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1 Zusammenfassung

Zirkonia Mikro- und Mesopartikel haben sich im Hinblick auf verschiedenste Anwen-
dungsgebiete, z.B. Warmedammbeschichtungen, Strukturfarben, Thermophotovoltaik
und heterogene Katalyse, zu einem interessanten Forschungsfeld entwickelt. Die in
dieser Arbeit vorgestellten Ergebnisse leisten einen Beitrag zum Verstdandnis der Fakto-
ren, die ihre Synthese und mikrostrukturellen Eigenschaften bei hohen Temperaturen
beeinflussen. Dariiber hinaus wird die Darstellung von komplexeren Metall-Keramik-

Kompositmaterialien basierend auf Silika- und Zirkoniapartikeln thematisiert.

Es wird gezeigt, dass der Einsatz von Hydroxypropylcellulose und Eicosansaure als
Stabilisatoren und eine behutsame Anpassung ihres Mischungsverhéltnisses eine préazi-
se Kontrolle der finalen Grofie von Zirkonia-Mesopartikeln bei der Sol-Gel-Synthese
ermoglichen. Dieser Ansatz erlaubt zudem ein gezieltes Ausgleichen von Einfliissen
anderer Faktoren, z.B. die Reaktivitiat der Vorlauferverbindungen von Dotanden, auf
die Partikelgrofe. Eine gezielte Dotierung mit definierten Aluminagehalten bis 50 mol%
wurde erfolgreich mittels Co-Prézipitation erreicht. Alumina-dotierte Zirkoniapartikel
zeigten eine erhdhte Stabilitat gegen Auseinanderbrechen bei Temperaturen bis 1000 °C.
Der beobachtete Effekt konnte auf die zunehmende Stabilisierung der tetragonalen
Kristallstruktur, die Unterdriickung der destruktiven martensitischen Phasentransfor-
mation und die Hemmung des Kornwachstums durch die Bildung von aluminareichen
Doménen an den Korngrenzen zuriickgefiithrt werden.

Zirkoniapartikel mit einer Codotierung von 8 mol% Yttria und 20 mol% Alumina zeigten
eine sehr hohe thermische Stabilitat, welche mit der von 8 mol% Yttria-monodotierten
Zirkoniapartikeln vergleichbar ist. Jedoch wiesen codotierte Partikel im Vergleich zu
Yttria-monodotierten Partikeln eine stirkere Hemmung des Kornwachstums bei 1400 °C
auf, wie Rontgenbeugungsanalysen zeigten. Auch hier ist die Entstehung diffusions-
hemmender aluminareicher Doménen zwischen den Kérnern eine mégliche Erklarung

fiir diese Beobachtung.

In einer weiteren Studie wird das kontrollierte Wachstum von geschlossenen Goldnano-
schalen auf kugelférmigen Silikamesopartikeln mithilfe von Goldnanopartikel-Keimen
gezeigt. Des Weiteren konnte eine dufere homogene Silikananoschale auf dieser Goldna-
noschale abgeschieden werden. Elektronenmikroskopische Untersuchungen von gealter-
ten Proben solcher Kompositpartikel zeigten eine erhebliche Segregation und die Bildung

einer Camouflage-Struktur der Goldnanoschale nach einen Zeitraum von drei Monaten.



2 1 ZUSAMMENFASSUNG

Als Ursachen werden die niedrige Adhésion zwischen Silika und Gold sowie eine hohe
Oberflachenenergie vermutet. Die mangelhafte Stabilitdt der Goldnanoschalen-Struktur
im Silika@Gold-Partikelsystem stellt dessen Eignung fiir den Einsatz in photonischen
Anwendungen, z.B. als Bausteine in selektiven Emitter-Metaoberflachen fiir die Thermo-
photovoltaik, infrage. Eine Verwendung in anderen Bereichen, wie etwa in der Katalyse,
ist jedoch denkbar.

Zuletzt wird die Synthese eines neuartigen Materialsystems vorgestellt: Zirkonia@Gold-
Kompositpartikel konnten mittels Immobilisierung von Goldnanopartikeln auf der
Oberflache von Zirkonia-Mesopartikeln und anschlieffender reduktiver Abscheidung
von Gold dargestellt werden. Die permanente Anhaftung der Goldnanopartikel auf
der Zirkoniaoberfliche wurde durch elektrostatische Kopplung mithilfe des bifunk-
tionellen Haftvermittlers Aminomethylphosphonsédure sowie durch pH-Optimierung
mit Salzséure erreicht. Abschliefend wurde das inkrementelle Aufwachsen von Gold
wahrend des zyklischen Abscheidungsprozesses anhand von elektronenmikroskopischen

und elementanalaytischen Untersuchungen charakterisiert.



2 Abstract

Zirconia micro- and mesoparticles have come to be an interesting field of research within
the scope of a wide range of applications, e.g., thermal barrier coatings, structural
coloration, thermophotovoltaics, and heterogeneous catalysis. The results presented in
this work contribute to the understanding of the factors that govern their synthesis
and microstructural properties at high temperatures. The preparation of more complex
metal-ceramic composite material systems based on silica and zirconia particles is also

addressed.

