
maintained the most porosity made evident by their larger PSD.

SEM images were also taken for all samples at each temperature and are included in Figure
5.5(a-c) at 600, 100, and 1200 °C. At 600 °C, there was little change from the as dried structure in
Figure 5.2. Only at 1000 °C did it become apparent that composition influenced densification
behavior. 15Y, 15Yb, and 15Ca exhibited increased particle growth and coarsening. The other

samples maintained their mesoporous structure. At 1200 °C, all samples underwent significant
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particle growth and sintering. In general, 30 mol% M samples maintained smaller particle sizes
and some semblance of a porous structure. 15Yb and 15Ce underwent notable sintering by 1200
°C, with little mesoporosity visible.

Overall, 30Y and 30Gd displayed the most promising evolution in context of thermal
stability. The results thus far evaluated thermal stability in an absolute sense, that is, which samples
maintained the highest SSA and Vsju while maintaining a constant Deju. In Section 5.4.2, thermal
stability will be further evaluated in a relative sense by calculating the percent change or slope of
a given property over a selected temperature range. Taking these results together in the context of
material properties, a deeper insight may be gained into the thermal stability of highly porous
structures at elevated temperatures.

5.3.3 Evolution of the crystal structure

In addition to pore structure, the evolution of the crystal structure is an important factor
when considering the thermal stability of a highly porous material. Deleterious phase
transformations can weaken the structure and rapid crystallite growth may contribute to significant
sintering and densification of the fine mesoporous structure. All aerogels were x-ray amorphous
as dried. Figure 5.6(a-j) shows the XRD patterns for all samples after heat treatments at 600, 1000,
and 1200 °C and Table 5.3 includes the phases identified in all materials upon heat treatment. In
general, the trivalent dopants crystallized into the cubic (c) structure. 15Ca and 15Ce exhibited a
mix of tetragonal (t) and monoclinic (m) phases. 30Ca was consistently cubic and 30Ce tetragonal.
In 30Ce, the tetragonal phase is known to be kinetically stabilized and in this work does not appear
thermodynamically equilibrated after heat treatments at 1200 °C, where a mixture of cubic and

tetragonal is expected to exist [134,135].
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The XRD patterns were fit in GSASII [133]. The peak widths were used in the Scherrer
equation and an average was computed from all peaks to provide a single value of crystallite size
(L). The crystallite sizes measured in this work, all under 100 nm, are well within the range of
relevance for this technique [136]. The results are summarized in Figure 5.7 by dopant, dopant
level, and temperature. The trivalent dopants shared similar behavior, with higher dopant level
suppressing crystallite growth to 1000 °C. In general, Gd maintained the smallest crystallites,
followed by Y, and finally Yb. From 1000 to 1200 °C, the 30 mol% samples underwent significant
crystallite growth. The 30Ca aerogel displayed similar behavior and crystallite sizes to the 30
mol% trivalent dopants. The 30Ce aerogel exhibited the most promising behavior as it maintained
a single phase and much smaller crystallites than all other samples. At 1200 °C, the crystallites for
30Ce were less than half the size of any trivalent dopant. The crystallite growth behavior is
markedly more complex in the Ca- and Ce-doped aerogels at 15 mol% M. In these cases, the
formation of secondary monoclinic phases modifies the crystallite growth behavior. The tetragonal
crystallites in these samples continued to grow, albeit at a reduced rate once the monoclinic phase
was detected. The monoclinic phase, once formed, exhibited a drop in crystallite size from 1000
to 1200 °C.

5.4 Discussion
5.4.1 Effect of dopant level and concentration on the as dried structure

Increased dopant concentration from 15 to 30 mol% MO .5 formed coarser pore structures
with lower SSA, larger pore volume, larger average pore size, and more disperse pore size
distributions. This trend held true for all dopants. This presents a challenge to a hypothesis
proposed in our previous work on YSZ aerogels from 0 to 50 mol% YO s, described in Chapter 4,

where a similar trend was observed of coarser pore structures with increasing yttria content [126].
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We hypothesized that with increasing yttria content, the concentration of nucleophile (CI) for
epoxide ring opening is higher as YCl3*xH20 provides more chloride than ZrOCl2exH20. This in
turn increases the rate of gelation and results in structures that resemble agglomerated networks of
precipitates rather than homogenous gels. The challenge arises for Ca-doped ZrOz, which should
not exhibit this behavior according to our previous hypothesis as Ca(NO3)22xH20 does not provide
additional nucleophile compared to ZrOClzexH20. Despite providing the same amount of
nucleophile, 30 mol% CaO formed a coarser pore structure much like the other dopants in the
study that do increase nucleophile concentration. To examine this effect and re-evaluate our
hypothesis, previous work on epoxide-assisted sol-gel chemistry is informative [60,62]. Beyond
concentration of nucleophiles for the ring opening reaction, the nucleophilicity of chloride
compared to the nitrate anion as well as the charge of the metal ions must be considered.

First, it is important to recognize that the calcium precursor is the only nitrate salt used in
this study. The hydrated calcium chloride salt is prohibitively expensive if these aerogels are to be
used in insulative applications. Previous work by Gash et al. on iron oxide aerogels prepared from
chloride and nitrate precursors evaluated the structure of the aerogel as a function of salt anion and
solvent [62]. In ethanol, the rate of gel formation was found to be faster for the nitrate salt
compared to the chloride salt, despite the nitrate anion being the weaker nucleophile. SSA, pore
volume, and pore size were higher for the chloride salt. In the presently studied Ca-doped ZrO:2
aerogels, the pore size was larger at higher mol% CaO, despite the share of nitrate anions
increasing, which would be expected to decrease pore size according to the results from Gash.
Thus, the difference between chloride and nitrate does not explain the behavior observed in the

present work.
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The charge of metal ions influences the acidity of hydrated metal cation species,
[M(H20)x]*", in solution. As water coordinates to the metal center during hydrolysis, a higher
metal coordination number makes the water molecules more acidic. Thus, higher oxidation states
will make hydrolysis occur more quickly [115]. A study on mixed metal-silicon oxide aerogels
(Al, Cr, Zr, Hf, Nb, Ta, W, and more) by Clapsaddle et al. evaluated the structure of aerogels
prepared from hydrated metal salts and propylene oxide [60]. In this work, gel times decreased as
coordination number increased, owing to increased acidity and reactivity of the water in the
hydrated metal complexes. With shorter gel times, observed shrinkages were higher and the
average pore sizes were lower. Longer gel times were generally associated with large particle sizes
and coarser pore structures. The authors proposed that with longer gel times, there was more time
for nucleation and growth of particles in the sol prior to gelation. Larger particles cannot pack as
closely together, leading to reduced shrinkage and larger pore size.

This observation can be applied to the present work to understand the change in structure
with increased dopant level. For Y%, Yb**, Gd**, and Ce’*", adding more dopant relative to Zr*"
reduces the average oxidation state and acidity of hydrated metal complexes, thereby reducing the
reaction rate. Reducing the reaction rate generates coarser structures by allowing more time for
nucleation and growth of particles in the sol prior to gelation. The same is true for Ca?", which
again lowers the average oxidation state of metal ions in solution. Although the ratio of nitrate to
chloride is increased at higher mol% CaO, it is evident the effect of metal oxidation state is greater
than that of changing nucleophile. That said, if the shrinkage and pore size of the Ca-doped
aerogels are compared to other dopants, the aerogels did experience more shrinkage and have
slightly smaller pore sizes which is consistent with previous work on aerogels derived from nitrate

salts, which reduce the gel time and therefore the time for nucleation and growth of particles.
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In summary, as the level of dopant is increased from 15 to 30 mol%, a metal with a +4
oxidation state (Zr*") is being replaced by metals of +2 or +3 oxidation states (Y**, Yb**, Gd*",
Ce**, Ca”") This reduces the reaction rate by reducing the acidity of water in the hydrated metal
complexes, allowing for more nucleation and growth in the sol prior to gelation. This results in
coarser structures composed of larger particles that exhibit lower shrinkages and broader pore size
distributions.

5.4.2 Evaluation of thermal stability

It is prudent to first define by what metrics thermal stability may be evaluated in the context
of aerogels. The most relevant assessment of thermal stability is maintaining a highly porous
structure conducive to low thermal conductivity. The loss of porosity should be minimized by
maximizing SSA and pore volume. By minimizing change in pore size, thermal conductivity and
other transport properties can be maintained at a similar value through the operating temperature
range of the material. Limiting phase transformations and crystallite growth will ensure structural
integrity of the aerogel. All the metrics can be evaluated in an absolute sense, that is directly
comparing the SSA or any other property of one formulation to another at a given temperature.
This is the simplest method by which thermal stability can be evaluated.

As covered in the Results, increased dopant concentration lends improved thermal stability,
with select dopants outperforming the rest. At 1000 °C, 30 mol% Ce, Gd, and Y maintain the
highest SSA and pore volume. At 1200 °C, 30 mol% Gd and Y perform the best It is important to
note increased dopant concentration also changed the as dried structure, forming coarser structures
with larger initial pore sizes. The coarser structure with higher dopant concentration should reduce
the driving force for sintering and densification, improving thermal stability. The effect of starting

structure on thermal stability was evaluated in Section 6.4.3. The analysis therein suggests the
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differences in as dried structure between 15 and 30 mol% dopant should not have a significant
effect on thermal stability. Therefore, the effect is believed to be the result of the increased dopant
concentration and not the change in the as dried structure.

It is also possible to evaluate relative stability, which looks at how a property changes over
a selected temperature range. This method of evaluation can give insight to what degree a
material’s structure changes over a given operating range of temperatures. Information on the
evolution of the materials may be gleaned by calculating the percent change (Equation 5.1) or
slope (Equation 5.2) of a property over a temperature interval. X represents a structural property,
such as SSA, Ve, or Dejn and T is temperature in degrees Celsius. In this work, all materials are
highly porous as dried, and it is ultimately the ability to minimize the change in structure that will
prove advantageous when applied as insulation. For SSA, pore size, and pore volume, calculation
of percent change will be applied to evaluate relative stability, with lower percent change reflecting
higher thermal stability. For crystallite size, calculation of slope will be applied to evaluate relative
stability. Since the crystallite size is effectively zero in the initial as dried, x-ray amorphous state,
the initial value of crystallite size upon crystallization can undesirably affect the comparison of
thermal stability when percent change is applied. It allows for the comparison of the responses of

materials that have different starting structures.

X . _X P .
Percent Change = =Eial—Initial 1000, Equation 5.1
XInitial

XFinal — Xmnitial

Slope = Equation 5.2

Trinal — TInitial

Relative stability may be evaluated over the entire temperature range or select temperature
ranges. Comparison of materials over different temperature ranges is useful for potential
applications and their unique operating temperature ranges. Figure 5.8 displays the percent change

of SSA, pore volume, and pore size over three temperature ranges: as dried to 600 °C, 600 to 1000
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°C, and 1000 to 1200 °C. Figure 5.9 shows the slope of crystallite size from 600 to 1000 °C and
1000 to 1200 °C.

For analysis within this study, the change from the as dried structure to 1000 °C was
selected for SSA, pore size, and pore volume and change from 600 to 1200 °C for crystallite size.
The values of percent change and slope are included in Table 5.4. Dopant identity (p=0.016) and
concentration (p=0.010) had significant effects on the percent change of SSA from as dried to 1000
°C, with 30 mol% dopant retaining more SSA. From a Tukey test, there were three different groups
of dopants for retention of SSA, listed here in descending order of stability: Ce/Gd/Y, Gd/Y/Ca,
Y/Ca/Yb. Though 30 mol% Ce performed the best in terms of relative stability to 1000 °C, this
composition rapidly densified from 1000 to 1200 °C. This demonstrates the importance of
considering both relative and absolute stability, as well as considering different temperatures and
ranges depending on the application.

Dopant identity had a significant effect (p=0.013) on crystallite growth, but the
concentration did not (p=0.384). There were two significantly different groups of dopants:
Y/Yb/Gd/Ca and Ca/Ce. Yb, Y, and Gd experienced the most crystallite growth, but were also the
most phase stable. Within the series of trivalent dopants, smaller ionic radius was associated with
increased crystallite growth. Despite minimizing crystallite growth, phase stability may be a
disadvantage with Ce and Ca. The exception is 30 mol% Ce, which maintained a single tetragonal
phase and the least crystallite growth. This composition also maintained a stable pore structure to
1000 °C, but densified rapidly upon exposure to 1200 °C.

5.4.3 Towards a design framework for thermally stable aerogels
Evaluation of thermal stability in context of material properties will contribute towards a

design framework to enable the intentional exploration of thermally stable aerogels. Previous work
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did this for YSZ aerogels: lower cation diffusivity and lower surface energy were identified as
potential markers for improved thermal stability [104,106,126]. To further evaluate these
hypotheses, study of a wider range of dopants and concentrations is necessary. In the present work,
many dopants were evaluated, but material properties are not readily available for the entire range
of materials studied. Cation properties, such as radius, mass, and charge, may serve as useful
proxies for other material properties. The properties can be weighted by cation composition to
reveal the effect of changing radius, mass, and charge. This is demonstrated in Equation 5.3, where
xM is the mole fraction MOy and Pw is the property of dopant M®*. The weighted properties were
then scaled on [0, 1] to allow for comparison between radius, mass, and charge on the same plot.
Weighted Property = Xz.Pz. + xqPy Equation 5.3
The thermal stability as a function of the weighted property can be evaluated in an absolute
or relative sense. For absolute stability, the SSA, pore volume, pore size, and crystallite size were
taken at 1000 °C and plotted as a function of the scaled and weighted cation properties in Figure
5.10(a-d), respectively. Linear regression was then performed. Cation radius and charge did
influence the pore structure at 1000 °C. Increased radius was associated with higher pore volume
(p=0.04) and larger pore size (p<0.001). Increased charge was associated with smaller pore size
(p<0.001). Linear regression was similarly performed for relative stability (percent change, slope),
but no statistically significant relationships were identified. The data for relative stability as a
function of weighted cation properties are included in Figure 5.11(a-d).
Additional work is required to bring together property and performance measurement to
improve the design of thermally stable aerogels. Despite the fact that radius, charge, and mass of
the cation do not have clear effects on thermal stability, many material properties have complex

relationships with these cation properties. Well-designed experiments, especially coupled with
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simulation, measuring material properties and thermal stability will enable design rule
development.

Lastly, the magnitude of changes to thermal stability as a function of composition must be
considered. Though statistically significant differences were observed in this work, none are
arguably large enough to consider any of the presently studied pore structures “thermally stable”.
Here, we probed the extremes of doped zirconia. Previous work studying composition’s influence
on thermal stability has led to mixed results. Aerogels composed of TiO2, Nb20s, and ZrO2
aerogels maintained SSAs that varied by a factor of 3 at 500 °C, but this same variation was
observed in the as dried state [47]. Oxide aerogels of Ce, Pr, Sm, and Tb were prepared with SSAs
of 250, 296, 129, and 147 m?/g, respectively, and maintained SSAs of 60, 60, 90, and 90 m*/g after
heat treatment at 650 °C [48]. Looking at this wide range of metal oxides with varying properties
and as dried SSAs, the difference in thermal stability was small. Doping alumina with yttria and
zirconia with yttria and/or ytterbia improved thermal stability [49,103,126]. These doped aerogels
offered improved thermal stability to 1000 °C, but any advantage was consistently eliminated
beyond this temperature.

More impactful routes to thermal stability may include new synthetic techniques and post-
synthetic modification of aerogels to improve the robustness of the structure towards densification.
Comparing soluble precursors (metal salts) to colloidal boehmite in the preparation of
aluminosilicate aerogels demonstrated the dramatic influence of synthetic route on the structure,
chemistry, and thermal stability of aerogels [50]. The effect of precursor and synthetic route goes
beyond simply changing the SSA and pore size for a given composition, rather emerging from the
morphology of the precursor, connectivity of primary particles, and the spatial distribution of

constituents in multi-oxide aerogels. The improved stability of the boehmite derived materials
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might be attributable to the boehmite being crystalline to start, eliminating the shrinkages
associated with the crystallization of an amorphous as-dried gel. Continued work on novel
colloidal syntheses of aerogels may serve as useful routes towards the development of thermally
stable aerogels [137,138]. Modification of aerogel structures with post-synthetic coatings and
functional groups has proven effective to have marked improvement on thermal stability
[139,140]. Such approaches prevent condensation of surface hydroxyl groups by capping hydroxyl
groups with non-condensable functional groups which then form secondary-phase particles that
pin grain boundaries and prevent crystallite growth at higher temperatures. Overall, advances in
aerogel synthesis may prove the most effective means of achieving thermal stability and enabling
the use of aerogel as insulation in extreme environments. The advances must go beyond
straightforward synthetic parameters and leverage novel precursors, assembly techniques, and
post-synthetic modifications to enhance thermal stability.
5.5 Summary

Doped zirconia aerogels of 15 and 30 mol% M/(M+Zr) where M =Y, Yb, Gd, Ce, Ca were
synthesized from metal salt precursors and supercritically dried. Higher dopant concentration
formed coarser pore structures with broader pore size distributions and larger average pore sizes.
This result was linked to the reduction in average metal oxidation state in solution with increased
dopant level. The thermal stability as a function of composition was evaluated in absolute terms,
with 30 mol% GdO1.5 and YO1.5s maintaining the highest SSA and pore volume to 1200 °C. In
general, increased dopant concentration improved the thermal stability for all dopants at 1200 °C,
which may be correlated to the initial microstructure of the as-dried aerogels. Relative stability
was also used to compare thermal stabilities, again with increased dopant concentration lending

improved thermal stability and Y and Gd performing the best of all dopants. Attempts to derive
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relationships between thermal stability and weighted cation properties (charge, mass, size) were
largely unsuccessful, with only a few statistically significant relationships. Overall, the magnitude
of thermal stability improvement achieved by modifying dopant identity and concentration was
considered in context to other routes, including modification of synthetic techniques. This
comparison points towards the fact that development of new synthetic techniques will likely offer
the greatest chance at achieving the thermal stability required to use aerogels as insulation in the
extreme environments of aerospace applications.

5.6 High-throughput analysis & machine learning for material discovery

5.6.1 Overview

A machine learning program was written in Python for the purposes of providing a deeper
analysis of the data produced by this project. The code is available online upon request at
https://colab.research.google.com/drive/1gZ8e5zyE6nRtshLgk AlmrOsl6EzwMJ3H?usp=sharing.
The program requires a set of aerogel porosity data, including SSA, Vsin, and Dgu for the as dried
material and these properties plus crystallite size after heat treatments at 600, 1000, and 1200 °C.
A set of material property data for the compositions being studied is also required for the machine
learning portion of the program.

The first segment of the program cleans the data and performs calculation of slopes and
percent changes. Next, the program can produce visualizations of the data in an array of graphs
relevant to this work. The most important part of the program employs random forest (RF)
algorithms for machine learning via scikit-learn [141]. The RF algorithm is trained on the
experimental data (SSA, pore size, pore volume, crystallite size as a function of temperature) and
material property data for a given composition pulled from literature and various databases. The

accuracy of the model is then tested on a small subset of the experimental data not used in training
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the algorithm. The RF employs many decision trees and averages the result of each tree to provide
a prediction of a selected property at a given temperature (or the change in the property over a
temperature interval). Hyperparameter tuning was conducted to maximize the accuracy of the
model.

Predictions were then provided for several compositions of potential aerogels not yet
synthesized. By feeding the program the material’s properties, the SSA, pore volume, pore size,
and crystallite size could be predicted at high temperature. In essence, we can pre-select favorable
candidate compositions for synthesis rather than blindly selecting materials to test. Further work
is required to improve the quality of material property data used to train the model before these
predictions can be utilized.

5.6.2 Material property data used in machine learning

There are innumerable properties that change as a function of composition for the materials
under study in this work. For the YSZ study, improvements in thermal stability at high yttria
concentrations were attributed to (1) reduced surface energy and (2) reduced cation diffusivity
with increased yttria content. Reduced surface energy will reduce driving force for densification
and pore collapse. Reduced cation diffusivity will reduce rates of mass transport leading to
densification and pore collapse. For the dopant study, where five dopants are studied at two
concentrations each, it becomes more difficult to connect material properties to thermal stability.
To aid in this effort, a key part of this project will be correlation thermal stability to several material
properties obtained via literature references. The properties used, where available, were melting
point, enthalpy of formation, weighted cation mass, weighted cation charge, weighted cation
radius, and theta (estimate of contribution of a given cation to the specific heat capacity of the

material) [116,142].
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5.6.3 Machine learning with random forests

Random forests (RF) are a machine learning technique that can be used for classification
or regression, among other tasks. RFs utilize many decision trees and provide the mode of the
classes (in the case of classification) or the mean prediction (in the case of regression) of the
individual trees. The use of many trees can overcome the primary issue of individual decision
trees: a tendency to overfit data.

RFs are often used for regression problems. Regression is used on labeled data for
supervised learning to provide (1) relationships between dependent and independent variables and
(2) predictive models for these variables (dependent variable = response, independent = predictor).
Here, the database of material properties will serve as predictors (e.g., cation radius, cation mass,
melting temperature, etc.). These predictors are based upon the material's composition.

For the response, the analysis is divided into two parts. First, absolute performance where
the responses will be the SSA and Vs at 600, 1000, and 1200°C. The objective is to maximize
these responses. Second, rate of densification where the response will be the percent change of
SSA, Ve, and D from the AD to 1000°C and the slope of crystallite size (L) from 600 to 1000°C.
The objective is to minimize these responses.

In other words, a model was trained for each of these responses (6 from absolute, 4 from
rate of densification). There are two important takeaways from the RF model. One will be an
understanding of the relative importance of each predictor on the response. The second will be a
model that will allow prediction of the performance of a material based upon its material
properties. This will enable the pre-screening of candidate materials for thermally stable aerogels

and targeted study of promising compositions.
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5.6.4 Results from random forest models

Data was prepared by taking the necessary data from data frames into numpy arrays.
Hyperparameter tuning was performed on the entire data set of SSA percent changes from AD to
1000 °C. To quantify model quality, the model mean square error (MSE) was compared to the
baseline MSE, the baseline MSE being the MSE where all samples are predicted to have the overall
mean percent change. First, a random grid was created of parameters. Once an area of "optimal"
parameters was found, a full grid was created to decide on a single set of hyperparameters. The
final set of hyperparameters used were 30 estimators/trees, 4 minimum samples for a split, 2
minimum samples per leaf, maximum features of ‘sqrt’, maximum depth of 50, and bootstrapping
enabled.

Once hyperparameters were identified, a total of ten random forest models were trained
(SSA and Vs each at 600, 1000, and 1200 °C; percent change of SSA, Ve, and D each from
AD to 1000 °C; slope of L from 600 to 1000 °C). For each, the percent improvement over the
baseline for that measurement was evaluated. Given the set of hyperparameters selected, seven
models offered significant improvement over the baseline: SSA at 1000 °C, SSA at 1200 °C, Ve
at 1200 °C, L at 600 °C, L at 1200 °C, SSA percent change from AD to 1000 °C, and Ve percent
change from AD to 1000 °C. Lists of feature importance were generated for these models, and it
was revealed cation radius, cation mass, enthalpy of formation, and specific heat capacity had the
biggest impact on the model. This might be a hint of properties to pursue in the future. Included in
Table 5.5 are the responses with RF models that outperformed the baseline MSE along with the
most important factors to the model.

Finally, as a demonstration of the planned utility for the models, several compositions were

proposed that have yet to be synthesized and characterized. The compositions assessed in the
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models were 30 mol% MxOy in ZrO2 (MxOy = FeO15, SrO, LaO1.5, ScO1.5, HfO2) and 30 mol%
YO15 in HfO2. Using the models that showed improvement over the baseline, predictions were
generated for the structural properties & relative stability of these materials at high temperatures
and are shown in Table 5.6. These predictions offer insight into promising material compositions
to prepare and study in the future, but it is important to note none of the compositions assessed
here outperformed the material already studied. This is due in part to a limitation of machine
learning to extrapolate beyond existing data, but also points to composition being an insufficient
parameter to achieve high thermal stability, indicating alternative routes including new syntheses,
novel precursors, and post-synthetic surface modification are routes for future study.

There exist opportunities to improve quality of the data, especially the material property
data that is fed into the model. Combing through literature, material property databases, and books
for material data could prove useful. An ever-present issue in this work was overcoming different
sample preparation and measurement techniques used in the literature, leading to discrepancies
between materials. When possible, using fundamental material property data is ideal. Machine
learning algorithms beyond random forests may also be of interest. Random forests suffer from
lack of interpretability and the weights given to various factors do not have any physical meaning,

making it difficult to fully understand property-stability relationships at a fundamental level.
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5.7 Figures and tables

Table 5.1: Precursor and cation properties for metal oxides under study. Cation radii are listed for
a coordination number of 8. The cation charges below are assumptions. For Ce, the charge was
assumed to be +3 for the precursor, but +4 following aerogel heat treatment [116,143].

M Precursor Cation Ca.tion Cation
Charge Radius (A) Mass (amu)
Zr ZrOCl2¢8H20 +4 0.840 91.22
Y YCl3*6H20 +3 1.019 88.91
Yb YbCl3*6H20 +3 0.985 173.0
Gd GdClz*6H20 +3 1.053 157.2
Ca  Ca(NOs)e4H,0 +2 1.120 40.08
Ce CeCl3*7H20 +3/+4 0.970 140.01

Table 5.2: Measurements of porosity and physical structure for the as dried aerogels. In general,
increased dopant results in lower shrinkage and coarser pore structures with lower SSA, larger
Dgin, and larger Vein.

SSA = BET specific surface area

Ve = BJH desorption cumulative pore volume
Dssn = BJH desorption average pore diameter
S = as dried shrinkage (diameter)

pb = bulk density

Mo molwMO | lo  emi)  m 5™ ghmy
v 15 501 2.07 16.4 -21.1 0.250
30 473 2.91 26.9 -12.5 0.186
Yb 15 463 1.98 17.8 -20.0 0.234
30 452 2.29 19.1 -12.9 0.220
Gd 15 532 2.10 14.5 -19.6 0.230
30 469 2.26 17.9 -12.4 0.219
Ca 15 478 1.61 14.3 -24.7 0.232
30 463 2.43 226 -23.8 0.208
Ce 15 437 1.73 16.7 -24.0 0.281
30 M9 286 267 143 0202
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Figure 5.1: BJH desorption pore size distributions for as dried materials. For the as dried material,
the distributions are grouped by dopant concentration with 15 mol% having a narrower distribution
with smaller average pore size. Increased dopant concentration forms a broader distribution of
larger pores.
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mol% 30 mol%

Figure 5.2: SEM images for the as dried aerogel samples. The scale bar is 500 nm in all images.
In general, increased dopant concentration is associated with a more heterogenous population of
pore sizes with larger pore size on average. SEM is capturing the macroporosity and does not have
the resolution required to image mesoporosity directly.
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Figure 5.3(a-c): The evolution of (a) SSA, (b) Vs, and (¢) Deu from as dried to 1200 °C. As
seen in the inset images in (a) and (b), increased dopant concentration has improved thermal
stability, retaining higher SSA and Vsyu at 1000 and 1200 °C. 30Y and 30Gd perform the best of
all samples. The evolution of pore size has no distinct trends to 1000 °C, but from 1000 to 1200
°C, all 30 mol% trivalent dopants (Y, Yb, Gd) grow in size while the same dopants at 15 mol%
shrink in size. Sufficient mass and sample area were utilized to minimize instrument error. Error
bars are expected to be on the order of the marker size.
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Figure 5.4(a-f): BJH pore size distributions for 15 mol% (left column) and 30 mol% (right
column) as a function of temperature. As the materials are heated, 30 mol% dopant samples in (d)
and (f) have increased pore volume compared to their 15 mol% counterparts in (c) and (e). At
1200°C, the only 15 mol% sample to maintain mesoporosity is 15Gd, whereas all 30 mol%
samples maintain mesoporosity. Note the scale of the y-axis changes between temperatures.
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Figure 5.5(a-c): SEM images after heat treatment at (a) 600 °C, (b) 1000 °C, and (c) 1200 °C.
Differences begin to appear at 1000 °C for 15Y, 15Yb, and 15Ca with increased particle growth
and coarsening. At 1200 °C, all samples begin to show coarsening and loss of mesoporosity.
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Figure 5.6(a-j): XRD patterns for (a) 15Y, (b) 30Y, (¢) 15YD, (d) 30Yb, (¢) 15Gd, (f) 30Gd, (g)
15Ca, (h) 30Ca, (i) 15Ce, and (j) 30Ce. The phases identified in each sample are included in Table
5.3 and crystallite sizes in Figure 5.7.
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Table 5.3: Crystalline phases identified in heat treated aerogels (c=cubic, t=tetragonal,
m=monoclinic). Y, Yb, and Gd identified as cubic at all temperatures and dopant levels. 30Ca was
cubic and 30Ce tetragonal. 15Ca and 15Ce both crystallized into the tetragonal phase, but the
monoclinic phase was identified at 1000 and 1200 °C.

mol % o ° o
MOx 600 °C 1000 °C 1200 °C
15 c c c
Y 30 c c c
15 c c c
Yb 30 c c c
15 c c c
Gd 30 c c c
15 t t,m t,m
Ca 30 c c c
15 t t,m t,m
Ce 30 t t t
70
60+ 15Y
] 30Y
50 4 15Yb
30Yb
—o— 15Gd
=407 - <~ 30Gd
£ —»— 15Ca(t)
— 301 —&— 15Ca(m)
- - 30Ca
20 —+— 15Ce(t)
——15Ce(m)
- - 30Ce(t)
101
0

600 700 800 900 1000 1100 1200

Temperature (°C)
Figure 5.7: The evolution of crystallite size for all samples, including multiple phases for 15Ca
and 15Ce. The trivalent dopants display similar behavior, with higher dopant levels suppressing
crystallite growth to 1000 °C (Gd <Y < Yb). 30Ce maintained the smallest crystallite size at 1000

and 1200 °C for a single-phase sample. The scatter is smaller than the markers, so error bars are
excluded (standard deviation generally lower than 1 nm).
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Figure 5.8: The percent change of SSA, Ve, and Dsin from AD to 600 °C, 600 to 1000 °C, and
1000 to 1200 °C. The change in SSA and Vs permit stability over a given temperature range to
be evaluated. As an example, doping with Ce leads to rapid loss of porosity from AD to 600 °C
and 1000 to 1200 °C, but improved stability from 600 to 1000 °C.

Table 5.4: The percent change of SSA, Vs, and Deu from the as dried state to 1000 °C. The
slope of L is calculated from 600 to 1200 °C. Samples with best overall thermal stability to 1000
°C are 30Y, 30Gd, and 30Ce. For all samples, increased dopant concentration reduced the amount
of densification experienced.

M mIV(I) Io?’ SSA VBJH DsuH L
v 15 -95.2 -90.9 63.6 0.064
30 -90.1 -83.1 26.2 0.082
Vb 15 -96.7 -93.9 60.1 0.083
30 -94.3 -87.7 94 .4 0.093
Gd 15 -92.5 -85.5 75.3 0.066
30 -89.3 -78.7 90.1 0.065
Ca 15 -95.4 -87.4 125.1 0.041
30 -94.0 -85.0 98.6 0.056
Ce 15 -90.7 -84.4 43.8 0.031
30 -88.4 -84.7 14.7 0.014
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Figure 5.9: The slope of crystallite size from 600 to 1000 °C and 1000 to 1200 °C for each material
and unique phase. All materials were cubic phase unless otherwise noted (t=tetragonal,
m=monoclinic). For Y, Yb, and Gd, increased dopant concentration generally suppresses
crystallite growth from 600 to 1000 °C, but 30 mol% samples grow rapidly from 1000 to 1200 °C.
The crystallite growth of 15Ca and 15Ce is complicated by the phase changes experienced in those
samples. 30Ce maintains a single phase and undergoes minimal crystallite growth relative to other
samples.
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Figure 5.10(a-d): The (a) SSA, (b) Vsin, (c) D, and (d) crystallite size, all after 1000 °C heat
treatment, as a function of weighted properties of cation radius, charge, and mass. Statistical
analysis was then performed to identify significant effects of weighted properties on aerogel
structure. Increased radius was associated with higher pore volume (p=0.04) and larger pore size
(p<0.001). Increased charge was associated with smaller pore size (p<0.001).
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Figure 5.11(a-d): The percent change of (a) SSA, (b) Vsin, (¢) Dsin, and (d) crystallite size from
AD to 1000 °C as a function of weighted properties of cation radius, charge, and mass. No
statistically significant relationships were identified in this analysis.
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Table 5.5: Random forest models that achieved a significant improvement over the baseline MSE.
Of note are the quality of models for SSA and Ve at 1200 °C. The most important factors for
each model are listed.

Response Impro:{oement 15t Factor 2" Factor 3" Factor
SSA at 1000°C 36% Enthalpy Melting Temp Theta
SSA at 1200°C 88.5% Cation Radius Enthalpy Cation Mass
Ve at 1200°C 93.1% Enthalpy Cation Radius Cation Charge
L at 600°C 31.1% Enthalpy Cation Radius Melting Temp
L at 1200°C 26.4% Melting Temp Theta Cation Charge
SSA from AD to 1000°C 61.1% Enthalpy Cation Radius Theta
Veyn from AD to 1000°C 53.5% Theta Cation Mass Cation Radius

Table 5.6: Predicted percent change of SSA from AD to 1000 °C and predicted SSA, Vain, and
crystallite size (L) at 1200 °C. The predictions are based upon random forest models generated
from material properties and thermal stability data from the experimental work on Y, Yb, Gd, Ce,
and Ca in ZrOz. The most promising materials are 30 mol% LaO1.s in ZrO2 and 30 mol% YO1s in
HfOz.

Material % Change SSA  SSA VBuH L

AD to 1000°C  (m?/g) (cm®g) (nm)
30Fe in ZrO- -91.3% 11 0.07 32.9
30Srin ZrO, -90.2% 15 0.1 314
30La in ZrO, -89.5% 17 0.15 33.2
30Sc in ZrO; -90.9% 15 0.14 44.6
30Hf in ZrO, -93.1% 6 0.03 42 .1
30Y in HfO, -89.8% 16 0.14 341
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CHAPTER 6: TUNING STRUCTURE USING SYNTHETIC PARAMETERS
6.1 Introduction

First, I want to offer my many thanks to Jordan Meyer for co-authoring the present chapter
following his significant contributions to the experimental work contained herein.

Aerogel composition has been shown to impact thermal stability and the temperature at
which significant densification occurs. Silica aerogels are constrained to temperatures below 700
°C and alumina aerogels to 1000 °C [45,50,144]. Several lanthanide oxide aerogels lost most of
their SSA after heating to 650 °C [48]. Zirconia aerogels experienced a reduction in SSA from 282
m?/g as dried to 92 m?/g after two hours at 500 °C [47]. Doping has been shown to be an effective
strategy to improve the thermal stability of metal oxide aerogels. Alumina doped with yttria, or
silica in conjunction with a crystalline boehmite precursor, has shown sintering resistance up to
1100 °C [50,144]. Studies of yttria- and ytterbia-stabilized zirconia aerogels have been performed
up to 15 mol% MO1s (M =Y, Yb) with higher surface areas and smaller particles sizes observed
to 1000 °C for higher dopant concentrations [103]. Further investigation of YSZ up to 50 mol%
YO1.5 demonstrated increased yttria content enhances thermal stability of the pore structure [126].
In this case, only 30 and 50 mol% YO1.5s compositions retained mesoporous structures up to 1200
°C. Despite these findings, the gains in thermal stability from doping remain incremental, even at
50 mol% YOis. New avenues must be explored in conjunction with doping to significantly
improve the stability of the YSZ aerogel pore structure at high temperatures.

Moditfying synthetic parameters to tune structural properties could inform new
relationships between structure and thermal stability, identifying novel ways to improve aerogel
thermal stability. However, the effects of synthetic parameters are usually analyzed in the context

of the properties of the as dried (i.e., the structure formed following supercritical drying) material,
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rather than the microstructural evolution of the aerogels at high temperatures [47,145,146]. A
facile synthetic procedure for YSZ and other metal oxide aerogels uses metal salt precursors and
epoxides as the gelation agent, often referred to as the Gash process [59,61,62]. Previous work on
this synthesis has shown changes to the metal, solvent, epoxide, ratio of water to salt, and ratio of
epoxide to salt had influences on the gel formation and the as dried structure [60,62,100,147].

Furthermore, the present work can evaluate the magnitude of the effect of starting structure
on thermal stability. This is especially important in studies where changing composition results in
changes to both the as dried structure and the thermal stability, as was the case with YSZ [126].
Since yttria concentration was influencing both the as dried structure and thermal stability of the
pore structure, it could not be definitively stated if the improvement in thermal stability was the
result of changing yttria concentration and associated material properties, or the result of changing
as dried structure. Evaluation of the effect of the as dried structure on thermal stability at a fixed
composition could serve as a control for studies where composition influences both the as dried
structure and thermal stability. The present work allows for evaluation of this effect.

Considering the capability of synthetic parameters to influence the as dried structure, a
comprehensive study is warranted to understand the effects of these synthetic parameters on the as
dried structure and how these effects may influence thermal stability. In this work, solids loading
and water content were selected as the synthetic parameters of interest. YSZ aerogels at a fixed
composition of 30 mol% YO1.5 were prepared in a 3% full factorial design, with three levels of each
of the two factors. Thermal stability is evaluated through characterization of the microstructural
evolution and crystalline phase development. This work informs the ways in which the aerogel
pore structure at high temperatures is sensitive and insensitive to the variation in synthetic

parameters. Furthermore, connections were drawn between the key discoveries in this work and
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the change in thermal stability for doped zirconia aerogels discussed in Chapters 4 and 5. An
improved understanding of the relationships between synthetic parameters, as dried structure, and
thermal stability will inform future efforts in the design and synthesis of aerogels with thermal
stability in extreme environments.
6.2 Materials & methods
6.2.1 Aerogel synthesis

YSZ aerogels of 30 mol% YO:.s were prepared with a sol-gel process from metal salts
adapted from previous work [59,61]. Zirconyl chloride octahydrate (ZrOCl2-8H20, Alfa Aesar
99.9%) and yttrium trichloride hexahydrate (YCls-:6H20, Acros Organics 99.9%), were first
dissolved in 200 proof ethanol (Decon Labs) in separate containers. The solids loading ratios used
were 1.263 (low), 1.895 (medium), and 2.526 (high) mmol metal per mL ethanol. These containers
were stirred for 30 minutes before adding DI water at six (low), eight (medium), or ten (high) times
the stoichiometric amount needed to fully hydrolyze the metal salt. The stochiometric amounts of
water were taken as 4 moles of water per mole of Zr*" and 3 moles of water per mol of Y**. The
separate containers were stirred for 60 minutes to ensure hydrolysis before combining the solutions
together and stirring for 15 minutes. The combined solution was then placed in an ice bath to slow
down gelation, followed by the dropwise addition of a gelation agent, propylene oxide (PO)
(CH3CHCH20, Sigma Aldrich), at a ratio of 2.342 mol PO per mole of metal. After stirring for 5
minutes, the solution was transferred to molds made from polyethylene syringes (24 mL) with the
tops cut off. For each separate gel, the plunger was placed at 20 mL and the mold filled to the 10
mL mark. Gelation occurred within about 30 minutes. Once gelation occurred, the molds were
sealed with parafilm for 24 hours. Gels were then extracted into 200 proof ethanol and aged for 5

to 7 days. To form the aerogel monoliths, aged gels were supercritically dried with carbon dioxide.
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Solvent exchange occurred over four washes with liquid carbon dioxide before bringing the carbon
dioxide to its supercritical state and evacuating the fluid.
6.2.2 Heat treatments

Aerogels were heated treated in high purity alumina crucibles. Heat treatments were
performed in a box furnace under air with a temperature ramp of 10 °C/min to 600, 1000, or 1200
°C, each with a 20-minute hold at the maximum temperature. Aerogels were cooled to room
temperature within the furnace.
6.2.3 Characterization

The diameter and length of supercritically dried (as dried) aerogel monoliths were
measured to characterize bulk density and shrinkage relative to the mold. Nitrogen physisorption
measurements were performed using a Micromeritics 3Flex to measure specific surface area via
the method of Brunauer-Emmett-Teller (BET) and pore volume and size via the method of Barret-
Joyner-Halenda (BJH). Prior to physisorption analysis, samples were degassed under vacuum at
80 °C with a heating rate of 5 °C/min and a hold of 8 hours. Scanning electron microscopy (SEM)
was conducted on a Hitachi S4800 SEM to characterize pore morphology and microstructure.
Samples were crushed onto carbon tape and imaged uncoated at 2 kV, 7 pA, and a working distance
of 5 mm. Powder x-ray diffraction (XRD) was used to identify the crystalline phase and calculate
the crystallite size via the Scherrer equation. To prepare samples for XRD, powders were crushed
in a mortar and pestle with a small amount of 200 proof ethanol. The suspension was dropped via
pipette onto zero background holders and the ethanol was evaporated, leaving behind a thin film
of particles. XRD was performed on a Bruker D8 Advance (Cu Ko, 1.5406 A) from 10 to 100° 26,
0.02 degrees per step, and 0.25 seconds per step. Parallel beam geometry was used with a 0.2 mm

divergence slit and a panoramic Soller slit. The YSZ cubic phase (111), (200), (220), and (311)
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reflections were selected for calculations of crystallite sizes and lattice parameters. Peak positions
and widths were obtained assuming a pseudo-Voight profile with an adjusted R-square greater
than 0.9. Peak positions and widths were exported and the Scherrer equation was applied to each.
The reported crystallite size was obtained by taking the average of all peaks.
6.2.4 Statistical analysis

Statistical tests were conducted in OriginPro 2021b (v. 9.8.5.212). For all statistical tests,
a significance level (o) was selected of 0.05. Two-way ANOVAs were first applied with dopant
and concentration as the two factors. For significant factor-response pairs, Tukey tests were
employed to determine which levels of the factor had a significant effect on the response.
6.3 Results
6.3.1 As dried aerogels

YSZ aerogels with 30 mol% YO1.s were prepared with solids loading at 1.263, 1.895, or
2.526 mmol metal per mL of ethanol, and water content at six, eight, or ten times the stoichiometric
amount for each metal precursor. A 32 full factorial experimental design was utilized, resulting in
a total of nine unique combinations of solids loading and water content. From this point, samples
will be referred to as XS-YW, where X represents the solids loading level and Y represents the
water content as low (L), medium (M), and high (H). For example, MS-LW was synthesized at
1.895 mmol metal per mL ethanol (medium solids loading) and six times stoichiometric water
(low water content).

The mass, length, and diameter of the aerogel monoliths were measured to calculate percent
shrinkage and bulk density. Percent shrinkages ranged from -12.1% to -14.9%, and measured bulk
densities ranged from 0.175 to 0.266 g/cm?’. Nitrogen physisorption isotherms were used to

calculate BET specific surfaces areas (SSA), BJH desorption cumulative pore volumes (Vsin), and
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BJH desorption average pore diameter (Dsix). SSAs ranged from 384 to 507 m?/g, and Deu ranged
from 19 to 27 nm. Table 6.1 summarizes the synthetic parameters used for each sample and their
corresponding physical and structural properties. Increased solids loading and decreased water
content increased density. Shrinkage varied parabolically with both solids loading and water
content, with minimal shrinkage observed for intermediate values of both factors. Figure 6.1(a-b)
depicts the sample space for density and shrinkage to illustrate the observed trends.

Statistical analysis from two-way ANOVA also showed significant effects of solids loading
and water content on shrinkage (p=0.028 and p=0.020, respectively) and density (p=0.003 and
p=0.007). Tukey tests were then conducted between synthetic parameter levels. For shrinkage,
there was a significant difference between the low and medium solids loading samples and
between the medium and high water content samples. For density, the low and medium solids
loading samples were significantly different from the high solids loading samples. Low water
content samples were significantly different from medium and high water content samples for
density.

Two-way ANOVA on the structural data of SSA, Vs, and Dsn showed solids loading
and water content had only a significant effect on Desu (p=4.28 x 10" and p=0.025). Larger Dgsu
was observed at decreased solids loading and increased water content. Further Tukey tests showed
significant differences between low, medium, and high solids loading samples and between low
and high water content samples for Dem. The as dried BJH desorption pore size distributions
(PSD) in Figure 6.2(a) display clear shifts between the low (blue) and high solids (red) loading
samples. The PSDs at high solids loading are narrow and similar in appearance. Decreasing to

medium solids loading and greater water content increased the average pore size and the breadth
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of the PSDs. Low solids loading further broadened the PSD, with the medium and high water
content samples containing significant proportions of macropores in the as dried state.

Scanning electron microscopy (SEM) qualitatively evaluated the as dried pore structure as
a function of the synthetic parameters in Figure 6.3(a-1). Images taken across the sample space
depict the mesoporosity of the as dried samples. Available resolution limits the ability to examine
the change in mesopore sizes as synthetic parameters are varied. Although, open pore structures
and additional macroporosity are visible at low and medium solids loading with medium and high
water content, corroborating the PSDs obtained with nitrogen physisorption.

6.3.2 Pore structure evolution to 1200 °C

After heat treatment at 600, 1000, and 1200 °C, the materials were characterized with the
same methods as for the as dried samples. SEM analysis of the pore morphology is depicted for
600 °C and 1000 °C heat treatments in Figure 6.4(a-1) and Figure 6.5(a-1), respectively. At 600 °C,
the mesoporous structure is maintained for all samples. Like the as dried structure, available
resolution limits the ability to evaluate differences in mesopore structure between samples. At
1000 °C, the entire sample space shows signs of densification via particle growth and visible
necking. Further growth of the particles and coarsening of the structure occurred upon heat
treatment to 1200 °C shown for select samples in Figure 6.6(a-d). From SEM, macroscopic
sintering behavior did not depend on the variation in synthetic parameters.

Nitrogen physisorption was used to evaluate the thermal stability of the heat-treated
samples at 600 and 1000 °C. Samples were not evaluated at 1200 °C as most mesoporosity was
eliminated as made evident by SEM. Figure 6.7(a-c) displays the values of SSA, Vain, and Dain
as a function of temperature. All samples lost the majority of SSA and Vg by 1000 °C. At 600

°C, the range of SSA was 144 to 175 m*/g, and Vaiu range was 0.63 to 1.14 cm?/g. Both the
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smallest SSA and smallest Ve were obtained with HS-LW. The largest SSA was obtained with
MS-LW, and the largest Veju with LS-HW. The ranges of SSA and Vsu values narrowed at 1000
°C, with SSA from 43 to 60 m?/g, and Vgu from 0.34 to 0.54 cm?/g. At 1000 °C, both the smallest
SSA and smallest Vejn were again obtained with HS-LW. Both the largest SSA and the largest
Ve were obtained with LS-HW. All samples showed increases in Dsiu from the as dried state to
1000 °C shown in Figure 6.7(c). This data also demonstrates the three distinct groupings of pore
size by solids loading, with high solids loading having the smallest pores, followed by medium,
and low solids loading with the largest pores. Figure 6.7(b) also shows clear separation between
Vaiu values based on solids loading at each temperature, with higher solids loading leading to
smaller pore volume. Although, two-way ANOVA demonstrated the effect of solids loading on
Veiu was significant only at 1000 °C (p=6.95 x 107). Further Tukey tests showed significant
differences between low and medium, and low and high solids loading samples for Van.

Figure 6.2(b-c) depicts the BJH desorption PSDs for samples heat treated at 600 °C and
1000 °C. At 600 °C, the PSDs shifted to smaller average pore sizes, but the relative order was
preserved. Medium and low solids loading samples still possessed broader PSDs than the set of
high solids loading samples. At 1000 °C, the PSDs narrowed and became similar across the sample
space except for the medium and high water content samples at low solids loading. These samples
continued to exhibit broader PSDs with pores 10 to 20 nm larger than the rest of the sample space.
There was also still clear separation in average pore sizes between the high solids loading samples
and the rest of the sample space, with a 4 to 5 nm difference in Dsyn which can be seen in Figure
6.7(c).

X-ray diffraction data confirmed the formation of the cubic phase in all materials upon heat

treatment in Figure 6.8, consistent with expectations for 30 mol% YO1.5s YSZ. Figure 6.9 compares
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crystallite size among samples from 600 to 1200 °C. Crystallite size was calculated via Equation
6.1, with D/C serving to compare crystallite growth between samples rather than providing an
absolute measure of crystallite size where A is the x-ray wavelength, B is the full width at half
maximum, and 0 is the peak position.
D/C = A/BcosB Equation 6.1

The effect of synthetic parameters on crystallite size was minimal across the temperature
range studied. Lattice parameters were also calculated from the peak positions for all samples,
again with minimal effect from synthetic parameters. This data is included in Figure 6.10, and all
values fall within the expected range for ZrO2 doped with 30 mol% YO .s.
6.4 Discussion
6.4.1 Synthetic parameters and the as dried structure

In the as dried structures, increased densities due to increased solids loading were expected
based on a study of precursor concentration in alumina aerogels [146]. A thicker solid network
leads to reduced pore size and pore volume, though pore volume was not found to be significantly
influenced here by solids loading. Lower solids loading can exacerbate shrinkage due to greater
physical separation of precursor molecules by solvent molecules [148]. Reduced crosslinking then
results in a weaker and less dense network, more prone to shrinkage during supercritical drying.
The relationship with water content is more nuanced and requires the consideration of the relative
values of rates for hydrolysis and condensation [53]. Although the lowest water content studied is
six times the minimum to fully hydrolyze the metal salt, incomplete hydrolysis could result if
condensation outpaces hydrolysis. The condensation rate should be constant due to a constant
molar ratio of metal to propylene oxide, the gelation agent used in the synthesis. The increased

density and shrinkage at low water content may be the result of incomplete hydrolysis and poor
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network formation. As mentioned previously, this type of structure is more prone to shrinking
during drying. The opposite case is considered with excess water, which accelerates hydrolysis. If
condensation rates are low in comparison, network formation may exhibit clustering, weak
branching, and large pores. These networks also tend to exhibit large shrinkage. Figure 6.1(b)
depicts a potential optimum around the intermediate solids loading and water content. Shrinkage
is minimized in the middle of the sample space, which indicates the aerogel structure formed at
this set of parameters is more robust towards shrinkage from drying stresses.

The significant effects of solids loading and water content on pore size confirm these two
synthetic parameters can modify the as dried structure. Solids loading has a greater influence on
pore size than water content, with significant differences between pore size values at each solids
loading, whereas only low and high water contents were significantly different. If the aim is to
control the pore size, then solids loading is also more predictable. The increase in breadth of pore
size distribution with water content is most likely due to a change in the relative rates of hydrolysis
and condensation. Growth of larger particles in the sol prior to gelation cannot pack as efficiently,
generating a heterogeneous structure and broader pore size distribution. The significant effect of
these synthetic parameters motivated the creation of a model for pore size in Equation 6.2 where
SL is the solids loading in mmol metal per mL ethanol and WC is the water content in number of
stoichiometric equivalents. The model generated from OriginPro is a good fit for data (R? = 0.98,
Adjusted R? = 0.96), and it allows fine-tuning of the pore structure for the desired application.

Dgjy(nm) = 35.6 + 0.395WC —13.3SL + 0.047SL-WC + 2.2 SL? Equation 6.2

To understand the magnitude of influence the synthetic parameters have on the as dried
structure, the changes in SSA, Ve, and Dsjn can be compared to work that modifies composition.

Our previous work on YSZ aerogels from 0 to 50 mol% YOu.s resulted in materials exhibiting
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differences between maximum and minimum SSA of 155 m?/g, Ve of 0.96 cm*/g, and Dain of
7.5 nm [126]. For the dopant study of 15 and 30 mol% of MOx (M =Y, Yb, Gd, Ca, Ce) described
in Chapter 5, the differences were SSA of 112 m*/g, Ve of 1.3 cm®/g, and Dgm of 12.4 nm. In
this work, the differences achieved in the as dried structure were SSA of 123 m?/g, Veu of 1.03
cm?®/g, and Dgu of 8.2 nm. According to work by Clapsaddle et al. for twelve different lanthanide
oxide aerogels, the ranges for SSA, Vaiu, and Dem were 130 m%/g, 1.5 cm’/g, and 9 nm,
respectively [48]. Via the synthetic parameters of solids loading and water content, changes in
SSA, Ve, and Desn of 123 m%/g, 1.1 cm?/g, and 8.1 nm, respectively, were achieved. Clearly, the
range of as dried structural properties achieved with synthetic parameters is comparable to that of
very unique compositions for a given synthetic method. The relationship between the as dried
structure and thermal stability in context of the study on YSZ will be the focus of the next two
sections of the discussion.
6.4.2 Thermal stability as a function of synthetic parameters

Thermal stability is defined as maintaining high SSA and Vg with minimum change in
Dgm. Heat treatment led to significant densification and coarsening, especially beyond 1000 °C.
Despite the differences measured by nitrogen physisorption in as dried SSA and pore volume
across the sample space, available SEM resolution made it difficult to distinguish these variations.
At 1000 °C, the differences in pore structure remain far too subtle to determine with SEM, as
shown in Figure 6.5(a-1). The XRD data showed that crystallite growth was consistent across the
sample space. Rapid cubic crystallite growth was expected between 1000 °C and 1200 °C [108—
110]. Variations can be accounted for by scatter and the quality of the peak-fitting procedure. The
differences in crystallite growth are not expected to be the result of changes to synthetic

parameters. As composition was fixed at 30 mol% YO1s, changes in lattice parameters were not
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expected due to the synthetic parameters. Only a slight decrease was observed under heat
treatment, likely due to crystallization from the amorphous phase. The low crystallinity at 600 °C
versus 1000 °C and 1200 °C contributed to the large scatter observed. The peak-fitting procedure
was less successful at fitting the peaks at 600 °C, with R-square values closer to 0.9.

Pore size control as a function of solids loading and water content was retained through
heat treatment shown in Figure 6.7(c), with distinct clusters for each solids loading at each
temperature. More information on the evolution of the pore structures can be gleaned via
examination of the pore size distributions as a function of synthetic parameters and temperature.
From as dried to 600 °C, the HS-LW sample displays a greater decrease in average pore size
relative to the other samples and this may be due to a higher proportion of smaller pores prone to
densification, which can be observed in Figure 6.2(a-b). By 1000 °C, elimination of the pore size
distribution tails in Figure 6.2(c) showed that most of the porosity loss during heat treatment was
due to the smallest pores, with pores below 20 nm in size were likely to have coalesced or closed
off during the densification. This may explain the increase in average pore size from as dried to
1000 °C for all materials as shown in Figure 6.7(c). Overall, the evolution of pore size as a function
of temperature is similar for all sets of synthetic parameters, only shifted in their relative value by
the solids loading, maintaining their relative positions from the as dried state.

Large decreases in surface area and pore volume under heat treatment were observed across
the sample space in Figure 6.7(a-b). Solids loading and water content seem to have minimal
influence on thermal stability in comparison to the compositional change observed with yttria
doping from 0 to 30 mol% YO1s. The data shows the convergence of SSA and Vsiu under heat

treatment from initially wide ranges in the as dried state, with the data collapsing to a common
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value from the as dried state to 600 °C, and from 600 °C to 1000 °C. From this data, synthetic
parameters have no clear impact on the thermal stability of YSZ aerogels to 1000 °C.

An alternative method that may reveal additional insight is calculation of relative stability
via percent change. Calculating the percent change in as dried quantities under heat treatment is
performed with Equation 6.3, which provides a number to compare relative stabilities, with lower
percent change indicative of improved thermal stability. X represents a structural property, such
as SSA, Vain, or Dain. It allows for the comparison of the responses of materials that have different

starting structures.

Percent Change = M x 100% Equation 6.3
Initial

Table 6.2 displays the percent change from the as dried state to 1000 °C for both SSA and
Vem. Only one statistically significant relationship between synthetic parameters and percent
change of SSA or Ve were identified. Linear regression revealed a significant effect of water
content on the percent change of Veiu from the as dried state to 1000 °C (p=0.020). It is important
to stress that this effect was very minor, a difference of a few percent at most, but significant,
nonetheless.

The possibility remains that the as dried pore structure may have an influence on the
thermal stability. This requires a switch of dependent variables from solids loading and water
content to the as dried SSA, Vain, and Dgsiu. Highly porous structures with high SSA and Vs
have large driving forces for sintering and densification to eliminate surface area and its associated
surface energy. The question remains whether the differences in structural properties achieved
with the synthetic parameters used in this study are sufficient to reveal significant effects in thermal

stability.
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6.4.3 Quantifying the impact of starting structure on thermal stability

To evaluate the impact of the as dried structural properties on thermal stability, another
statistical analysis was made with linear regression of the percent change of SSA, Vein, and Dsin
as a function of the as dried SSA, Vg, and Dgyu. From this data shown in Table 6.2, linear
regression was performed, and the results are included in Table 6.3 and the fits are shown in Figure
6.11(a-c) as a guide to the eye. The significant effects of as dried SSA on the percent change of
SSA and Ve were determined through linear regression (p=0.049 and p=0.012, respectively).
Higher as dried SSAs experienced a greater relative loss in SSA and Vs from the as dried state
to 1000 °C. Higher surface areas generated higher thermodynamic driving forces for densification.
Thus, higher surface area samples experienced greater losses in porosity over a given temperature
range.

The magnitude of change in thermal stability is also important to consider. The sample
with the lowest as dried SSA of 384 m?/g (LS-LW) maintained a SSA of 54 m*/g and Vi of 0.50
cm?/g at 1000 °C. The sample with the highest as dried SSA of 507 m*/g (HS-MW) maintained a
SSA of 49 m?/g and Ve of 0.40 cm?®/g at 1000 °C. The improvement in thermal stability at 1000
°C is an increase in SSA of 5 m?/g and Vasu of 0.10 cm?®/g for a starting SSA lower by 123 m%/g.
This result can be related to a previous assertion that the present study may serve as a control for
studies where composition influences both thermal stability and the as dried structure, such as
varying YOu.5 concentration in YSZ, where 0 mol% YO1.5 (0YSZ) and 50 mol% YO1.5 (50YSZ)
can be compared. In this previous study, the synthetic parameters utilized were equivalent to LS-
LW.

At 1000 °C, 50YSZ maintained 39 m*/g more SSA and 0.35 cm?/g more Ve than 0YSZ.

50YSZ also had an as dried SSA that was 118 m?/g lower than 0YSZ. The magnitude of difference
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in as dried SSA is similar for synthetic parameters (123 m*/g) and YSZ (118 m?/g). The magnitude
in improvement of thermal stability at 1000 °C achieved by changing composition is significantly
greater, with a 39 m?%g difference for YSZ and only 5 m?/g for synthetic parameters [126].
Therefore, the present work on synthetic parameters and the influence of as dried structure on
thermal stability supports the previously stated hypothesis that increased yttria content improves
the thermal stability of YSZ aerogels by modifying material properties, namely via a reduction in
surface energy and cation diffusivity.
6.5 Summary

A total of nine unique 30 mol% YOu.5 YSZ aerogels were prepared in a 3% full factorial
study of solids loading and water content. The synthetic parameters allowed for adjustment of the
as dried composition at fixed composition, resulting in materials with SSAs from 384 to 507 m?/g
and Dsju from 19 to 27 nm. Control over pore size was quantified via model fitting. Moving
beyond the as dried structure, the thermal stability of the pore structure to 1000 °C was evaluated
in both an absolute and relative sense. There were no clear connections between synthetic
parameters and thermal stability. For a more informed and relevant analysis, thermal stability was
assessed as a function of the as dried structural properties. Highly porous structures with higher
SSA and pore volume have the tendency to collapse and densify to a greater extent as expected
from the higher thermodynamic driving force for densification. The magnitude of change in
thermal stability resulting from as dried structural properties is small compared to the change
achieved with increased yttria content. This result allows the present work to serve as an important

control for studies where composition affects both as dried structure and thermal stability.
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6.6 Figures and tables

Table 6.1: Physical and textural properties of as dried YSZ aerogels with variations in solids
loading and water content. Density increases with solids loading and decreases with water content.
Shrinkage maximizes at intermediate levels of solids loading and water content. Significantly, pore
size increases with water content and decreases with solids loading.

Sample SSA (m?/g)  Veuu (cm3/g) Dgsu (Nnm) S (%) po (g/lcm?®)
LS-LW 384 2.18 25.0 -13.4 0.205
LS-MW 467 2.77 25.6 -13.2 0.183
LS-HW 445 2.80 27.3 -14.9 0.175
MS-LW 450 2.29 21.7 -12.3 0.224
MS-MW 436 2.31 22.4 -12.1 0.204
MS-HW 469 2.49 22.6 -13.2 0.196
HS-LW 397 1.77 19.1 -13.7 0.266
HS-MW 507 2.39 19.9 -12.5 0.225
HS-HW 431 2.29 21.7 -12.1 0.216
a ™

-15.00
-14.63
-14.25
-13.88
-13.50
-13.13
-12.75
-12.38
-12.00

0.2750
0.2625
0.2500
0.2375
0.2250
0.2125
0.2000
0.1875
0.1750

{5/ ebeuuuS .

Figure 6.1(a-b): Shrinkage and bulk density of aerogels following supercritical drying as a
function of water content and solids loading. Increased solids loading and decreased water content
increased density. Shrinkage varied parabolically with both solids loading and water content, with
minimal shrinkage observed for intermediate values of both factors.
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Figure 6.2(a-c): Evolution of BJH pore size distributions in (a) as dried aerogels and under heat
treatment at (b) 600°C, and (c) 1000°C. Differences in pore size are distinguishable between each

solids loading level, grouped by analogous colors, up to 1000°C.
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Figure 6.3(a-i): SEM images of as-dried LS-LW (a), LS-MW (b), LS-HW (c), MS-LW (d), MS-
MW (e), MS-HW (f), HS-LW (g), HS-MW (h), HS-HW (i). Medium and high water content
samples at low and medium solids loading display slightly larger pores and a more heterogeneous
structure.

Figure 6.4(a-i): SEM images of 600°C heat-treated LS-LW (a), LS-MW (b), LS-HW (c), MS-LW
(d), MS-MW (e), MS-HW (f), HS-LW (g), HS-MW (h), HS-HW (i). The mesoporous structure is
maintained in all samples, but differences remain difficult to discern.
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Figure 6.5(a-i): SEM of 1000°C heat-treated LS-LW (a), LS-MW (b), LS-HW (c), MS-LW (d),
MS-MW (e), MS-HW (%), HS-LW (g), HS-MW (h), HS-HW (i). At 1000 °C, significant particle
growth and sintering are evident, though with no clear dependence on sample identity.

Figure 6.6(a-d): SEM images for (a) LS-LW, (b) LS-HW, (¢) HS-LW, and (d) HS-HW) after heat
treatment to 1200 °C. The microstructures show a significant reduction in mesoporosity and
apparent particle growth and sintering between particles.
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Figure 6.7(a-c): The evolution of SSA, Vem, and Dsin for YSZ aerogels to 1000°C. Significant
reductions in SSA and cumulative pore volume are observed across all samples. Decreases in pore
size at 600°C attributed to elimination of the smallest mesopores.
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Figure 6.8(a-c): XRD patterns for samples after heat treatment at (a) 600 °C, (b) 1000 °C, and (c)
1200 °C. All samples were identified as cubic with no differences in peak position, shape, or size.
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Figure 6.9: Comparison of crystallite sizes (D/C) after heat treatment to 600, 1000, or 1200 °C.

In general, solids loading and water content do not influence the growth rate of crystallites.
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Figure 6.10: Lattice parameters for all samples as a function of temperature. All samples fall
within the range expected for 30 mol% YO1.5 in ZrO2 [149].
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Figure 6.11(a-c): Percent change of SSA, Ve, and Deiu from AD to 1000 °C as a function of (a)
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The only statistically significant effects (a=0.05) are found in (a): increased AD SSA leads to a
greater loss in SSA and Ve to 1000 °C.
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Table 6.2: Percent change from as dried to 1000°C of both the BET specific surface area (SSA),
and the cumulative pore volume. The medium water content samples display the largest percent
decreases in SSA and cumulative pore volume.

% Change -

sample | ADto1000°C o Gange - AD

SSA BJH
LS-LW -86.1 -77.3
LS-MW -90.0 -82.4
LS-HW -86.6 -80.7
MS-LW -88.6 -80.5
MS-MW -88.7 -82.3
MS-HW -89.7 -82.6
HS-LW -89.2 -80.7
HS-MW -90.4 83.7
HS-HW -89.1 -82.8

Table 6.3: Linear regression data of percent change of SSA, Vsin, or Dejn from AD to 1000°C as
a function of AD structural properties. The only statistically significant effects (0=0.05) are that
of AD SSA on the percent change of SSA and Vaju, with higher AD SSA correlated with a larger
reduction in SSA and Veu to 1000°C.

AD Property (x) o/:oc,:‘ ::g%'(c)l) Slope Intercept p-value R?
SSA SSA -0.03 =77 0.049 0.44
SSA VBJH -0.04 -64 0.012 0.62
SSA DeuH 0.03 18 0.635 0.03
Dsun SSA 0.33 -96 0.097 0.59
DaJn Ve 0.25 -87 0.357 0.35
DaJn DL -1.02 54 0.209 0.21
VBuH SSA 0.05 -89 0.977 0.01
Ve VaJH -1.79 =77 0.446 0.09
Ve DeuH -5.75 44 0.427 0.09
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CHAPTER 7: POST-SYNTHETIC COATINGS FOR ENHANCED THERMAL
STABILITY
7.1 Introduction

In the search for a thermally stable aerogel, adjusting the composition via changing dopants
and dopant concentration led to improvements in thermal stability as detailed in Chapters 4 and 5.
For example, ZrO2 doped with 30 mol% YO1.s maintained over four times the SSA at 1000 °C
compared to undoped ZrO2 as described in Chapter 4 [126]. Although when the magnitude is
considered, compared to the SSA of 407 m?/g that 30YSZ started with in the as dried state, only
58 m?/g remained at 1000 °C, a loss of nearly 86%. This reduction is unacceptable in applications
with temperatures approaching and exceeding 1000 °C. Further advancements must be made to
enhance the thermal stability at temperatures of 1000 °C and above. The lessons learned and
materials identified in the work on doped zirconias are informative in selecting baseline materials
to modify further in efforts to improve thermal stability. In this chapter, post-synthetic
modification via alkoxide deposition, referred to herein as coating, is pursued as a potential route
to stabilizing the aerogel pore structure at high temperatures, leveraging a coating procedure
reported by Zu et al. [140].

The high surface hydroxyl content of most metal oxide aerogels provides a vast number of
sites for functionalization of the surface. Numerous functional groups and other moieties can be
attached to modify the properties and surface chemistry of aerogels which often proves useful in
the field of catalysis, given the high surface area and high activity of aerogel-based catalysts [150—
155]. Of particular relevance to this work are the capping approach [156] and coating approach

[157], both of which have demonstrated improved retention of porosity at elevated temperatures.
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For the capping approach, Wu ef al. the surface hydroxyl groups (—OH) of tin(IV) oxide
(Sn0»), titania (T102), and zirconia (ZrO2) aerogels were capped with hexamethyldisilane (HMDS,
[Si(CHs3)3]2NH), forming non-condensable methyl siloxyl groups (—OSi(CH3)3). The metal oxide
aerogels were first prepared from a sol-gel synthesis and supercritical drying. The HMDS capping
treatment involved placing the aerogels in a closed container with HMDS, raising the temperature
to 150 °C to vaporize the HMDS, and allowing 1 h for the HMDS to react with the hydroxyl groups
to form methyl siloxyl groups. At low temperatures, the non-condensable HMDS groups covering
the surface preclude the condensation of surface hydroxyls that would otherwise be a driver of
pore collapse. As the capped aerogel is exposed to temperatures exceeding 350 °C, the HMDS
groups decompose to form silica particles dotting the surface. These then serve as secondary phase
pinning particles that prevent grain and crystal growth, further preserving the mesoporous structure
of the aerogel. For example, despite starting with the same SSA, the capped SnO: aerogel
maintained nearly twice the SSA at 300 °C and nearly thrice the SSA at 600 °C compared to its
uncapped counterpart. The study did not detail evolution past 600 °C.

The coating approach involves soaking the gel in a solution containing a metal alkoxide.
This could be a solution of tetraethyl orthosilicate (TEOS, Si(OC2Hs)4) in ethanol according to
Wang et al. [157] or a solution of alkoxide, ethanol, water, and nitric acid according to Zu et al.
[140], where the alkoxide may be TEOS, zirconium(IV) butoxide (Zr(OCsHo)s), titanium(IV)
isopropoxide (Ti{OCH(CHs3)2]4), or aluminum-tri-sec-butoxide (AlJOCH(CH3)C2Hs]3). The work
by Zu et al. further investigated hybrid coating approaches, where the first layer was MxOy (ZrOz,
Ti02, or A203), followed by a 50/50 mix of SiO2 and MxOy, and a third layer of SiO2 only. For
alumina (Al203), the aerogel maintained an SSA of 139 m?/g to 1300 °C. For zirconia and titania,

SSAs at 1000 °C were 186 and 154 m?/g, respectively. Furthermore, coated aerogels exhibited
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modified phase behavior and inhibited crystallite growth compared to uncoated materials. As an
example, the uncoated zirconia aerogel crystallized into the monoclinic phase at 1000 °C, whereas
the coated zirconia aerogel formed either a tetragonal or cubic phase. For alumina at 1300 °C, the
uncoated aerogel forms 0-Al203 and a-Al2O3 whereas the coated aerogel only forms 6-Al20s. In
all coated aerogels, the SiO2 phase presumably remains amorphous, though the XRD patterns do
not include data below 15° 20 where the amorphous hump should appear.

The impressive increase in thermal stability and the anomalous crystal structure evolution
for coated aerogels warrants further exploration. It is suggested in the work by Zu et al. that the
formation of silica particles on the aerogel surface prevent particle growth and phase
transformation, though the mechanism is not fully understood. Furthermore, the characterization
performed in this work does not provide clear evidence of silica particle formation on the aerogel
surface, relying only on FTIR data to show presence of Si-O-Si bonding and EDS to indicate the
presence of Si. The morphology of the SiOz coating is not clear, but the improvement in thermal
stability to 1000 °C is remarkable.

In this work, the coating procedure by Zu et al. is adapted for use on highly doped (20 and
30 mol% YOu.5) YSZ aerogels with coatings of silica, titania, zirconia, alumina, and boehmite
(AIOOH). By selecting an aerogel with improved thermal stability as the core, the application of
a coating will offer the potential for a highly thermally stable aerogel. Furthermore, there are
critical questions that remain to be answered. How does the coating process change the structure
and chemistry of the aerogel? How does the structure and chemistry of the aerogel and coating
evolve at high temperatures? What are the limits of thermal stability for each coating chemistry

and what are the related mechanisms of stabilization and destabilization? An improved
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understanding of coated aerogel structure and evolution will be an important contribution to the
design framework for thermally stable aerogels.
7.2 Materials & methods
7.2.1 Aerogel synthesis

YSZ aerogels of 20 and 30 mol% YO1.5 (20YSZ and 30YSZ, respectively) were prepared
using a sol-gel process adapted from previous work [59]. Zirconyl chloride octahydrate
(ZrOClL2:8H20, Alfa Aesar, 99.9%) and yttrium trichloride hexahydrate (YCIl3:6H20, Acros
Organics, 99.9%), were first dissolved in 200 proof ethanol (Decon Labs) in separate containers.
The standard solids loading was 1.263 mmol metal per mL of ethanol. DI water was added in six
times the stoichiometric amount for each metal precursor (e.g., 24 moles water per mole of Zr, 18
moles of water per mole of Y). The synthesis procedure was the same as described in Chapters 4,
5, and 6 and corresponds to LS-LW from the synthetic parameter study. The precursors were
stirred separately for 60 minutes for hydrolysis. The precursors were combined and stirred for 15
minutes. The solution was placed in an ice bath and propylene oxide (PO) (CH3CHCH20, Sigma
Aldrich) was added dropwise at a ratio of 2.342 mole PO per mole of metal. The solution was
stirred for 5 minutes and transferred to molds made from polyethylene syringes (24 mL) with the
tip cut off. The plunger was placed at 20 mL and the mold was filled to the 10 mL mark. Gelation
occurred within 10 to 30 minutes. All gels were held in the mold for 24 hours. Gels to remain
uncoated were extracted into room temperature 200 proof ethanol and aged for 6 days. Gels to be
coated according to the procedures outlined in Sections 7.2.2 and 7.2.3 were extracted into coating
solutions, aged for 3 days, extracted into 200 proof ethanol, and aged for 3 days. All gels were

supercritically dried using carbon dioxide [111]. The process used four washes in liquid carbon
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dioxide to replace ethanol in the pores, before bringing the carbon dioxide to its supercritical state
and evacuating the fluid.
7.2.2 Coating with metal alkoxides

Gels were coated with alkoxides of Si, Al, Zr, and Ti. The alkoxides of Si, Al, Zr, and Ti
used in this work were tetraethyl orthosilicate (TEOS, Si(OC:Hs)4, Sigma Aldrich, 98%),
aluminum-tri-sec-butoxide (AI[OCH(CH3)C2Hs]3, Sigma Aldrich 97%), zirconium(IV) butoxide
(Zr(OC4Ho)4, Sigma Aldrich 80 wt.% in I-butanol), and titanium(IV) isopropoxide
(TifOCH(CH3)2]4, Sigma Aldrich 97%). Molar ratios are included below in Table 7.1 and are
adapted from Zu et al. [140]. A coating solution was prepared from the alkoxide, DI water, and
nitric acid (HNO3, Sigma Aldrich 70 wt.%) in 200 proof ethanol (Decon Labs).

For Si, Zr, and Ti, the alkoxide was added to 75% of the total amount of ethanol. The water
and nitric acid were added to the remaining 25% ethanol. The two solutions were combined, and
the resulting solution was mixed for 30 minutes. Coating solutions using aluminum-tri-sec-
butoxide were prepared inside a glovebox filled with argon to prevent hydrolysis, condensation,
and oxidation of the alkoxide. The aluminum-tri-sec-butoxide was added to 75% of the ethanol
and stirred. At this point, a white precipitate forms throughout the entire solution. A second
solution of DI water and nitric acid in the remaining 25% of the ethanol was prepared. The two
solutions were mixed, heated to 60 °C, and stirred for 2 h. After this time, the solution was entirely
clear.

After the synthesis as described in Section 7.2.1, the gels were held in the mold for 24 h,
extracted into the coating solution, and aged for 3 days. Following 3 days in the coating solution,

the coated gels were extracted into 200 proof ethanol and aged for 3 days to remove unreacted
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alkoxide. Gels prepared using this process and Zu et al. ratios are referred to as 20Y SZ-MxOy and
30YSZ-MxOy, where MxOy = SiO2, Al203, ZrO2, and TiOx.

Gels were also coated using a 25 vol.% alkoxide solution in 200 proof ethanol. Similar to
above, the coating solution was mixed for 30 minutes, the gels were added and aged for 3 days in
the coating solution, extracted into 200 proof ethanol and aged for 3 days, and supercritically dried.
Gels prepared using 25 vol.% alkoxide solutions are referred to as 20Y SZ-25%MxOy, where MxOy
= Si02, ZrO2, and TiOz2. 25 vol.% solutions of aluminum-tri-sec-butoxide were not successfully
prepared due to the high reactivity of this alkoxide, even when heated for 2 h at 60 °C.

7.2.3 Coating with colloidal boehmite

As an alternative to the highly reactive aluminum-tri-sec-butoxide, stable colloids of
boehmite (AIOOH) were prepared from P2W or AL25-HP. DISPERAL® P2W (Sasol) is a water-
dispersible bohemite powder with average dispersed particle size of 20 nm. Coating solutions were
prepared at 15 wt.% of AIOOH in DI water. The powder was slowly added to DI water under
stirring. The powder was further dispersed using a Misonix 4000 ultrasonic processor (Qsonica,
Newtown, CT, USA) with a 419 tip for 2 min at 60% amplitude [50]. Nyacol® AL25-HP is a
colloidal dispersion of boehmite in water at 20% Al2O3 and dispersed particle sizes of 70 to 80
nm. This colloid was stirred for 30 minutes and used as-is to coat gels. For both P2W and AL25-
HP, the gels were aged in the colloids for 3 days, extracted into 200 proof ethanol, and aged for 3
days, and finally supercritically dried. Gels prepared from P2W are referred to as 20YSZ-AIOOH-
P2W and from AI25HP as 20YSZ-AIOOH-25HP.

7.2.4 Heat treatments
Aerogels were heated treated in high purity alumina crucibles. Heat treatments were

performed in a box furnace under air with a temperature ramp of 10 °C/min to 600, 1000, or 1200
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°C, each with a 20-minute hold at the maximum temperature. Aerogels were cooled to room
temperature within the furnace. To study the crystallization of silica, heat treatments at higher
temperatures and/or longer hold times were also performed, including 1200 °C at 12 h, 1400 °C
for 20 min, 1400 °C for 12 h, 1500 °C for 20 min, and 1500 °C for 12 h.

7.2.5 Characterization

The as-dried aerogels underwent physical measurement to characterize shrinkage and bulk
density. The length and diameter of cylindrical aerogel monoliths were measured and used to
calculate bulk density and shrinkage relative to the diameter of the mold. Scanning electron
microscopy (SEM) was performed on a S4800 SEM to characterize pore morphology. Samples
were crushed onto carbon tape and imaged uncoated at 2 kV accelerating voltage, 10 pA current,
and 5 mm working distance

Nitrogen adsorption/desorption experiments were conducted on Micromeritics 3Flex
(University of Illinois at Urbana-Champaign, School of Chemical Sciences, Microanalysis
Laboratory) to measure the specific surface area via the method of Brunauer-Emmett-Teller (BET)
and porosity via the method of Barret-Joyner-Halenda (BJH). Prior to adsorption/desorption,
samples were degassed under vacuum and heated at 5°C/min to 80°C with an 8-hour hold. Average
pore size and cumulative pore volume were calculated using the BJH desorption method.

Powder x-ray diffraction (XRD) was used to identify the crystalline phase and calculate
the crystallite size via the whole pattern fitting. To prepare samples for XRD, powders were
crushed in a mortar and pestle with a small amount of 200 proof ethanol. The suspension was
dropped via pipette onto low background holders. XRD was performed on a Bruker D8 Advance
(Cu Ko, 1.5406 A) from 10 to 100° 260, 0.02 degrees per step, and 0.25 seconds per step. Parallel

beam geometry was used with a 0.2 mm divergence slit and a panoramic Soller slit. Rietveld
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refinements were performed in GSAS 1II (v. 4783) to identify crystalline phase and calculate
crystallite size [81]. Peak positions and widths were exported and the Scherrer equation was
applied to each. The reported crystallite size was obtained by taking the average of all peaks. For
some samples, Rietveld refinement was performed as implemented in JADE (Materials Data, Inc.)
with the International Center for Diffraction Data (ICDD) crystallographic database.

Fourier transform infrared spectroscopy (FTIR) was performed on a Nicolet Nexus 670.
Aerogel powders were dried at 80 °C under vacuum overnight, ground with KBr, and pressed into
transparent pellets. Data were collected in transmission mode from 4000 to 800 cm.

Energy dispersive spectroscopy (EDS) was performed on a ThermoFisher Axia
ChemiSEM. A small amount of aerogel powder was pressed onto carbon tape applied to an
aluminum stub. The conditions used were high vacuum mode, accelerating voltage of 30 kV, spot
size of 6, and working distance of 10 mm. An area that showed minimal charging was selected and
a point analysis (60 s) was run for three points per area. This process was repeated for three areas
per sample. The composition was calculated from an average of all point analyses.

Transmission electron microscopy (TEM) was performed on a JEOL 2011 LaB6 TEM.
Samples were prepared via drop casting. The aerogel was ground to a fine powder with a mortar
and pestle. The powder was added to 200 proof ethanol at 0.1 mg/mL and sonicated for 15 minutes
in a bath sonicator. The suspension was drop cast on 200-mesh carbon-coated Cu grid and dried
overnight. For in situ heating experiments, high temperature Mo grids were used in the same drop
casting procedure. The temperature inside the TEM was ramped from room temperature to 900 °C
at approximately 20 °C/min with a 30-minute hold at 900 °C. Bright field images and diffraction
patterns were obtained at every 100 °C from 500 to 900 °C, every 10 minutes during the 30-minute

hold at 900 °C, and after cooling to room temperature.
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7.3 Results for SiO; coatings
7.3.1 As dried aerogels

Aerogels of 30 mol% YOis in ZrO2 were prepared either uncoated (30YSZ) or coated
(30YSZ-Si02). Table 7.2 summarizes the physical and textural properties of the as dried (AD)
aerogels following supercritical drying. Coating the aerogel with SiO2 increased the SSA but
reduced the cumulative pore volume. Pore size was slightly reduced in the coated aerogel.
Comparing the AD pore size distributions in Figure 7.2(a-b), the size distribution of 30YSZ-Si102
in Figure 7.2(b) is slightly broader, with an increased volume of pores from 70 to 150 nm. The
SEM images of the AD structure in Figure 7.3(a) for 30YSZ and Figure 7.3(e) for 30YSZ-SiO2
display no discernable difference. Although the shrinkage was reduced by coating, the bulk density
of the aerogel was notably higher in the coated variant. Qualitatively, 30YSZ-Si02 was much more
robust during handling.

The amount of Si deposited on the aerogel was quantified with EDS. The average atomic
ratio of Zr:Y:Si in 30YSZ-S102 was 1.00:0.55:3.01 with no strong dependence of composition on
location. EDS mapping did not reveal any inhomogeneities in the composition of the coated
aerogel, though the resolution of the Axia ChemiSEM is likely not adequate in this regard.

7.3.2 Structural evolution to 1200 °C

The structural evolution of the aerogels was studied to 1200 °C, with heat treatments of
600, 1000, and 1200 °C each performed with a hold of 20 minutes. Figure 7.1(a-c) shows the
change in SSA, Ve, and Dsin from AD to 1200 °C. Distinctly, 30YSZ-S102 maintains a higher
SSA and Vs to 1000 °C. At 600 °C, the SSA for 30YSZ-SiOz2 is 2.3 times greater than 30YSZ
(378 and 166 m*/g). At 1000 °C, the SSA for 30YSZ-SiO: is 3.7 times higher than 30YSZ (175

and 47 m?/g). At 1200 °C, the SSA is similar with 21 m?/g for 30YSZ-SiO> and 16 m?/g for 30YSZ,
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but Ve is lower for 30YSZ-SiOz with just 0.088 cm?/g compared to 30YSZ’s 0.213 cm®/g. The
evolutions of pore size for the two samples are extremely similar to 1000 °C, at which point the
behavior deviates, with 30YSZ increasing in average pore size and 30YSZ-SiO2 decreasing.

The BJH desorption pore size distributions are included in Figure 7.2(a-b). The pore size
distribution of 30YSZ-SiOz in Figure 7.2(b) is remarkably stable to 1000 °C. The size distribution
of 30YSZ in Figure 7.2(a) shows stability between 600 and 1000 °C, but it does change from AD
to 600 °C. Comparing the pore size distributions of 30YSZ and 30YSZ-Si02 at 600 and 1000 °C,
the distributions for 30YSZ-SiO2 are broader and encompass much larger pore volume being
contributed by pores of 50 to 100 nm in size. From 1000 to 1200 °C, there is a significant loss of
mesoporosity in both samples, but most dramatically in 30YSZ-SiOx.

Figure 7.3(a-h) shows the SEM micrographs for 30YSZ and 30YSZ-SiO2 from AD to 1200
°C. From AD to 1000 °C, there are no discernable differences between the coated and uncoated
samples. At the resolution available with SEM, the meso- and macroporous structure of both
samples are maintained. For 30YSZ at 1000 °C in Figure 7.3(¢c), there are the first signs of particle
growth. At 1200 °C, both samples show distinct evolution in morphology. 30YSZ in Figure 7.3(d)
shows significant particle growth and necking between particles. The sponge-like mesoporous
network is no longer visible, replaced by large macropores between partially sintered particles.
The change in morphology of 30YSZ-Si02 in Figure 7.3(h) is even more dramatic. Not only does
it appear like particles have grown but also sintered together to a greater extent than in 30YSZ.
The macropore size in 30YSZ-Si0O:z is clearly smaller than that in 30YSZ. This result harkens to
the change in average mesopore size from 1000 to 1200 °C shown in Figure 7.1(c), where 30YSZ

increases and 30YSZ-SiOz decreases in average pore size.
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TEM images of 30YSZ-SiOz2 heat treated at 1000 and 1200 °C are shown in Figure 7.4(a-
b), respectively. At 1000 °C, the small particle size and mesoporosity is visible. The morphology
changes significantly after heat treatment at 1200 °C. The particle size is significantly larger than
at 1000 °C. Furthermore, mesoporosity was no longer visible. The sample takes on the appearance
of dark, spherical particles embedded in a continuous matrix. This is hypothesized to be YSZ
particles contained within an amorphous SiO2 matrix. EDS was performed by collaborators at
NASA Glenn Research Center that supports this hypothesis, but the data are not included in this
report. Furthermore, it is possible that at 1000 °C the same morphology of YSZ particles in a SiOz
matrix is present but is too small to resolve.

All samples were x-ray amorphous as dried. The XRD patterns from 600 to 1200 °C are
shown in Figure 7.5. The SiO2 coating slowed crystallization of the YSZ aerogel. At 600 °C,
30YSZ crystallizes into cubic ZrOz, whereas 30Y SZ-SiO2 remains amorphous at this temperature.
The 30YSZ-Si0:2 aerogel only appeared weakly crystalline at 1000 °C. Lattice parameters and
crystallite sizes obtained via refinement in GSASII are included in Table 7.3. Crystallite growth is
strongly inhibited in the SiO2 coated aerogel. At 1000 °C, the crystallite size is 3.2 nm for 30YSZ-
S102, compared to 21.7 nm for 30YSZ. The difference in crystallite size grows at 1200 °C, with
55.3 nm for 30YSZ and 13.9 nm for 30YSZ-SiO2. The lattice parameter of 5.163 A for 30YSZ
aligns with expected values for 30 mol% YO1.5[149,158]. The lattice parameters for coated and
uncoated materials are virtually identical at 1000 °C. At 1200 °C, the lattice parameter contracts
slightly for 30YSZ-SiOx.

TEM images for 30YSZ-S10:2 at 1000 and 1200 °C were used to compare the visual YSZ
particle size to the crystallite sizes calculated via Rietveld refinement of XRD data. From the TEM

images, the line-intercept method was employed to estimate particle size. A line was drawn in
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ImagelJ and the number of particles intersecting the line were counted. The length of the line was
divided by the number of particles to provide a measure for particle size. At 1000 °C, the estimated
particle size was 5.2 (£0.7) nm, compared to 3.2 nm crystallite size calculated via the Scherrer
method. At 1200 °C, the estimated particle size was 16.0 (+1.7) nm, compared to 13.9 nm
crystallite size. The estimated values from TEM increases the confidence in the use of the Scherrer
method to extract crystallite size from XRD data for these heat treated aerogels.

FTIR spectra were also obtained for 30YSZ and 30YSZ-SiOz as dried and following heat
treatments at 600, 1000, and 1200 °C. The spectra are shown in Figure 7.6. The broad peak from
3750 to 3250 cm™ is associated with hydroxyl (OH) groups. Hydroxyl content decreases in all
samples upon heat treatment but most so in 30YSZ. The most notable difference between 30YSZ
and 30YSZ-SiOz is the Si-O-Si peak at 1150 cm™ [26]. Another clear peak that appears in all
samples is a doublet near 1630 cm™ with reduced intensity as a function of heat treatment
temperature. At this time, this peak has not been assigned to any bonding motif or functional group.
C=C bonds or free alcohols or water often appear in this range, but it is unlikely that such species
would persist in the material to temperatures of 1200 °C [157].

7.3.3 Evolution of SiO:2 beyond 1200 °C

As noted previously and shown in Figure 7.5, 30YSZ-Si102 crystallizes into the cubic
zirconia phase with no sign of Si0O2 crystallization to 1200 °C. The only difference in the patterns
of 30YSZ and 30YSZ-Si02 was a broad amorphous hump at low angles, indicating the silica exists
as a separate amorphous phase after heat treatment. This result was corroborated by the TEM
image in Figure 7.4(b), which shows distinct crystalline particles, presumably YSZ, in a
continuous non-crystalline matrix, which is presumably SiO2. Additional chemical analysis is

needed to further corroborate this distribution of YSZ and SiOz. To further study the evolution of
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the SiOz2 coating, heat treatments were performed at 1200 °C with a 12 h hold, 1400 °C with a 12
h hold, and 1500 °C with either a 20 min or 12 h hold. For the samples heat treated at 1400 and
1500 °C, a clear, glassy material was adhered to the crucible and was separate from the white
aerogel powder. XRD was performed on the samples and the patterns are included in Figure 7.7.

In all patterns for the extended heat treatments, the amorphous SiO2 hump was not present.
After 12 h at 1200 °C, the only phase identified was cubic zirconia, albeit with narrower peaks
than after 20 min. The formation of a second phase, identified to be cristobalite, occurs in 30YSZ-
SiO2 heat treated at 1400 °C for 12 h and 1500 °C for either 20 min or 12 h. Furthermore, peaks
associated with a Y2S1207 phase also are present in the 30YSZ-SiO:2 heated to 1500 °C for 12 h.
Whole pattern fitting estimates 64.2 wt.% crystalline SiO2 at 1400 °C for 12 h, 56.6 wt.% at 1500
°C for 20 min, and 48.4 wt.% at 1500 °C for 12 h. The reduction in crystallite SiO2 content with
increased temperature and hold time may be the result of SiO: flowing and reacting with the
crucible, at which point it is no longer a part of the powder sample that is analyzed in XRD.
7.4 Discussion for SiO; coatings
7.4.1 Change to as dried structure

The effects of coating on the structure can be inferred from the physical measurements of
the aerogel, including shrinkage and density, and the measurements of the mesoporous structure
with nitrogen physisorption. The change in composition following coating is measured using EDS
and calculated from the phase fractions of samples following heat treatments.

There was a significant increase in density of the aerogel after coating, from 0.186 to 0.275
g/cm?, despite a reduction in shrinkage from -12.5 to -10.7%. Considering the density and
shrinkage, the changes reflect the success of the coating procedure. As the TEOS infiltrates the

pore structure and reacts with surface hydroxyl groups of the YSZ aerogel, -O-Si-O- form, adding
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material to the structure and increasing the density. A reduction in shrinkage, all other factors
equal, would typically reduce the density of an aerogel since a given mass of solution-phase
precursors occupies a greater volume in the gel form. Here, this is not the case and 30YSZ-Si0z is
of higher density despite having lower shrinkage. The reduction in shrinkage is likely a result of
increased robustness of the gel towards the pressures that drive shrinkage during gelation and
drying. The amount of TEOS that reacts and deposits on the gel is enough to overcome the
reduction in shrinkage and result in an increase the overall density of the aerogel. Though an
increase in density is not necessarily ideal for the purposes of lightweight insulation, the potential
for an improvement in thermal stability at temperatures of interest may well be worth the cost.
Upon coating with SiOz, the SSA of the aerogel increased from 473 to 599 m?/g, but with
a slight reduction in mesopore volume (2.914 to 2.842 cm?/g) and mesopore size (26.9 to 25.1
nm). When interpreting the results of nitrogen physisorption, it is essential to keep in mind the
limitations of the technique. Adsorption can occur on any free surface that is accessible to nitrogen
molecules. Adsorption of nitrogen is used to calculate the SSA, so this includes both mesoporosity
(2 to 100 nm) and macroporosity (> 100 nm). The BJH method for calculating cumulative pore
volume, average pore size, and pore size distribution relies on the phenomenon of capillary
condensation, which occurs over the mesopore range (2 to 100 nm) and up to 150 nm. Therefore,
the cumulative pore volume and average pore size only represent mesopores and not macropores.
With this limitation of nitrogen physisorption in mind, the slight reduction in mesopore
volume and size likely reflects the filling of some mesoporosity with reacted TEOS. While TEOS
is reacting with free surface in the mesopore structure of the aerogel, it is also improving the
resistance of the mesopore structure to shrinkage as mentioned previously, so there is a balance

between reduced mesopore shrinkage during drying and reduced mesopore volume from coating
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for the coated aerogel. Since the change in mesopore volume and size is small in relation to the
change in SSA, the significant increase of SSA is likely the result of increased macroporosity,
which itself stems from reduced macroscopic shrinkage of the aerogel. Though the pore size
distributions in Figure 7.2(a-b) cannot directly measure macroporosity larger than 150 nm, a
possible change in macroporosity can still be gleaned when comparing the AD distributions in
Figure 7.2(a) for 30YSZ and 7.2(b) for 30YSZ-SiOz. The distribution for 30YSZ-SiO2 indicates
greater pore volume contributions from pores of 100 to 150 nm compared to 30YSZ. A shift
towards larger mesopore sizes is also reported for coated aerogels by Zu et al. [140]. This shift,
along with the reduction in macroscopic shrinkage and small change in mesopore volume, suggests
that increased macroporosity is the source of increased SSA in 30YSZ-SiOz. There also remains
the possibility that the YSZ gel structure undergoes significant reconstruction while soaking in the
alkoxide solution. As described in the following section, the change in composition is dramatic,
and does not preclude possible dissolution and redeposition of the gel in ways not yet understood.
Ostwald ripening occurs through gel aging and the effect of soaking the gel in an acidic alkoxide
solution is not known.
7.4.2 Composition of coated aerogel

The atomic ratio of Zr:Y:Si obtained with EDS, averaged over multiple measurements, was
1.00:0.55:3.01. Initially, this result was treated with skepticism as it suggests the coated material
exists in three times the atomic amount of the aerogel itself. To evaluate this result, calculations of
possible compositions were performed based upon the coating solutions or the change in density.
Each aerogel monolith was soaked in 60 mL of the Si coating solution described in Section 7.2
and detailed in Table 7.1. The amount of Zr and Y in the aerogel was calculated from the amount

of Zr and Y salts used in the synthesis of the gel, assuming 100% conversion of salt into gel. The
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amount of Si deposited was then estimated under three different assumed values for percent of Si
reacted from TEOS in 60 mL of coating solution. For 25, 50, and 100% of Si reacted, the atomic
ratios of Zr:Y:Si are 1:0.42:4.89, 1:0.45:9.80, and 1:0.50:21.0. Even at just 25% of Si reacted,
there would be enough Si present to exceed the ratio measured with EDS. The percent of Si reacted
that gives a Zr:Si ratio of 1.00:3.01 is just 15.9%. From the amount of Si present in the coating
solution, the atomic ratio obtained with EDS appeared reasonable.

The change in density can also be used to estimate the amount of SiO2 present. Given the
change in density from 0.193 to 0.275 g/cm? after coating and neglecting the change in shrinkage,
the amount of SiO2 deposited can be approximated as 29.8 wt.% SiOz2 to 70.2 wt.% 30YSZ. This
is equivalent to an atomic ratio of 1.00:0.42:1.20 for Zr:Y:Si. The amount of Si deposited estimated
by change in density is significantly lower than that measured with EDS or estimated by amount
of TEOS reacted. This discrepancy may be caused in part by neglecting the change in shrinkage
but may also suggest soaking the aerogel in the alkoxide solution may be doing more than simply
coating on -O-Si-O- layer-by-layer. To provide another estimate of composition in an attempt to
reconcile these results, XRD may prove useful.

After heat treatment for 12 h at 1400 °C, whole pattern fitting of XRD data suggested 64.2
wt.% crystalline SiO2, with this number reduced to 56.6 and 48.4 wt.% after heating to 1500 °C
for 20 min and 12 h, respectively. As noted previously, this reduction in SiO2 content is thought
to be the result of flow and subsequent reaction of SiO2 with the alumina crucible. Taking the
composition estimated at 1400 °C and 12 h, both the YSZ and SiO2 can be expected to be fully
crystalline given the lack of amorphous hump in Figure 7.7. 64.2 wt.% SiOz is equivalent to an

atomic ratio of Zr:Si of 1.00:4.81, which is well within the bounds of the measurement with EDS
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and other estimations. Like these other methods, XRD points to the fact that Si exists in very high
abundance in 30YSZ-SiOa.

Overall, the significant amount of SiO2 deposited suggests the soaking process is doing
much more to the aerogel structure than simply coating several layers of SiOz to the YSZ aerogel
structure. Subsequent evolution at elevated temperatures, including the formation of a seemingly
pure 30 mol% YO1s cubic ZrO:z phase (Figure 7.5) and the appearance of YSZ particles embedded
in an amorphous SiO2 matrix (Figure 7.4(b)), suggest the SiO2 phase is distinct from the YSZ
phase, though the extent to which the YSZ aerogel structure is modified by the coating solution is
unknown and warrants further study.

7.4.3 Improvement in thermal stability via SiO: coatings to 1000 °C

30YSZ-Si0: displayed significantly higher thermal stability at 600 and 1000 °C when
compared to 30YSZ. At 600 °C, 30Y SZ-Si02 maintained 2.3 times the SSA and 1.7 times the Viin
relative to 30YSZ. This improvement in performance with coating grew at 1000 °C, at which point
30YSZ-SiO2 maintained 3.7 times the SSA and 2.4 times the Ve of 30YSZ. The gap in
performance is visually indicated in Figure 7.1(a-b). Crystallite growth was also strongly
suppressed with the crystallite size at 1000 °C being nearly 7 times larger in 30YSZ than 30YSZ-
Si02. Crystallite size cannot be compared at 600 °C because 30YSZ-SiO2 remained x-ray
amorphous.

As described in Chapter 4, increasing the concentration of YO1.5 in ZrO2 aerogel increased
the SSA at 1000 °C by a factor of 4.8. This improvement was built upon by coating 30YSZ with
Si02, with the SSA at 1000 °C increased by a further factor of 3.7 relative to 30YSZ. The
improvement achieved in 30YSZ with SiO2 coating can be compared to previous capped and

coated aerogels. In the work by Wu ef al., SnO2 aerogels capped with HMDS maintained 3 times
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the SSA at 600 °C. Without the HMDS treatment, the SnO2 aerogel’s SSA was more than halved
by 400 °C, whereas the capped aerogel increased in SSA to this temperature. The ZrO: aerogels
with ZrO2/Zr02-S102/S102 coatings in work by Zu et al. had 2.4 times the SSA at 600 °C and 4
times the SSA at 1000 °C compared to their uncoated counterparts. These values are closely in
agreement with the improvements achieved in this work.

This improvement in thermal stability is meaningful in the context of applications that
require highly insulative mesoporous materials exposed to temperatures up to 1000 °C. To expand
the impact of this improvement, a deeper understanding of the source of thermal stability for coated
aerogels will prove useful in developing refined coating approaches that enhance thermal stability
to an even greater degree than achieved here. To this end, several sources and mechanisms of
improved thermal stability must be evaluated.

The work by Zu and Wu both tout the effect of surface SiOz particles to pin grain and
particle boundaries, inhibiting both densification and crystallite and/or grain growth [140,156].
Formation of secondary phases and/or particles at interfaces has repeatedly been demonstrated to
induce solute drag and inhibit particle, grain, and crystallite growth [37-40,108—
110,119,120,159,160]. The inhibition of growth is generally achieved with small amounts of the
secondary phase, often less than 10 mol%, and is the result of space charge effect, reduction in
surface energy with an increase in the surface excess of the dopant, or a shift in the relative values
of surface and grain boundary energies [37,40]. On the other hand, SiO2 has also been employed
as a sintering aid for ceramics, especially in cases where the concentration of Si0O: is high, allowing
the SiO2 to form a continuous film and enable liquid phase sintering [161,162]. The pitfall of
viscous sintering, which is particularly relevant given the high concentration of Si measured in the

coated YSZ aerogels, will be further discussed in Section 7.4.4. Given the 3:1 ratio of Si to Zr
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measured in the coated aerogel, referring to the SiO2 phase as a secondary phase or pinning phase
may not be accurate. Rather, an increase in particle size and a reduction in surface energy upon
SiO2 coating are important considerations in context of improved thermal stability to 1000 °C.
The coating work by Zu et al. also suggests that increased size of both the particles that
make up the aerogel backbone and the struts that connect them improve the robustness of the
structure towards densification. This hypothesis is also supported by the fact that maximum
capillary pressure is inversely related to particle size [55] and reduced capillary pressure is reduced
driving force for densification and compaction upon heating. Molecular dynamics simulations of
silica aerogel sintering also supports that increased primary particle size reduces the rate of
densification [22]. While this mechanism remains possible, the work by Zu ef al. does not provide
data on the distribution or morphology of SiO: in relation to the MOx aerogel apart from the fact
that Si02 does not crystalize to 1000 °C for TiO2 and ZrOz2 aerogels or 1300 °C for Al2O3 aerogels.
As described in Chapters 2 and 4, reduced surface energy is hypothesized to be an
important factor in improving the thermal stability of highly porous, high SSA materials such as
aerogels [104,126]. Considering the large amount of Si detected in the coated material, it can be
assumed that 30YSZ-SiO:2 has a surface composed primary of SiO2. The surface energy of
amorphous silica is 0.259 J/m? if dry and 0.129 J/m? if fully hydrated [163]. This can be compared
to that of 30 mol% YO1.5 ZrO2 (30YSZ), which is 0.83 J/m? if dry as averaged for a polycrystalline
sample, with little dependence on whether the YSZ is crystalline or amorphous [104]. The aerogels
are hydrophilic and likely have some degree of hydration on their surface, though the water
adsorbed to the surface should be negligible at temperatures where sintering and densification
occur. Therefore, it is sensible to compare the dry surface energies. Comparing these two values,

the surface energy of amorphous SiO2 (0.259 J/m?) is significantly lower than that of 30YSZ (0.83
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J/m?). This will reduce the driving force for sintering, densification, and elimination of the surface
area and associated surface energy.

As an example, one can consider the change in energy associated with surface area for a
surface composed of SiO2 compared to that of a surface composed of 30YSZ. Assuming a specific
surface area of 400 m?/g, the energy arising from the surface for SiO2 is 104 J/g and for 30YSZ is
332 J/g —over a factor of three reduction in energy for SiOz. In the context of a key thermodynamic
driving force for sintering and densification, this reduction may prove significant and aligns with
the expectations set forth in Chapter 4 for the surface energy of YSZ with changing yttria content.
Frankly, there are several confounding factors in the case of SiO: coatings and correlation of
reduced surface energy with improved thermal stability does not imply causation.

There is no evidence generated by this work to explicitly refute these hypotheses on the
effect of pinning and increased particle size. Rather, the hypothesis on reduced surface energy is
presented as another possible mechanism by which the process of coating or capping an aerogel
improves stability of the pore structure at high temperatures. Further work characterizing the
starting structure of the material, namely on how the coating solution is changing the YSZ
aerogel’s structure and chemistry, and the evolution of the SiO2 in relation to the YSZ aerogel
from the range of room temperature to 1000 °C is required to better understand the source of
thermal stability in coated metal oxide aerogels.

7.4.4 Enhanced densification beyond 1000 °C with SiO: coatings

Despite a significant improvement in thermal stability of 30YSZ with an SiO: coating to
1000 °C, the SiOz2 coating enhances densification beyond this temperature. The slope of SSA and
Vi in Figure 7.1(a-b) for 30YSZ-Si0: indicate a sharp decrease in the thermal stability of the

coated material. The SSA for 30YSZ and 30YSZ-SiO:z are virtually identical and the mesopore
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volume of 30YSZ-SiOz is 2.3 times smaller than 30YSZ, a stark change from 1000 °C, where
30YSZ-Si02 maintains 2.4 times the mesopore volume of 30YSZ. Despite the massive loss of SSA
and Vain, the crystallite size of 30YSZ-S102 remains very small, 13.9 nm, compared to 55.3 nm
for 30YSZ.

Comparing the thermal stability of 30YSZ-SiO: to previously studied capped and coated
aerogels to temperatures of 1200 °C is not possible, as Wu only measured stability to 600 °C and
Zu only to 1000 °C for ZrO2 and TiO:2 aerogels. It is important to note the work by Zu did
demonstrate coated Al2O3 aerogels maintained good thermal stability to 1300 °C with an SSA of
139 m?/g. The fact that ZrO2 and TiO: aerogels were reported to only 1000 °C suggests these
materials also densified beyond this temperature.

The SEM and TEM images of 30YSZ-SiO2 at 1200 °C in Figures 7.3(h) and 7.4(b),
respectively, show a dramatic change in morphology at multiple length scales. From SEM, the
foam-like mesopore structure has disappeared. From TEM, the structure goes from a porous, web-
like structure to one that appears fully dense with clearly defined spherical particles contained
within a nebulous matrix. The dense appearance of the aerogel in both SEM and TEM collected
after 1200 °C heat treatments implies that SiO2 may be flowing and enabling viscous sintering of
the aerogel. Previous work has demonstrated viscous sintering is an effective means of enhancing
densification and is expected to be enabled at temperatures above 1100 °C for amorphous SiO2
[164—167]. Small particle size is expected to lower the temperature at which viscous sintering can
occur in Si02, often from 50 to 100% of the bulk melting point of 1,710 °C [168—172]. Structural
rearrangements are also expected up to and at the glass transition temperature of 1207 °C for bulk
amorphous SiO2 that would aid in the rearrangement and densification of the aerogel structure

[173].
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The ability of SiOz to hasten densification from 1000 to 1200 °C has been demonstrated in
work by Fahrenholtz and Smith on diphasic aluminosilicate aerogels [174]. This concept will be
discussed in greater detail in Chapter 8, but also informs the observations made in this work.
Diphasic aluminosilicate aerogels are composed of AlOs-rich and SiOz-rich regions. The
heterogenous nature of the structure permits amorphous SiO:-rich regions to persist to
temperatures of 1250 °C. From 1100 to 1300 °C, an extraordinarily dramatic increase in density
occurs for diphasic aerogels. From these previous works, it is hypothesized viscous sintering,
enabled by the presence of over 60 wt.% SiO2 in 30YSZ-Si0Oz, enhances densification, reducing
the thermal stability of this material at temperatures exceeding 1000 °C.

As SiO2 flows, it may be filling in mesopores and aiding in the rearrangement and
compaction of primary particles, leading to the dramatic reduction in mesopore volume and
average mesopore size observed from 1000 to 1200 °C in Figure 7.1(b-c). The slightly higher SSA
of 30YSZ-SiO2 compared to 30YSZ must be the result of greater macroporosity since the
mesoporosity of 30YSZ-SiOz is dramatically reduced at 1200 °C. At 1200 °C, there is no sign of
mesoporosity in the TEM image shown in Figure 7.4(b), which instead reveals the formation of
extremely spherical YSZ particles embedded in an amorphous SiO2 matrix. The chemical
composition of these two unique areas are supported by TEM EDS data collected by collaborators
and not included in the present document. This effect has been reported previously for
nanocrystalline YSZ polycrystals coated with a sodium strontium silicate glass [175]. Sintering at
1400 °C for 1 h lead to highly faceted polyhedral grains for uncoated YSZ and increasingly round
grains for YSZ with increasing glass content. This effect was posited by the authors to be the result
of the Si02 coating exerting a homogenous strain across the surface of the YSZ grains but may

also result from a change in the relative surface energy of crystalline facets in YSZ. The
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suppression of crystallite growth of YSZ with SiO2 coatings has also been previously noted and is
attributed to the SiO:2 layers serving as grain boundary pinning agents and diffusion barriers,
effectively limiting the ability of adjacent YSZ particles to diffuse together [175,176].

Overall, the ability of SiO2 to flow at temperatures exceeding 1000 °C enables viscous
sintering of the aerogel. This leads to rapid densification and destabilization of the mesoporous
structure from 1000 to 1200 °C. SiOz-coated 30YSZ aerogels do not offer any improvement in
thermal stability at 1200 °C and are limited to use to temperatures of 1000 °C. Despite enhancing
densification of the pore structure, the SiO2 coating continues to serve as a diffusion barrier,
preventing the growth of crystallites to 1200 °C though this is not enough to prevent destabilization
of the porosity.

7.4.5 Phase formation in SiO: coated YSZ aerogels

In the work by Zu ef al., the aerogels were crystalline as synthesized, owing to a different
drying technique that used ethanol as the supercritical fluid at temperatures beyond 260 °C and
pressures of 10 MPa [140]. Still, the effect of coating was clear, strongly reducing crystallite size
at 1000 °C and also modifying the phase behavior of the ZrO2 and Al2O3 aerogels. In the case of
ZrO2, the aerogel was tetragonal as synthesized, but formed a mixture of monoclinic and tetragonal
phases after heat treatment at 1000 °C. Upon coating, the tetragonal phase alone persisted to 1000
°C. The uncoated Al20O3 aerogel transformed from boehmite as synthesized to a mixture of a- and
0-Al203 at 1300 °C, whereas the coated Al2O3 only formed the 6-Al203 phase after 1300 °C heat
treatment. This suppression of crystallite growth and phase transformation is suggested to be the
result of inhibition by the core-shell nanostructure generated by the coating procedure. The specific
mechanisms that drive the inhibition are not described. In the case of ZrO2, the formation of a pure

tetragonal phase at 1000 °C may be the result of reduced crystallite size, with the tetragonal phase
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of ZrO2 having a lower surface energy than the monoclinic phase. Therefore, there is a size effect
where smaller particle size can stabilize the tetragonal phase [78].

The changes in phase formation observed by Zu et al. are noteworthy but are difficult to
extrapolate to the suppression of crystallization observed in the present work. The application of
SiO2 coating to the 30YSZ aerogel not only suppressed crystallite growth, but also delayed
crystallization to higher temperatures. 30YSZ-SiO2 was x-ray amorphous at 600 °C and only
weakly crystalline at 1000 °C. The cubic phase formed in both the coated and uncoated sample
with similar lattice parameters at 1000 °C. There was no sign of SiO2 apart from an amorphous
hump until 1400 °C, where it crystallized into cristobalite, and 1500 °C, where it also formed a
small amount of Y2Si207.

Regarding the evolution of 30YSZ-Si0O2, the maintenance of an amorphous SiO2 phase
following heat treatments at 1200 °C is supported by previous work by Li er al. on the
devitrification of silica powders [177]. Li et al. observed an increase in cristobalite fraction,
relative to the amorphous phase, from 1300 to 1500 °C. After 90 min at 1300 °C, the powder was
weakly crystalline and only the peak near 22° 20 was visible. Given, the 20 min heat treatments
applied here, the absence of cristobalite from 600 to 1200 °C is not surprising. The SiO2 remains
amorphous and does not interact with the YSZ phase until 1500 °C, at which point a small amount
of Y2S1207 was detected.

Therefore, interdiffusion of Zr, Y, or Si does not appear to occur at any appreciable amount,
an observation supported by the literature. Work by De Souza and De Souza evaluated the effect
of a silicate liquid phase on the sintering of YSZ ceramics [161]. The YSZ material was 7.0 mol%
Y203 in ZrO:2 and to this was added 2.5 mol% SiO2 plus minor amounts of Al203, TiO2, and CaO.

The material was sintered at 1610 °C for 16 h and the composition of the ceramic grains,
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intergranular glass phase, and expelled glass phase were analyzed, which provides insight to the
amount of segregation and interdiffusion to be expected in the 30YSZ-Si0: aerogel. The ceramic
grains were reported to be 92.3 mol% ZrO2, 7.0 mol% Y203, and 0.5 mol% SiOz. The intergranular
glass phase was 75 mol% SiO2, 7 mol% ZrOz, and 5.1 mol% Y203 and the expelled glass phase
84.5 mol% SiO2, 2.6 mol% Y203, and no detectable ZrO.. The sintering time and temperature in
the aforementioned study exceeds the conditions used for 30YSZ-SiO2. Nonetheless, it remains
informative in showing that very little Si is expected to diffuse into the YSZ aerogel, while small
amounts of Zr and Y can diffuse into the glassy phase. The amount of interdiffusion in the present
work appears to be low, as ZrSiOas (zircon) is never detected, and Y2Si207 only forms a minority
phase following 12 h at 1500 °C, well above the temperature at which this phase is anticipated to
crystallize [178,179]. The slight reduction in lattice parameter at 1200 °C for 30YSZ-SiO2 may
reflect a loss of Y, though the shift in parameter is perilously close to experimental error [114].
In summary, over the primary range of interest from 600 to 1200 °C, SiO2 coating
suppresses crystallite growth and phase formation, with the SiO2 remaining a distinct amorphous
phase. Previous hypotheses put forward rooted in interface pinning may no longer be relevant
given the high concentration of SiO:z present. There are two hypotheses to put forward based upon
the observations in the present work. One, if the SiO2 coating is forming a shell that encapsulates
a YSZ aerogel core, the Si02 coating may serve as a diffusion barrier, constraining the YSZ aerogel
and preventing crystallite growth and the necessary atomic rearrangement for crystallization. Two,
the coating procedure is dramatically altering the structure of the YSZ aerogel via reconstruction,
Ostwald ripening, or other mechanisms. This picture becomes significantly more complex, but the
initial structure of intermingled regions of YSZ and Si02, coupled with the low inter-diffusivity of

Zr, Y, and Si, may serve as a source of “confusion” that requires significant rearrangement prior
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to crystallization and subsequent crystallite growth. Both cases only hold true to the point where
Si0O2 begins to flow and undergo viscous sintering, observed to be between 1000 and 1200 °C, at
which point the continuous liquid phase provides for enhanced densification of the pore structure.
7.5 Use of non-densifying coatings
7.5.1 Motivation

SiO2 coatings offer a strong improvement in thermal stability to 1000 °C. Unfortunately,
the amorphous nature and relatively low melting point of SiO2 enables viscous sintering and
enhanced densification beyond 1000 °C. Bulk amorphous silica has reported to have a glass
transition at 1207 °C, above which SiO2 behaves as a melt, and can occur even lower with small
particle size [173]. In the work by Zu ef al., hybrid coatings were explored where the first layer
was MxOy (ZrOz, TiOz, or Al203), followed by a 50/50 mix of SiO2 and MxOy, and a third layer of
SiO2 only [140]. Precursors used for ZrOz, TiO2, and AlO3 were zirconium(IV) butoxide,
titanium(I'V) isopropoxide, and aluminum-tri-sec-butoxide, respectively. This paper did not
explore coatings deposited exclusively from these metal alkoxides. If the enhanced thermal
stability of SiO2 coatings to 1000 °C can be recreated with a different metal oxide, while avoiding
the viscous sintering that occurs beyond this temperature, a coated aerogel with high thermal
stability to temperatures exceeding 1200 °C may be achievable. The other metal oxides are
expected to crystallize prior to the onset of viscous sintering and therefore improve thermal
stability at temperatures beyond 1000 °C, though the amorphous nature of the SiO2 coating and
the morphology of the coating achieved with TEOS may not be replicated with the other metal
alkoxides. Work must be conducted on developing procedures to prepare aerogels with coatings
from alternative metal alkoxides and characterizing their structure after exposure to high

temperatures to understand the phenomena behind stabilization for coated aerogels.
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7.5.2 Challenges with reactive metal alkoxides of Zr, Ti, and Al

A critical challenge that must be faced to apply coatings of zirconia, titania, alumina, and
other metal oxides is the high reactivity and/or prohibitive cost of their respective metal alkoxides
[53,180-184]. Work on the sol-gel synthesis from alkoxides has had a near complete focus on
silicon alkoxides, owing to several factors including a four-fold coordination in precursor as well
as oxide, high electronegativity of Si, and small partial charge of Si [46,183]. These last two factors
contribute to silicon alkoxides’ low sensitivity to hydrolysis, allowing for careful control of
reaction kinetics and the final gel structure. Acid or base catalysis is typically required to initiate
hydrolysis and condensation in silicon alkoxide sol-gel chemistry.

On the other hand, the other metals of interest are more electropositive than silicon, making
them susceptible to nucleophilic attack and rapid hydrolysis, leading to self-condensation and
precipitation. As an example, both silicon and titanium have an oxidation state of +4. Because of
the lower electronegativity of Ti, the hydrolysis rate of Ti(OR)4 is 10° times faster than that of
Si(OR)4 for the same alkoxy group (R) [180]. Zirconium has a hydrolysis rate even faster than
titanium. With such high hydrolysis rates, precipitates rapidly occur upon addition of water, and
often simply via reaction with the water present in ambient air. Strategies must be employed to
reduce the rate of hydrolysis, including the use of longer and/or bulkier alkoxide substituents and
modification via chelation agents [53,180,185—187]. Longer and bulkier chains reduce the
nucleophilicity of the metal center and therefore reduce hydrolysis rates. Chelation agents replace
or block alkoxide substituents, reducing the number of sites for nucleophilic attack of the metal.
In this work, long chain alkoxides were selected where available. The use of chelation agents was
not explored for coating solutions but was applied for alumina-zirconia sol-gel synthesis in Chapter

8 and offers an additional parameter to tune the rate of metal alkoxide deposition.
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Aluminum-tri-sec butoxide presented unique challenges, even when handled in an inert
atmosphere while avoiding contact with water. Upon addition of the aluminum-tri-sec-butoxide to
200 proof ethanol in an argon-filled glovebox, precipitation occurred rapidly. This was noted even
with new 200 proof ethanol, indicating it was not residual water reacting with the alkoxide. It is
hypothesized that this was the result of ethanol exchanging on the alkoxide to form the much more
reactive aluminum ethoxide. Work by Pérez ef al. points to the fact that alcohols are not simply a
way to solubilize metal alkoxides, but also can react with alkoxides in unexpected ways [188].
This can result in unforeseen precipitation, as observed here, or in an ill-defined mixture of
alkoxides that leads to anisotropic and irregular growth in assembled structures. An Al2O3 sol-gel
synthesis developed by Poco et al. notes this precipitation, but manages to restabilize an alumina
sol via heating to 60 °C and stirring for 45 minutes [189]. This step was adapted here and resulted
in a perfectly clear solution with no visible precipitates.

Precipitation was also commonly observed when using zirconium(IV) butoxide and
titanium isopropoxide. For zirconium(IV) butoxide, the precipitate was generally white and
powdery and tended to settle to the bottom of the soaking solution as well as coat the exterior of
the aerogel monolith. This coating generally fell off with light handling or supercritical drying.
Titanium isopropoxide solutions tended to form highly angular, star-shaped crystalline precipitates
in the bottom of the soaking solution. In some cases, a crystalline, glassy shell would form around
the aerogel monolith. This shell was not chemically bound to the aerogel and could be removed
with tweezers. The surface of the aerogel was likely acting as a nucleation site for precipitation of
the alkoxide.

As mentioned previously, the use of chelation agents to slow the reactivity of these

alkoxides may prove useful. If precipitation is occurring, the metal alkoxide is not depositing on
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the aerogel structure as desired. The hydrolysis rate of these precursors must be slowed to allow
the alkoxide sufficient time to diffuse through the mesoporous structure of the aerogel and
homogeneously deposit on its surfaces.
7.6 Summary

Post-synthetic modification of aerogels with capping groups or coatings is a route to
improved thermal stability through inhibition of hydroxyl condensation, coarsening of the starting
structure, grain boundary pinning, or a combination of these effects. In this work, silica coatings
were applied to YSZ aerogels, and their evolution was studied to 1200 °C. Silica coatings
significantly improved the thermal stability to 1000 °C, hypothesized to be the result of grain
boundary pinning, which reduces the rate of crystallite growth, and a strong reduction in surface
energy, which reduces the thermodynamic driving force for elimination of surface area. Beyond
1000 °C, the silica coated aerogels densify rapidly and have thermal stability equivalent to, even
perhaps worse than, their uncoated counterparts. This is thought to be the result of viscous
sintering, where the silica flows, both filling in mesopores and enabling primary particle
rearrangement into a denser configuration. Further work is required to fully characterize the
structure of the SiO2 coating in relation to the YSZ aerogel, as Si exists in over three times the
abundance of Zr. Exploration of different TEOS concentrations in the coating solution is also of
interest. Lower TEOS concentration may reduce the amount of Si in the final aerogel. EDS could
once again be used to quantify Si, Zr, and Y content, followed by evaluation of thermal stability
in relation to the amount of Si present.

The use of coatings that will not undergo viscous sintering, including zirconia, titania,
alumina, and boehmite (all referred to as “non-densifying coatings”), may provide the

enhancement in thermal stability to temperatures of 1200 °C and beyond. To this end, YSZ
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aerogels were modified with coatings from zirconium, titanium, and aluminum alkoxides and
boehmite colloids. Steps had to be taken to control the high reactivity of these alkoxides. Future
work encompasses the characterization of the coated materials to determine the success of the
coating procedure and their structural evolution at high temperatures. Optimization of the coating
procedure and exploration of capping groups may offer improved thermal stability with non-

densifying coatings.
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7.7 Figures and tables

Table 7.1: Molar ratios of alkoxide, 200 proof ethanol, DI water, and HNOs for the preparation of
coating solutions according to Zu et al. ratios.

Metal Alkoxide Ethanol Water HNO3
Si 1 7.7 1.5 0.01
Al 1 85 0.85 0.019
Zr 1 115 1.5 0.5
Ti 1 55 2 0.013

Table 7.2: The physical and textural properties for uncoated and SiO2-coated 30YSZ aerogels.
SSA is BET specific surface area, Vein is BJH desorption cumulative pore volume, Dsn is BJH
desorption average pore size, S is percent shrinkage, and py is bulk density.

SSA VBuH Dsun ° 3
Sample (m?lg) (cm3lg) (nm) S (%) Pv (g/cm?)
30YSz 473 2.914 26.9 -12.5 0.186
30YSZ-SiO; 599 2.843 25.1 -10.7 0.275
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Figure 7.1(a-c): (a) BET SSA, (b) cumulative pore volume, and (c) average pore size for 30YSZ
and 30YSZ-SiO2 from AD to 1200 °C. 30YSZ-SiO2 maintains a higher SSA and Vsin, but only
to 1000 °C. At 1200 °C, the SSAs are comparable and Vgin is lower for 30YSZ-SiOx.
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Figure 7.2(a-b): BJH desorption pore size distributions for (a) 30YSZ and (b) 30YSZ-SiO2 from
AD to 1200 °C. The distribution of pores appears more stable in 30YSZ-SiO2 from AD to 1000
°C, but undergoes significant densification from 1000 to 1200 °C.

o

Figure 7.3(a-h): SEM micrographs of the evolution of (a-d) 30YSZ and (e-f) 30YSZ-SiO: from
AD to 1200 °C. There is no distinct difference from AD to 1000 °C between 30YSZ and 30Y SZ-
SiO2. At 1200 °C, particle growth and necking are visible in (d) 30YSZ and significant
densification is visible in (h) 30YSZ-Si10:. The scale bar in all images is 500 nm.
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Figure 7.4(a-b): TEM images of 30YSZ-SiO2 at (a) 1000 °C and (b) 1200 °C. At 1000 °C,
mesoporosity is still visible and the particle size remains small. At 1200 °C, there is no sign of
mesoporosity in the image and the particle size has increased dramatically. The dark particles are
hypothesized to be YSZ which are embedded in a matrix of SiO2, the semi-translucent material.

This morphology may also be present at 1000 °C, but too small to resolve. The scale bar in both
images is 50 nm.

30YSZ-Si0, 1200°C
| o ey, A A__A

P 30YSZ-Si0, 1000°C
) 30YSZ-Si0, 600°C
30YSZ1200°C

J | 1  \ :
A 30YSZ 1000°C
4/\~»‘ A 30YSZ 600°C
10 20 30 40 50 60 70 80

26 (deg.)

Figure 7.5: XRD patterns of 30YSZ and 30YSZ-SiO: at 600, 1000, and 1200 °C. Once
crystallized, all materials form the cubic phase. Peaks do not appear in 30YSZ-SiOz until 1000 °C.
Crystallinity in 30YSZ-SiOz2 is significantly lower than that of 30YSZ. An amorphous hump
between 10 and 15 deg. 20 appears in 30YSZ-SiO: at all temperatures.
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Table 7.3: Crystallite sizes and lattice parameters (a) for 30YSZ and 30YSZ-SiO: at 600, 1000,
and 1200 °C as calculated via refinement in GSASII. In general, crystallite sizes are significantly
lower for 30YSZ-Si0z. Lattice parameters align with expectations for 30 mol% YOu.s, though a
slight reduction in lattice parameter is observed for 30YSZ-SiOz at 1200 °C.

Sample T (°C) %z:tfr:"r;;* a (A)
30YSZ 600 5.8 5.163
30YSZ-SiO; 600 ; i
30YSZ 1000 21.7 5.163
30YSZ-SiO; 1000 3.2 5.162
30YSZ 1200 55.3 5.163
30YSZ-SiO; 1200 13.9 5.153
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Figure 7.6: FTIR transmittance spectra for 30YSZ (bottom four spectra) and 30YSZ-SiO2 (top
four spectra) from AD to 1200 °C. Hydroxyl content decreases in all samples upon heat treatment
but most so in 30YSZ, visible in the reduction in the broad peak from 3750 to 3250 cm™. The most
notable difference between 30YSZ and 30YSZ-SiO2 is the Si-O-Si at 1150 cm™.
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Figure 7.7: XRD patterns for 30YSZ-SiO2 heat treated under various conditions. At 1200 °C for
20 minutes, an amorphous SiO:2 phase exists indicated by the broad hump at low angles. Only after
12 h at 1400 °C does SiO2 crystallize into cristobalite. At 1500 °C for 12 h, there was a peak
associated with a Y2S1207 phase.
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CHAPTER 8: DEVELOPMENT OF COLLOIDAL SYNTHESES FOR MIXED METAL
OXIDE AEROGELS
8.1 Introduction

Previous work demonstrates the improvement in thermal stability of aluminosilicate
aerogels when derived from a colloidal boehmite precursor compared to a salt precursor
[50,51,70]. The crystalline as dried structure, formed by self-assembly of boehmite crystallites,
prevents diffusion and rearrangements upon crystallization that are destructive to the aerogel
structure. The particle size of the precursor also allows the aerogel structure to be finely tuned.
The larger particles making up the aerogel backbone when derived from a colloidal precursor also
may improve thermal stability by delaying the transition from surface to volume diffusion [22,26].
Overall, the structure derived from boehmite was more robust towards resisting densification than
the aerogel derived from the aluminum chloride salt.

Though the work on aluminosilicate aerogels derived from boehmite resulted in an aerogel
with excellent thermal stability to 1100 °C, questions remain as to the definitive source or
mechanism of improved thermal stability of boehmite colloid aerogels compared to those derived
from metal salts. Questions remain due to the complexity of evolution in aluminosilicate materials,
with key differences arising from the choice of the alumina and silica precursor.

Work over the course of the last 30 years in sol-gel derived aluminosilicates groups these
materials into two categories: single phase (formed from solutions of salts and/or alkoxides with
mixed Al-O-Si bonding) or diphasic (formed from colloids or colloids with alkoxides with Al-rich
and Si-rich regions) [166,174,190-192]. In diphasic gels, the compositional heterogeneity
suppresses mullite formation to temperatures exceeding 1250 °C. Critically, this leads to the

retention of an amorphous phase that allows the gels to densify via viscous sintering of the silica
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phase above 1100 °C, but below the crystallization temperature [164,174]. In single phase gels,
the temperature at which the mullite forms (near 950 °C) overlaps with temperatures where
densification could occur via viscous flow. Overall, densification is enhanced in diphasic systems
above 1100 °C. In the context of the work on boehmite-derived aluminosilicate aerogels, the
complications that result from the unique phase formation and presence of silica, which can enable
viscous sintering, convolutes the effect of precursor structure and starting aerogel morphology on
thermal stability.

Therefore, this work seeks to answer the question of how unique structural motifs, and the
way these motifs are assembled, influence thermal stability. Furthermore, does the improvement
in thermal stability from colloidal precursors extend to aerogel compositions beyond
aluminosilicates? The overall purpose is to demonstrate the importance of synthetic precursors and
synthetic route on the thermal stability of high porous structures.

In this work, attempts were made to develop a sol-gel route to a YSZ aerogel from colloidal
yttria and/or zirconia precursors, adapting the previous work on aluminosilicate aerogels to YSZ.
The YSZ aerogels prepared from colloidal precursors were to be compared to salt-derived YSZ
aerogels in terms of their structure and thermal stability. Following the procedure performed by
Hurwitz et al., three synthesis steps must be developed [50,193]. First, a colloidal precursor must
be purchased or synthesized from yttria and/or zirconia. This precursor must be on the scale of 10
to 100 nanometers with surface area in excess of 150 m?/g to be conducive to formation of a
mesoporous aerogel network, as the pore structure of the aerogel has been shown to reflect the size
and morphology of the powder precursor [50]. Second, the precursor must be dispersed in solvent
and avoid agglomeration to form a stable colloid. Third, a solution of a zirconium alkoxide must

be condensed into a coherent gel structure along with the colloidal precursor.
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Once these three steps are developed, the gels will be supercritically dried, and work can
begin on characterizing the aerogels resulting from this new synthetic procedure. It is expected
this procedure will be readily adaptable to other doped zirconias. The thermal stability of this
aerogel will be compared to that of the YSZ aerogel prepared in the Gash process from metal salts
and propylene oxide.

Though this work did not produce the materials required compared to the salt-derived
materials, the efforts to achieve a stable colloid of yttria or zirconia are still informative for future
efforts and are detailed in this chapter in Sections 8.3 and 8.4. Future efforts may benefit from the
synthesis of colloidal precursors via precipitation for yttria or zirconia or reverse coprecipitation
for YSZ to ensure homogeneity of the particles [194—196]. Commercially available yttria, zirconia,
or YSZ powders may also prove as a viable alternative starting material and were the focus of
efforts covered in this work. Following procurement of a precursor, challenges were faced in the
dispersion of this colloidal precursor. In the case of the boehmite precursor, the particles were
produced with nitrate functionality via a patented process to enable dispersion in aqueous solution
[197]. Functionalization of the surface was attempted to provide a stable dispersion, though the
functional groups must be selected as to not inhibit gelation. Functionalization may be avoidable
if the crystalline precursors are dispersible over wide enough pH ranges, in which case a suitable
acid (e.g., CH3COOH or HNO3) or base (e.g., NH4OH) could stabilize the colloid. Previous work
on the colloidal stability of yttria and zirconia suspensions proved useful in this regard, though the
colloidal stability of both these systems are notoriously difficult to achieve [198-206].

Given the difficulties faced in achieving a stable colloid for YSZ aerogel synthesis, it may
be prudent to identify alternative compositions with improved colloidal stability and the ability to

produce an aerogel from a metal salt. Ultimately it is the goal of this segment of the work to not
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only achieve a thermally stable aerogel, but also advance the field’s understanding of aerogel
thermal stability in context of aerogel structure and the precursors used to form it. As such, the
alumina-zirconia system may prove of interest. Both have readily available metal salts and metal
alkoxides. Several stable alumina and AIOOH colloids or dispersible nanopowders are also
commercially available. Sol-gel syntheses of these systems have been performed and can be
adapted to specifically study the effect of precursor on structure and structure on thermal stability
[188,189,207]. Furthermore, alumina and zirconia are thermodynamically stable with each other
and do not have any solid solutions [208]. Preliminary work was conducted in this area and will
be discussed in Section 8.5.
8.2 Materials & methods
8.2.1 Powders used

Several commercially available powders were utilized for the yttria-zirconia system. For
zirconium, zirconium hydroxide nanoparticles (Zr(OH)4, US Research Nanomaterials Inc., 99.9%,
40 nm, Amorphous) were used and are referred to as ZrOH4 NP1. For yttrium, yttrium oxide
nanoparticles (Y203, US Research Nanomaterials Inc., 99.999%, 20-40 nm) referred to as
Y203 NPI, yttrium oxide nanoparticle 20 wt.% water dispersion (Y203, US Research
Nanomaterials Inc., 99.99%, 10 nm) referred to as Y203 NP_ DI, yttrium(III) oxide nanopowder
(Y203, Alfa Aesar, 99.995%, 50-70 nm) referred to as Y203 NP2, and yttrium(IIl) oxide
nanopowder (Y203, Alfa Aesar REacton®, 99.995%, 25-50 nm) referred to as Y203 NP3 were
used.
8.2.2 Powder dispersion

The powders listed above were dispersed in several aqueous and non-aqueous systems via

multiple dispersion techniques. The success of each approach will be detailed further in the results,
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Section 8.3. In the simplest of cases, the powder was added to a liquid slowly under vigorous
stirring to disperse the powder. Generally, the next step was to submerge the container in a bath
sonicator up to the level of the colloid within. The colloid was sonicated for 10 minutes and then
promptly used for further characterization.

More energetic methods were also employed to disperse the powders. Colloidal ball milling
was performed on a Fritsch PULVERISETTE 7 Classic planetary micro mill. YSZ milling media
of 3 mm diameter were used in 45 mL ZrO:2 grinding bowls. The colloids were prepared at 10
wt.% solids. To each 45 mL bowl, 56.25 g YSZ milling media and 5.625 mL colloid were added.
A PFTE gasket was installed followed by the lid. The bowls were mounted into mill holders and
secured tightly into the mill. The mill was operated at 800 rpm at 5 min intervals with 30 min rests
between milling cycles. The number of cycles varied from one to five. Experiments were also
conducted using 0.5 mm YSZ milling media using the same procedure. Ultrasonication was also
performed on a Qsonica Q500 Sonicator with a 1/2” probe. It was operated at 60% amplitude,
on/off time of 1 s, and run time of 5 min.

Several acid and base systems were used to evaluate the impact of pH and acid/base identity
on colloidal stability. Chemicals used include acetic acid (CH3CO2H, Sigma Aldrich, glacial, ACS
reagent > 99.7%), citric acid (HOC(COOH)(CH2COOH)2, Sigma Aldrich, anhydrous, ACS
reagent > 99.5%), nitric acid (HNOs, Sigma Aldrich 70 wt.%), and ammonium hydroxide
(NH4OH, Sigma Aldrich, ACS reagent, 28.0-30.0% NH3 basis). The target molarity or pH was
used to find the amount of acid or base required. The acid or base was slowly added to DI water
under vigorous stirring. The nanopowder was then added to the solution and underwent dispersion

techniques listed above.
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8.2.3 Powder functionalization

This procedure is adapted from a nanoparticle synthesis and functionalization developed
by Prof. Markus Niederberger et al. [209-212]. The aim is to functionalize nanoparticles with a
ligand that increases hydrophilicity and therefore stability of the metal oxide nanoparticles in
aqueous colloids. These colloids will then be used to prepare gels that can undergo supercritical
drying to form an aerogel. In the work by Niederberger ef al., the nanoparticles were formed in the
reaction solution via addition of a metal chloride to benzyl alcohol and Trizma® base. In this work,
this procedure was adapted with the goal of functionalizing an existing nanopowder with Trimza®
by adding the powder to a solution of benzyl alcohol and Trizma®.

First, 20 mL of benzyl alcohol (CcHsCH20H, Sigma Aldrich, anhydrous, 99.8%) was
added to a round bottom flask with a stir bar. To the benzyl alcohol, 0.0909 g 2-amino-2-
(hydroxymethyl)-1,3-propanediol (NH2C(CH20H)3, Sigma Aldrich, >99.9%), also known as
Trizma®, is added under stirring. The molar ratio of benzyl alcohol to Trizma® was 240. At this
point, a metal oxide nanoparticle is added to the solution and stirred at 80 °C for 24 hours. The
molar ratio of metal to Trizma® was 12. During this period, the Trizma is adsorbed to the surface
of the particles. The functionalized particles are then centrifuged and washed with ethanol for three
cycles, followed by drying at 60 °C. The powder was either used for characterization with SEM
or FTIR or for dispersion in water at 10 wt. %.

Though this will be detailed later, the creation of a stable colloid via this approach was
never deemed successful. In the case where the powder was successfully functionalized and
dispersed with good stability, the solution would be heated to 90 °C to form a gel by desorbing the
Trizma off of the particle surface and linking the particles via condensation of newly exposed

surface hydroxyl groups.
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8.2.4 Characterization of powders & dispersions

Nanopowder morphology was characterized with scanning electron microscopy (SEM) on
a Hitachi S4800 at 2 kV accelerating voltage, 10 pA current, and 5 mm working distance. A small
amount of powder was applied to carbon tape on an aluminum stub for mounting. The crystalline
phase and crystallite size of nanopowders were evaluated with x-ray diffraction (XRD). The
powders were deposited via suspension in 200 proof ethanol onto low background holders. XRD
was performed using Cu Ka radiation on a Bruker D8 Advance XRD. Scanning conditions were
10 to 100° 20, 0.02 degrees per step, and 0.25 seconds per step. Parallel beam geometry was used
with a 0.2 mm divergence slit and a panoramic Soller slit. The goniometer has a radius of 280 mm.

The dispersed particle size and stability of the colloid was evaluated using a Malvern
Zetasizer Nano ZS via dynamic light scattering (DLS). This technique provides insight to the
precursor size and state of agglomeration as a function of pH and ionic strength. Target precursor
sizes in solutions are lower than 500 nm at solid loadings of 10 to 20 wt.%. Zeta potential
measurements was used to identify regions of colloidal stability and gelation for synthesized
precursors. Target zeta potentials are absolute values greater than 30 mV. These methods were
used to compare synthesis and dispersion techniques. Colloids were prepared by adding the desired
powder into DI water or 200 proof ethanol. Typical target solids loadings were 10 to 20 wt. %.
The powder was then further dispersed via bath sonication, ultrasonication, or colloidal ball
milling. Immediately following dispersion, a small amount of the colloid was removed and diluted
with additional DI water or ethanol to 0.1 g/L. This diluted colloid was added to a Malvern Folded
Capillary Zeta Cell (Malvern Panalytical #DTS1070). The cell was held upside down and the
colloid was injected to the halfway point of the channel using a syringe, at which point the cell

was flipped right-side up and the channel was filled to the full mark. This procedure ensured no
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air bubbles were trapped. At this point, the cell could be loaded into the instrument for both size
distribution and Zeta potential measurements. The index of refraction for yttria was n = 1.9307
and for zirconia was n = 2.1588. Generally, three measurements were taken for size and three for
zeta potential with an automatic collection time.

Colloid stability can also be qualitatively evaluated via visual inspection. Following
dispersion, an image of the colloid was taken. Time was tracked and additional images of the
colloid were collected at various time intervals, ranging from minutes to hours to days. A stable
colloid will have a milky appearance that is consistent throughout the height of the solution,
generally with a slight blue tint, the result of Rayleigh scattering from the small particle size
involved. Signs of instability are gradients in color and/or opaqueness as well as visible settling of
powder at the bottom of the container.

8.2.5 Alumina-zirconia gel syntheses

The development of four unique syntheses were planned, each using a unique pair of
precursors: (1) aluminum salt and zirconium salt, (2) boehmite colloid and zirconium salt, (3)
boehmite colloid and zirconium alkoxide, and (4) aluminum alkoxide and zirconium alkoxide.
Only synthesis (3) was attempted in lab using several unique synthetic parameters at a molar ratio
of Al:Zr of 3. The synthetic parameters for the test syntheses are shown in Table 8.1.

The boehmite colloid used DISPERAL® P2W (Sasol) as the AIOOH source. In Jar A, the
P2W powder was slowly added to DI water at 20 wt.%. In some cases, 200 proof ethanol (Decon
Labs) was added to the colloid to reduce the water concentration and improve the stability of the
zirconium(I'V) butoxide upon combination of Jars A and B. The colloid was stirred until well
dispersed and put in a bath sonicator for 10 min. In Jar B, 200 proof ethanol was added followed

by the dropwise addition of zirconium(IV) butoxide (Zr(OCsHo)4, Sigma Aldrich 80 wt.% in 1-
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butanol) while stirring. Several ratios of butoxide to ethanol were used, ranging from 0.07 to 0.30
g zirconium(I'V) butoxide per 1 mL ethanol. In attempts to stabilize the zirconium(IV) butoxide
and prevent hydrolysis and self-condensation, acetylacetone (AcAc, CH3COCH2COCH3, Sigma
Aldrich) was added at a molar ratio of acetylacetone to zirconium of 2 or 1 [187]. In one synthesis,
a small amount of DI water was added to Jar B dropwise in an attempt to initiate hydrolysis. Jar B
stirred for 30 min prior to the addition of Jar A to Jar B, either quickly (indicated by F for fast in
Table 8.1) or dropwise (indicated by D). In some syntheses, DI water was added dropwise
following combination. For each of the iterations, the stability of the zirconium(IV) butoxide in
Jar B was carefully evaluated via visual inspection with precipitation indicating instability. If Jar
B remained stable and the two jars could be combined, the behavior of the resulting material was
evaluated: precipitation, gelation, or neither.
8.3 Results for yttria-zirconia colloidal stabilization
8.3.1 Powder characterization

The yttria powders were characterized using SEM for particle morphology and XRD for
phase and crystallite size. SEM images for Y203 NP1, NP2, and NP3 are included in Figure 8.1(a-
c). Y203 NP1 was specified by the manufacturer to have a particle size of 20 to 40 nm, though
SEM revealed a heterogenous population of large agglomerates and many fiber-like structures
much larger than the specified size. Y203 NP2 was specified to have a particle size of 50 to 70
nm. The images showed a narrow distribution of weakly agglomerated spherical particles on the
order of this size. Y203 NP3 was specified to have particles of 25 to 50 nm and SEM did not
dispute this, though the particles appeared to be highly agglomerated. Some sponge-like structures

were also identified in Y203 NP3 and their identity or source were not confirmed.
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XRD patterns for the yttria powders are shown in Figure 8.2 All powders were identified
to be cubic. Y203 NP1 has signs of amorphous content, perhaps related to the fiber-like inclusions
found in this material. Further elemental analysis may be useful in identifying the purity of this
material. Crystallite sizes were calculated in GSASII for all nanopowders. For NP1, NP2, and NP3,
the sizes were 28.2, 44.6, and 26.0 nm, respectively. For Y203 NP2, the crystallite size is on the
order of specified and observed particle size. Therefore, the particles seen in the Figure 8.1(b) may
be single crystallites.

8.3.2 Acid/base colloidal stabilization

All nanopowders were evaluated for colloidal stability in water ranging from 0.1 to 10
wt.% solids. None of the powders were stable in water as received and rapidly settled upon the end
of mixing or agitation. Y203 NP2 offered the most promise, with a z-average particle size of 364
nm and a polydispersity index of 0.361 after bath sonication for 30 minutes. Still, this powder
settled over the course of hours.

The nanopowders Y203 NP1 and ZrOH4 NP2 were used to study the effect of various
acids and pH values on colloidal stability. Nanopowders were added at 1 wt.% solids to the
following acids: acetic acid, citric acid, and nitric acid. Solutions were prepared from each acid at
a pH of 2 (5800 mM acetic acid, 145 mM citric acid, 10 mM nitric acid) or pH of 4 (0.65 mM
acetic acid, 0.11 mM citric acid, 0.1 mM nitric acid). The powder was slowly added to the solution
under vigorous stirring, followed by bath sonication.

Following colloid preparation, analysis was performed on a Malvern Zetasizer to quantify
zeta potential (measure of colloidal stability, target is an absolute value > 30 mV) and particle size
(target is < 500 nm). The results for many of the colloids analyzed are included in Table 8.2. Most

of the samples tested were either unstable or had particle sizes much too high. Thus far, the most
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promising systems have shown to be acetic acid and citric acid, as these two acids could form a
clear solution after a few days at a pH of 2. Particularly interesting is the citric acid, as it formed a
solid gel at a pH of 2 and solids loading of 10 wt.% after three days. This gel weakened into a
viscous sludge after another day or two, but nonetheless provides an interesting area of study and
citric acid has been used previously to stabilize yttria colloidal systems [82].

8.3.3 Powder functionalization

Y203 NP1 was used in an attempt to functionalize the surface with Trizma® to improve
hydrophilicity and colloidal stability in water. The powder was recovered successfully, washed,
dried, and analyzed with FTIR for evidence of primary amine (N-H, C-N) bonding. N-H should
be a medium peak at 3500 cm™ and C-N a medium peak from 1250 to 1020 cm™. The broad OH
peak from 3750 to 3000 cm™ does present a challenge as it may convolute the N-H peak.
Presumably, functionalization should reduce OH content so this peak should change to some
degree. Comparing the FTIR spectra in Figure 8.3, there are no major differences between the
patterns, though there is a discernable difference at 1120 to 980 cm™'. This could be a sign of C-N
bonding, but the change is subtle and could simply be Trizma® that physically adsorbed to the
powder and remained after washing. This peak does appear to also exist in the original
nanopowder, which should not contain C-N species, so this peak may be the result of an unknown
contaminant in the nanopowder itself.

To evaluate the colloidal stability, the functionalized nanopowder was added to DI water
at 0.1 and 1.0 wt.% solids. In both cases, the powder settled quickly, at a rate equivalent to the
unfunctionalized nanopowder. Performing measurements on the Zetasizer was not deemed
necessary. Overall, the powder did not appear to have any improvement in colloidal stability after

undergoing the functionalization procedure.
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8.3.4 Energetic dispersion via colloidal ball milling and ultrasonication

In this work, colloidal ball milling and ultrasonic dispersion were tested on yttria colloids
of Y203 NP2 and Y203 NP3. The particle size distributions were compared for Y203 NP2 and
Y203 NP3 after bath sonication for 20 min or ultrasonication for 5 min. The results are shown in
Figure 8.4(a-d). Y203 NP2 had larger average particle size after ultrasonication (2236 nm) than
bath sonication (1206 nm), though the distributions were more stable over subsequent runs. This
result was surprising as preliminary work with Y203 NP2 resulted in promising small particle
size distributions that remained stable. Y203 NP3 had smaller average particle size after
ultrasonication (1233 nm) than bath sonication (3695 nm) but did not have a stable distribution in
either case.

To improve the stability of Y203 NP2 after ultrasonication, citric acid (CA) solutions
were used at either 0.01 mM (pH = 4), 145 mM (pH = 2), or 1.305 mM. This additional
concentration was selected as it corresponded to the same molar ratio of metal to citric acid as used
inthe Y203 NPI colloid that appeared stable and eventually gelled. The three citric acid solutions
were prepared, Y203 NP2 added at 0.1 wt.%, and the colloids were ultrasonicated for 5 min. The
results for size and zeta potential distributions are shown in Figure 8.5(a-f) with size data in (a, c,
e) and zeta potential data in (b, d, ). The top row is 145 mM CA, middle row 1.305 mM CA, and
bottom row 0.01 mM CA. In terms of size, 145 mM CA had little effect on stabilizing the powder.
0.01 mM had a marginal improvement in reducing particle size and improving the stability of the
size distribution between measurements. The 1.305 mM CA was most effective at stabilizing the
colloid, with an average particle size of 225 nm and a PDI of 0.185. The data were extremely
consistent between runs. Interestingly, 0.01 mM and 145 mM samples had similar zeta potentials

of -11.7 and -7.9 mV, as seen in Figure 8(b) and 8(f). 1.305 mM CA had a lower zeta potential
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than the other samples with an average of -23.5 mV and deviation of 5.37 mV. Figure 8.6 show
the stability of 145 mM, 1.305 mM, and 0.01 mM after one hour. 1.305 mM CA was the only
colloid that did not visibly settle after this time.

The colloidal stability of Y203 NP2 in ethanol was also evaluated following
ultrasonication. The colloid was prepared at 1 g Y203 per 1 L ethanol, ultrasonicated, and diluted
to 0.1 g/L for Zetasizer measurements. The particle size distributions for repeated runs are shown
in Figure 8.7(a). The distribution showed good stability over subsequent runs and the average
particle size of 340 nm with PDI of 0.288 was promising, given no other treatments or stabilization
agents were added. The colloid in ethanol did not show settling for upwards of 40 minutes, with
the images in Figure 8.7(b) showing the sample 40 minutes after ultrasonication.

Colloidal ball milling was also tested as an option to break up agglomerates and reduce
particle size and improve colloidal stability. The particle size distributions for Y203 NP1 after
bath sonication (to serve as a control), two five-minute cycles with 3 mm media, five five-minute
cycles with 3 mm media, and five five-minute cycles with 0.5 mm media are shown in Figure
8.8(a-d). The average particle size was reduced from 1790 nm to 504 nm, comparing bath
sonication to two cycles of colloidal ball milling. Five cycles further reduced average particle size
to 374 nm. The use of smaller milling media (from 3 mm to 0.5 mm) further reduced average
particle size to 251 nm. Overall, colloidal ball milling was effective in reducing average particle
size for yttria powders but did result in broad particle size distributions. Furthermore, separation

of the colloid from the milling media also posed a challenge, especially with 0.5 mm media.
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8.4 Discussion for yttria-zirconia colloidal stabilization
8.4.1 Challenges in stabilization

In this work, several commercially available yttria and zirconium hydroxide powders were
sourced for study as precursors to YSZ aerogels. Upon visual inspection with SEM, significant
issues with Y203 NP1 were found as shown in Figure 8.1(a). The majority of the material was
composed of long fibers of unknown composition. There was no sign for particles of the specified
size of 20 to 40 nm. Furthermore, XRD revealed the presence of amorphous content in this sample
seen in Figure 8.2. These issues demonstrate that careful evaluation of starting materials against
manufacturer specifications is critical prior to embarking on the development of new synthesis
techniques. Y203 NP2 and Y203 NP3 were found to be composed of small, spherical particles
on the order of specified sizes as seen in Figure 8.1(b-c), but Y203 NP3 was more strongly
agglomerated. Overall, Y203 NP2 offered the best combination of small particle size,
homogeneous appearance, and low agglomeration. To form a mesoporous gel with control over
the final structure, these features will be important for a precursor to have.

Both zirconia and yttria have relatively poor colloidal stability and have the tendency to
rapidly aggregate and settle out of solution [82,199,200,213,214]. Upon addition to DI water under
stirring and followed by bath sonication, particle sizes for the powders generally remained above
1000 nm and their size distributions were found to be highly unstable. Visually, the powders
rapidly settled out of solution. After studying an array of acids and pH levels, the use of citric acid
was determined to be most promising. Furthermore, it even resulted in the gelation of an yttria
colloidal sample following a few days’ rest. Citric acid has been successfully employed in the
stabilization of yttria, yttrium aluminum garnet, and lutetium aluminum garnet, owing to its ability

to both sterically and electrostatically stabilize the particles [82]. Not only does citric acid generate
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a charge on the particles, but the polar nature of the carboxylic acid also attracts the citric acid to
the surface hydroxyl groups on the metal oxide nanopowder, providing a steric stabilization effect.
The gelation of the yttria colloid containing citric acid may be its ability to serve as a chelation
and complexing agent, which has been used in several sol-gel syntheses with citric acid as the
gelation agent [63—65,215]. In this regard, citric acid may be able to serve as both a stabilization
and gelation agent. The use of temperature or its conjugate base, sodium citrate, to tune pH may
drive the system towards gelation in a controlled manner and warrants further study [82].

To prevent sedimentation and destabilization of colloids, the particle size generally needs
to be on the order of 100 nm or smaller to prevent settling. Ultrasonic dispersion [199,213] and
colloidal ball milling [82,198] have been applied to reduce particle size in solution to improve
stability for yttria and zirconia colloids. Colloidal ball milling was successful in reducing the
particle size significantly as demonstrated by the shift in the particle size distribution in Figure
8.8(a-d). Significant challenges were faced when attempting to recover the milled colloid and
separate the milling media. The difficulty was exponentially greater when 0.5 mm milling media
was used in place of 3 mm media. Various forms of filtration and sieving were attempted but did
not lead to success with much of the colloid and powder adhered to the milling media, where the
water would eventually evaporate leaving behind an agglomerated powder. The primary restriction
is the inability to wash the milling media with DI water to remove the adhered powder. If additional
water is added, the solids loading of the colloid will be unknown, which is required for both
characterization of the colloid and, especially, for the use of the colloid in subsequent syntheses.

Inputting energy into the colloid via ultrasonication or ball milling does reduce particle
size, but the freshly created surface area requires stabilization. Often, the colloids would rapidly

flocculate and settle following these dispersion methods. The use of citric acid was successful in
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sterically and electrostatically stabilizing the new surface area created from ultrasonication , much
more than the use of citric acid without ultrasonication. The challenge that exists here is the large
experimental space for optimization in terms of amount of citric acid, the use and amount of
conjugate base, final pH, and the solids loading of the nanopowder in the colloid. In this work, the
identification of 1.305 mM citric acid as a promising concentration was the result of extrapolation
from a random colloid sample that had gelled in a previous experiment. As shown in Figure 8.5(c-
d), the particle size distribution is narrow and stable with small average particle size and the zeta
potential is unique compared to both 145 and 0.01 mM citric acid. At this time, the reason for this
result is not clear. It does indicate that much optimization may be possible in the search for stable
yttria colloids that will serve as precursors for YSZ aerogel synthesis. Furthermore, the use of
ethanol as the solvent for yttria colloids, coupled with ultrasonication, offers promise based upon
the small particle size and visually stable colloid that could be prepared in Figure 8.7(a-b).

The Trizma® functionalization procedure was adapted from an approach developed by
Niederberger et al. with a key difference [209—212]. In their approach, TiCls was added to the
reaction solution of benzyl alcohol and Trizma® to synthesize and functionalize the nanoparticles
in a single step. Here, the nanopowder was added to the solution of benzyl alcohol and Trizma®
to functionalize the pre-existing particles. There is no sign that this modification was successful in
functionalizing the powder used in this work. Possible modifications that could improve chances
of success are dispersing the powder via ultrasonication to expose more surface area and the
exploration of other ligands that demonstrate attraction to yttria.

8.4.2 Promising future directions
Ultimately, the development of a colloidal sol-gel synthesis for YSZ aerogels is simply a

means to study more fundamental questions on the relationship between structure and thermal
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stability in metal oxide aerogels. Exploring colloidal stability in yttria and zirconia systems is a
complex, involved undertaking. The work described in this chapter points toward several
promising directions for the pursuit of yttria colloidal stability. Once a stable yttria colloid is
achieved, the next step will be equally as involved: combination of the yttria colloid with a
zirconium alkoxide or zirconia colloid and formation of a homogenous gel that can then undergo
supercritical drying. At this point, heat treatments and characterization of the structural evolution
can commence to understand the structural effects of precursor and synthetic route on the thermal
stability of YSZ aerogels.

The directions that deserve more attention are ultrasonication of fine yttria powders in
either citric acid solutions in DI water or ethanol. For citric acid, the particle size and stability
achieved with 1.305 mM citric acid may prove adequate to pursue combination of this colloid with
a zirconia precursor for sol-gel synthesis. If smaller particle size and improved colloidal stability
is desired, there exists opportunities to explore the effects of citric acid concentration, sodium
citrate concentration, and temperature on colloid properties and gelation characteristics.
Furthermore, most work has focused on 1 wt.% solids yttria colloids. This is not adequate for sol-
gel synthesis of monolithic materials and was selected to minimize waste of expensive powders
during the exploration of stabilization techniques. The solids loading of the colloid will need to be
increased to 10 to 20 wt.% and the stability at these loadings will need reassessed.

The use of ethanol is promising for two reasons. One, the particle size achieved simply
with ultrasonication was promisingly small. Two, when considering the sol-gel syntheses the
colloid will ultimately be employed in, the zirconium alkoxides are extremely water reactive. If
zirconium alkoxide is chosen as the zirconia precursor, the combination of these alkoxides with a

water-based yttria colloid will result in immediate precipitation of zirconia species and completely
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preclude the formation of a homogeneous gel. The use of ethanol, and perhaps other alcohols, as
the solvent for the yttria will avoid this issue and allow the colloid and zirconium alkoxide to be
combined while avoiding the hydrolysis and self-condensation of zirconium alkoxide.

There are two additional routes that are of interest but were not explored due to time
constraints. One, the use of yttrium oxyhydroxide (YOOH) powders, analogous to the boehmite
(AIOOH) powder used in the work by Hurwitz et al. [50,70,71], may prove interesting as a yttria
precursor, as well as other rare earth oxyhydroxides for doping zirconia [216,217]. The additional
hydroxyl content of such materials should provide higher hydrophilicity or more sites for
functionalization or chelation with a stabilizing group. Preliminary work on converting metal
hydroxide powders into metal oxyhydroxides via heat treatment and analysis with XRD was
conducted but not yet with success.

Two, work by Cheng et al. prepared yttria aerogels from yttria nanosheets synthesized
under a procedure similar to the Trizma® functionalization approach attempted in this work [212].
The yttria nanosheets are prepared from anhydrous yttrium(III) chloride in benzyl alcohol with
octylamine as the stabilizing ligand. The equipment required for the synthesis precluded its study
in this work, but further exploration of such systems is of interest in the quest for studying the
effect of precursors and sol-gel techniques on aerogel thermal stability.

8.5 Colloidal synthesis in the alumina-zirconia system
8.5.1 Results from preliminary syntheses

The colloidal stability of P2W (boehmite, AIOOH) in water was studied with Zetasizer
measurements. The powder was dispersed in DI water and then sonicated in a water bath for 20
minutes. The particle size distribution and zeta potential distribution are shown in Figure 8.9(a-b).

The material exhibits excellent colloidal stability in water. The average particle size was 40 nm
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with a PDI of 0.292. The average zeta potential was +53 mV. The colloid visually appeared stable
for several weeks with no sign of settling.

Using the parameters based on previous work by NASA collaborators and those found in
literature, test syntheses were performed for Al colloid and Zr alkoxide from a P2W colloid and
zirconium(I'V) butoxide [50,193]. Eleven unique sets of synthetic parameters and synthesis
methods were attempted as included in Table 8.1. Variables included (1) zirconium butoxide with
and without small amounts of water, (2) P2W in water, ethanol, or water-ethanol mixture, (3)
addition of acetylacetone at one or two times the molar amount of Zr, (4) loading of zirconium
butoxide in ethanol ranging from 0.5 to 1.263 mmol Zr / mL ethanol, and (5) dropwise or rapid
addition of P2W colloid to zirconium butoxide. The zirconium butoxide is very reactive with water
and this poses an issue with the P2W, as it is only dispersible in water. Attempts to add
acetylacetone did reduce the reactivity of the zirconium butoxide, but still did not result in the
formation of a monolithic gel. In test mixes that included acetylacetone, gels did form, but all were
jelly-like and not monolithic. A test synthesis was also performed for the Al colloid and Zr salt
from a P2W colloid and zirconyl chloride octahydrate. The acidity of the Zr salt solution did lead
to gelation of the colloid, but this occurred rapidly and similarly resulted in the formation of a very
weak gel that was not monolithic.

8.5.2 Future directions for alumina-zirconia sol-gel syntheses

The use of alumina-zirconia as a material system for exploring the effects of precursor and
sol-gel route on structure and the effects of structure on thermal stability offers great promise. A
suite of unique precursors is available for both alumina and zirconia, spanning alkoxides, salts,
and colloidally stable nanopowders. There is also a stronger base of literature on which to build

new sol-gel syntheses. This is advantageous as it is not the goal of this segment of work to
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necessarily develop new sol-gel syntheses. Rather, the understanding of effects of precursor and
how the precursor is assembled into the aerogel structure on thermal stability is the goal. Therefore,
readily available precursors and syntheses are beneficial in achieving this aim. To reiterate, there
are four syntheses of interest for tackling this question: zirconium salt and aluminum salt,
zirconium salt and aluminum colloid, zirconium alkoxide and aluminum colloid, and zirconium
alkoxide and aluminum alkoxide. The colloids may be oxides, oxyhydroxides, or hydroxides of
the metal. This suite of materials will provide an array of structures to study thermal stability.

Alumina-zirconia sol-gel syntheses were only briefly attempted in this work. The
preliminary work that was conducted offers a few lessons learned for future directions. First, this
work will benefit from an extensive literature review on alumina, zirconia, and alumina-zirconia
sol-gel syntheses. Second, the high reactivity of zirconium alkoxides with water must be
overcome. Two potential routes are the use of alumina and/or boehmite colloids without water,
such as alcohol-based colloids, or the modulation of zirconium alkoxide reactivity with the choice
of alcohol or chelation agents such as acetylacetone [187,188,218,219]. The use of acetylacetone
in preliminary work in the aluminum colloid and zirconium alkoxide system proved effective in
reducing precipitation and encouraging gelation. Further optimization of synthetic parameters,
including concentration of precursors in solvent, amount of water, and amount of acetylacetone, is
required to form a monolithic gel from this approach. The other three approaches will require
similar optimization which may be informed and quickened by a literature review.
8.6 Summary

An improvement in thermal stability from colloidal precursors for aluminosilicate aerogels
has been previously identified, though this system has several complicating factors that convolute

the effect of precursor and synthetic route [50,166,174,190—193]. This work sought to answer the
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question of how unique structural motifs, and the way these motifs are assembled, influence
thermal stability. The yttria-stabilized zirconia (YSZ) system was selected to develop a colloidal
synthesis to compare against the salt-derived synthesis used throughout this work. To this end, the
colloidal stability of yttria was studied with various acids and dispersion methods, including
ultrasonication and colloidal ball milling. Improving the notoriously low colloidal stability of yttria
proved a challenge, though promising routes are low concentrations of citric acid, which serve as
both an electrostatic and steric stabilizer, and the use of ethanol as the solvent, both used in
conjunction with ultrasonication. Future work involves the combination of an yttria colloid with a
zirconium precursor, such as an alkoxide, to form a homogenous YSZ aerogel.

Though a facile colloidal precursor was not produced, for the final step of condensation of
the colloid and/or metal alkoxide into a gel, previous work on sol-gel zirconia will be informative
for such efforts [218-227]. Care must be taken to avoid condensation with atmospheric moisture
and modifications may have to be made to adapt inclusion of the crystallite precursor. The acid or
base content of the colloidal precursor suspension could be employed as a catalyst for the gelation
of the zirconium alkoxide. To avoid issues with atmospheric moisture, the use of a glove box may
prove necessary to provide an inert, dry environment for the alkoxide.

Given the difficulties faced in the development of a colloidal synthesis for YSZ, attention
was turned to the alumina-zirconia system. The literature base and suite of precursors available for
this system offer an advantage in achieving the goals of this work in revealing important design
considerations based on precursor and synthesis for thermally stable aerogels. Four unique
synthetic routes have been proposed and future work encompasses the development of these
syntheses, production of four unique aerogels, and study of their structure and evolution after

thermal exposure. Detailed characterization of the starting structure and careful evaluation of
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thermal stability offer the opportunity to understand how structural motifs and their assembly

inform structural evolution and thermal stability,
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8.7 Figures and tables

Table 8.1: Sample specifications for exploration of a Alumina-zirconia synthesis from P2W
bohemite (AIOOH) colloid and zirconium(I'V) butoxide.
A

B A+B
Sample | P2W  H0  EtOH | EtOH  Zrbut.  H0  AcAc | Addition  H.0
(9) (mt)  (mL) | (mL) (9) (mL) (@) | Method  (mL)
12_03-T1 | 0.5683 2278 0 10.0 15145  0.086 0 F 0
12_03-T2 | 0.5683 2278 0 0 1.5145 0 0 F 0
12_03-T4 | 05683 0 2.880 | 7.120 15145 0 0 D 0.228
12_03-T5 | 0.5683 2.278 0 10.0 15145 0 0 D 0
12_03-T6 | 0.5683 2278 50 5.0 1.5145 0 0 D 0
12_03-T7 | 0.5683 2278 0 10.0 15145 0  0.3153 D 0
12_03-T8 | 0.5683 2.278 0 21.1 1.5145 0 0 D 0
12_03-T9 | 0.5683 2.278 0 15.0  1.5145 0  0.3153 D 0
12_03-T10 | 0.5683 2.278 0 15.0  1.5145 0  0.6306 D 0
12_03-T11 | 05683 0 0 15.0  1.5145 0  0.3153 D 0.228

193



Figure 8.1: SEM images for (a) Y203 NP1, (b) Y203 NP2, and (c) Y203 NP3. The
manufacturer specified particle sizes were 20-40 nm, 50-70 nm, and 25-50 nm, respectively.
Y203 NP1 has many fibrous particles. Y203 NP2 shows the best combination of small particle
size and low agglomeration.
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Figure 8.2: XRD patterns for yttria nanopowders. All were identified as the cubic phase.
Y203 NPI has some amorphous content, indicated by the broad hump under 20 deg. 26.
Crystallite size is smallest in Y203 NP3, indicated by the broad peaks.
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Table 8.2: Data collected for stability of Y203 NP1 and ZrOH4 NP1 in citric acid (CA), acetic
acid (AA), and nitric acid (NA). The zeta potential ({), z-average particle size (z-avg), and
polydispersity index (PDI) for particle size are included. All values are the average of three
measurements.

Powder Acid ¢(mV) z-avg (nm) PDI
Y203_NP1 - 15.2 807 0.393
Y203_NP1 0.11 mM CA 31.1 1446 0.379
Y203_NP1 145 mM CA -3.8 1711 0.228
Y203_NP1 5800 mM AA 0 79 0.136
Y203_NP1 10 mM NA 16.3 3844 1.000
ZrOH4_NP1 145 mM CA -21.8 994 0.787
ZrOH4 NP1 5800 mM AA 94 1236 0.538
ZrOH4_NP1 10 mM NA 32.8 720 0.563

Y203 NP1_Trizma

Y203_NP1

Transmittance (%)

I ' I ' I ' I ' I ' I ' I
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 8.3: FTIR transmittance spectra for Y203 NP1 (bottom) and Y203 NP1 after attempted
functionalization with Trizma® (top). There are no major differences between the patterns, though
there is a discernable difference at 1120 to 980 cm™ which could be indicative of C-N, though it
also exists in the original nanopowder.
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Figure 8.4(a-d): Particle size distributions (Malvern Zetasizer Nano) for Y203 NP2 after (a) 20
minutes of bath sonication and (b) 5 minutes of ultrasonication and Y203 NP3 after (c) 20 minutes
of bath sonication and (d) 5 minutes of ultrasonication. Ultrasonication did not significantly
improve colloidal stability for either powder.
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Figure 8.5(a-f): Particle size and zeta potential distributions (Malvern Zetasizer Nano) for
Y203 NP2 ultrasonicated in a solution of (a, b) 145 mM CA, (c, d) 1.305 mM CA, or (e, ) 0.01
mM CA. 1.305 mM CA exhibited the highest colloidal stability, with the lowest average particle
size (225 nm) and stable size distributions over the course of three measurements. The zeta
potential distribution shifts to lower values for 1.305 mM CA and is very similar for both 145 and

0.01 mM CA.
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Figure 8.6: 0.1 wt.% Y203 NP2 in citric acid solutions, from left to right, of 145 mM, 1.305 mM,
and 0.01 mM citric acid (CA). The images were taken 1 hour after ultrasonication of the colloid.
After 10 minutes, 145 mM and 0.01 mM CA displayed significant settling and low stability. 1.305
mM CA showed stability and no signs of settling for over an hour.

16

Intensity (%)

1000
Size (nm)

Figure 8.7(a-b): Y203 NP2 was dispersed in 200 proof ethanol with ultrasonication for 5 min.
The average particle size was 340 nm with relatively low polydispersity seen in the size

distribution in (a). After 40 minutes, the colloid, as depicted in (b), showed no sign of settling or
destabilization.
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Figure 8.8(a-d): Particle size distributions for Y203 NP1 after (a) 20 minutes of bath
sonication, (b) two cycles of colloidal ball milling, (¢) five cycles, and (d) five cycles with 0.5
mm milling media. Colloidal ball milling reduced particle size and broadened the particle size
distribution in all cases. Increased number of cycles reduced particle size further. Reducing the

size of milling media from 3.0 to 0.5 mm diameter also reduced particle size.
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Figure 8.9(a-b): Boehmite powder (Sasol P2W) was dispersed in water with 20 minutes of bath

sonication. The (a) particle size distribution is narrow (PDI = 0.292) with average particle size of

40 nm. The (b) zeta potential for the material is very high with an average of 53 mV. This

material demonstrates excellent colloidal stability.

201



CHAPTER 9: SUMMARY AND FUTURE DIRECTIONS

A significant challenge in the field of aerospace materials is the development of
lightweight, highly insulating materials that can maintain high performance in extreme
environments. Materials with reduced thermal conductivity permit higher operating temperatures
and improved insulative performance. Reduced weight mitigates cost and improves payload
capacity. A promising class of lightweight, low thermal conductivity materials are aerogels.
Aerogels are highly porous, extremely lightweight (densities can be under 0.05 g/cm?), and display
extraordinarily low thermal conductivity (as low as 0.009 W/(m+K) in atmosphere and 0.003
W/(me*K) under vacuum) [3]. The overarching goal of this work is to develop a framework to select
compositions and synthetic routes for porous materials with improved thermal stability for use as
insulation in aerospace applications.
9.1 Summary of key findings
9.1.1 Improving thermal stability via doped zirconia

Our work demonstrated an improvement in thermal stability of YSZ aerogels with
increased yttria content. As measured with nitrogen physisorption, mesoporosity was maintained
to 1200 °C for 30 and 50 mol% YO:.s5, whereas it was eliminated in 0 and 15 mol% YOu.s.
Increased yttria content was also found to suppress crystallite growth to 1200 °C according to
Scherrer analysis of x-ray diffraction data. Inspection of the morphology via SEM corroborated
the quantitative techniques in establishing the improved thermal stability of high yttria
concentration YSZ aerogels.

These improvements in thermal stability are hypothesized to be the result of favorable
tuning of kinetic and thermodynamic parameters. From a thermodynamic perspective, a reduction

in specific surface energy with increased yttria content in YSZ has been measured previously
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[104]. By reducing surface energy, the driving force for sintering and densification is likewise
reduced. From a kinetic perspective, a reduction in cation diffusivity with increased yttria content
has been measured previously [105—-107]. By reducing cation diffusivity, transport processes that
contribute to densification and crystallite growth are slowed. High yttria concentration in YSZ
reduces mass transport rates and improves thermodynamic stability, contributing to an aerogel
with improved thermal stability. This is an important first step in development of a design
framework for thermally stable aerogels to be used as insulation in extreme environments.

The work on composition was expanded to a broader range of dopants, including Y, Yb,
Gd, Ce, and Ca at 15 and 30 mol% M/(M+Zr). Differences in performance as a function of
composition were observed. 30 mol% Gd and Y maintained the highest SSA and Vg at 1200 °C.
Relative stability, quantified with the percent change of a given property over a temperature range,
was introduced as a metric to compare aerogel thermal stability. This served as a useful means of
comparing performance when studying a greater number of unique materials. This analysis
revealed increased dopant concentration improved thermal stability for all dopants studied.
Attempts to derive relationships between thermal stability and weighted cation properties (charge,
mass, size) were largely unsuccessful, with only a few statistically significant relationships. A
more complete and coherent set of material properties, such as surface energy, cation diffusivity,
and more, was deemed necessary as it would lend additional factors to leverage in understanding
differences in evolution and thermal stability as a function of composition.
9.1.2 Quantifying the effect of synthetic parameters on structure & stability

A study on the synthetic parameters of water content and solids loading sought to establish
additional parameters as effective means of tuning and improving aerogel thermal stability. A full

32 factorial set of samples were prepared. Ultimately, large variations were observed in as dried
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structure properties, but heat treatment to 1000 °C revealed minimal changes in thermal stability.
Though the parameters had no effect themselves, this study served as a sort of control for the
studies on composition summarized above. Changing dopant identity and concentration modified
the starting structure of the aerogel, with increased dopant concentration typically leading to
coarser structures. In the work on synthetic parameters, it was established that the changes to the
starting structure observed in the composition work would have no measurable effect on thermal
stability. Therefore, the changes in thermal stability are in fact the result of changing composition
and not changes to the starting structure.
9.1.3 New synthetic routes to thermally stable aerogels

Procedures to post-synthetically coat metal oxide layers on aerogels were adapted from
literature [140]. Coatings of silica, zirconia, titania, alumina, and boehmite were applied to
thermally stable YSZ compositions developed by this project. The silica-coated 30YSZ aerogels
were characterized extensively to elucidate the structure of the material and understand differences
in thermal stability between coated and uncoated variants. Silica coatings vastly improved thermal
stability to 1000 °C, thought to be the result of grain boundary pinning to reduce crystallite growth,
reduced surface energy, and a starting structure composed of larger primary particles and
reinforced connections. Beyond 1000 °C, the silica coated materials exhibited very poor thermal
stability, hypothesized to result from viscous sintering of the silica beyond 1100 °C. Silica viscous
sintering fills mesopores and enhances particle rearrangement and subsequent densification.

Another aim of this project was to compare the effects of structural motif and motif
assembly on aerogel thermal stability, ultimately developing links between the starting structure
derived from different precursors and the thermal stability of the material. The YSZ system was

selected, as it showed promising thermal stability in previous work and eliminated complications
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present in the aluminosilicate system previously studied in the field. The YSZ system required the
development of a colloidal synthesis route. The colloidal stability of yttria was studied as a first
step for the new synthesis. Significant challenges were faced given the poor colloidal stability of
yttria. The use of citric acid in water as an electrostatic and steric stabilizer as well as the use of
ethanol as the solvent for the colloid, both methods coupled with ultrasonication, presented
promising results for improving yttria colloidal stability by reducing particle size and increasing
settling time.

9.2 Unanswered questions & promising future directions

9.2.1 Composition and aerogel thermal stability

The work described in this thesis has identified several interesting routes for future study
in the quest for thermally stable aerogels and a design framework for their development. Through
identification of novel materials that demonstrate improved thermal stability, their structure and
evolution can be carefully analyzed to understand the fundamental mechanisms that govern their
unique stability. Outstanding questions related to these aims and suggested directions to answer
the questions are included below.

In the study of dopants in zirconia, differences in behavior were observed as a function of
composition. The lack of material property data for the compositions studied impeded the analysis
of property — thermal stability relationships for aerogels. Such relationships are critical in
developing a design framework for thermally stable metal oxide aerogels. The data collected here
on structural evolution of ten unique compositions offers a starting point of identification of these
relationships. The missing piece is a material property database, including properties such as
surface energy and cation diffusivity, posited to be important in the work on YSZ aerogels, and

other properties not yet identified as important. To this end, the study of material properties should
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be conducted via methods such as water adsorption microcalorimetry and other calorimetric
techniques for surface energy [228-230], in situ TEM-based single grain boundary creep
experiments for grain boundary and surface diffusivity [231], or simulation-based techniques
[118,142,232-234]. Once collected, these material properties can be used as dependent variables
in statistical analysis of thermal stability of the ten materials prepared here. The takeaways from
the statistical analysis can be used to inform the choice of the next generation of doped metal oxide
aerogels to synthesize and study.

An alternative approach is to inverse the order of investigation. First, compositions of metal
oxide aerogels can be identified that have well-characterized properties, including surface energy,
cation diffusivity, thermal conductivity, and more. The compositions of interest will also need to
have metal salts available. With these two requirements met, a set of aerogels can be synthesized
for these compositions. Their structures can be characterized, and thermal stabilities measured.
Then, given the full set of material property data, structure-thermal stability relationships can be
tested via statistical methods.

9.2.2 Coatings & colloidal syntheses for metal oxide aerogels

The exploration of new synthetic routes presents an expansive and diverse design space for
thermally stably aerogels. This work focused on two possible routes: the use of post-synthetic
coatings and the use of colloidal syntheses. The excellent stability of silica-coated YSZ aerogels
was demonstrated to 1000 °C, but rapid destabilization beyond this temperature points towards a
need to study non-densifying coatings beyond 1000 °C. A strong rationale for the improvement in
thermal stability that results from silica coatings is also missing and may be identified through
detailed characterization using methods such as TEM and XPS to reveal the distribution and

bonding behavior of silica and YSZ throughout the material’s evolution.
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Coatings of alumina, zirconia, titania, and other metal oxides beyond silica may serve to
enhance thermal stability to temperatures beyond 1000 °C by avoiding the viscous sintering
experienced with silica coatings. The reactivity of metal alkoxides, apart from those of silicon,
must be modulated to effectively coat the YSZ aerogels. The use of chelation agents or alternative
solvents may be useful routes to reduce metal alkoxide reactivity. Furthermore, the parameters
used in the coating solution must also be optimized, including amount of water, solvent, and
modifier per amount of alkoxide. Once YSZ aerogels are prepared with non-densifying coatings,
their structure and evolution at high temperatures must be characterized.

Synthesis of aerogels of the same composition, but from different precursors, will provide
the basis for study of the connections between structural motifs, the assembly of the motifs, and
evolution of the structure at high temperatures. There are two material systems proposed for such
a study: yttria-stabilized zirconia or alumina-zirconia. Both systems require a colloidal synthesis
which uses one or more precursors in a colloidal form to compare against the salt-derived synthesis
used throughout this work. The colloid must be composed of particles on the order of 100 nm or
smaller to achieve the mesoporous, high specific surface area structure of an aerogel. For YSZ,
additional work is required in achieving a high solids content colloid of yttria with adequate
stability. Further study of ethanol as solvent or citric acid in water, both in conjunction with
ultrasonication, is warranted given promising initial results for these approaches. With citric acid,
citric acid content and the use of sodium citrate both offer parameters to tune yttria colloidal
stability. For alumina-zirconia, precursors have been identified, including colloidal precursors for
alumina in the form of boehmite. Work should focus on how to integrate these precursors into
facile syntheses of mesoporous aerogels. Regardless of whether YSZ or alumina-zirconia aerogels

are prepared, the structure and evolution of the colloid-derived and salt-derived aerogel will
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provide substantial evidence to leverage in understanding the thermal stability of aerogels
considering choice of synthetic route and precursor.
9.2.3 Application of thermally stable aerogels in composites for thermal protection systems

In context of all the aims of this work and future directions, the fact remains that acrogels
are extremely fragile because of their highly porous structure, but can be reinforced with a variety
of weaves, felts, and papers in composite materials. The most promising aerogel formulations
should be incorporated into composites and characterized for use in aerospace applications such
as thermal protection systems, thermal barriers, and thermoelectric generators. An understanding
of how the reinforcement phase (weaves, felts, papers) impact the as dried structure and
microstructural evolution will be obtained through characterization of the composites following
supercritical drying and thermal exposure. Inspection of the composite morphology with SEM
should be conducted and compared to the structure of the aerogel prepared without the
reinforcement phase. The gelation and supercritical drying stages may be impacted by the presence
of fibers from the reinforcement phase. Furthermore, the structural evolution of the aerogel pore
structure upon thermal exposure may follow a different path because of the reinforcement phase.
Optimally, this phase would combat shrinkage and densification by acting as a mechanical support
for the aerogel. The insulative performance of the overall composite will also be characterized,
including the thermal conductivity, gas permeability, and thermal stability of the aerogel

composite compared to the reinforcement phase alone.
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