It is demonstrated that the use of hydroxypropyl cellulose and eicosanoic acid as
stabilizers as well as careful adjustment of their mixing ratio enable the precise control
over the final particle size during the sol-gel synthesis of zirconia mesoparticles. This
approach also enables the compensation of impacts of other factors, e.g., the reactivity
of dopant precursors, on the particle size. Moreover, targeted doping with defined
amounts of alumina of up to 50 mol% was successfully accomplished by co-precipitation.
Alumina-doped zirconia particles showed an increased stability against disintegration at
temperatures of up to 1000 °C. The observed effect was attributed to the stabilization
of the tetragonal polymorph, the suppression of the destructive martensitic phase
transition, and the attenuation of grain growth by the formation of inter-grain alumina-
rich domains.

Zirconia particles codoped with yttria (8 mol%) and alumina (20 mol%) exhibited high
thermal stability similar to that of 8 mol% yttria-monodoped zirconia particles. How-
ever, in contrast to yttria-monodoped samples, codoped particles exhibited a superior
attenuation of grain growth at 1400 °C, as X-ray diffraction analysis revealed. Likewise,
the formation of alumina-rich domains between neighboring grains was proposed to

explain this observation.

In a further study the controlled growth of closed gold nanoshells on silica mesospheres
via gold nanoparticle seeding is reported. Moreover, an outer silica nanoshell could
be deposited homogeneously on top of the gold shell. Electron microscopy imaging of
aged samples of such composite particles revealed the substantial segregation of gold
and the formation of a camouflage structure over the course of three months. The
origin of this effect is presumed to be the poor adhesion between silica and gold and a
high surface energy. The deficient long-term stability of the gold nanoshell morphology

in the silica@gold particle system questions its suitability for photonic applications,
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e.g., as building blocks in selective emitter metasurfaces for thermophotovolotaics. The
employment in other fields of interest, such as catalysis, however, is conceivable.

Finally, the preparation of a novel material system is reported: Zirconia@gold composite
particles could be prepared by gold nanoparticle immobilization on the surface of
calcined zirconia mesoparticles and subsequent gold deposition by seeded reduction.
The permanent attachment of gold nanoparticles on the zirconia surface was achieved
by electrostatic coupling using the bifunctional linker aminomethylphosphonic acid
and by optimization of the pH via acidification with hydrochloric acid. Lastly, the
incremental gold deposition during the cyclic seeded growth process was characterized

using electron microscopy and elemental analysis.



3 Introduction

In a rapidly growing global community with a concurrently increasing demand for
continual supply of energy, mobility, and cheap consumer goods, expectations on science
are high to deliver fast solutions for these needs. At the same time, we are facing
urgent challenges in terms of environmental impacts and climate change, that require
new approaches towards sustainability in existing and future technologies. Besides
efforts on the political level, research plays a key role in tackling these challenges.
As a consequence, the focus of many researchers is continuously shifting towards the
corresponding scientific topics.

In this context, the targeted manipulation of existing and the development of novel
functional materials with improved properties have become major goals. Therefore,
a thorough understanding of the processes governing these properties is essential. In
this dissertation, new fabrication approaches to novel ceramic materials as well as
several studies concerning their physical and chemical properties will be presented.
This chapter will provide a fundamental overview of the motivation for the respective
materials and potential applications. Moreover, related state-of-the-art literature will
be reviewed and some fundamental knowledge, necessary for the understanding of the

results and respective discussions, will be recapitulated.

3.1 Motivation

Ceramic microparticles have attracted significant interest in recent years, due to the
wide range of their potential applications. They are being considered as building blocks
for photonic materials, such as next-generation thermal barrier coatings or thermostable
structural colorants. Furthermore, metal-ceramic composites based on such particles
have caught attention in the context of metamaterials for thermophotovoltaics and
are currently being considered as novel catalyst materials. In the following, the social
importance of these fields and the underlying basic technological concepts will be

introduced, briefly.

3.1.1 Thermal Barrier Coatings

Today, the major part of the global energy supply originates from fossil fuels. Natural
gas is the only fossil source with a continuously growing share in primary energy.l! Its
combustion using industrial gas turbines contributed more than 23 % of the world’s

electrical power generation in 2017.1! Beyond this, gas turbines are also an essential
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Cold part Hot part ? Superalloy | Bond- | 70,
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Figure 1: Thermal barrier coating in a gas turbine. a) Schematic illustration of a gas turbine.
The combustion of the fuel generates very high temperatures, requiring thermal protection of the
materials used in the hot part. Reprinted with permission from reference [4]. b) Cross-sectional
scanning electron micrograph (SEM) of a commercial TBC, deposited by electron-beam physical-vapor
deposition, and superimposed onto a schematic diagram showing the temperature gradient across the
material layers. From [5]. Reprinted with permission from AAAS.

component of jet engines in the aviation sector, providing propulsion for most com-
mercial airplanes. In 2018, the International Air Transport Association forecast that
annual passenger numbers will nearly double to 8.2 billion by 2037.1] With respect to
these developments in power generation and air transportation, it is crucial to improve
the efficiency and lifetime of gas turbines in order to satisfy the growing global demands

in the near future.

A typical modern gas turbine is schematically illustrated in Figure la. It comprises a
cold and a hot part. In the latter, injection of the fuel and combustion take place. The
turbine blades are usually built from a nickel superalloy, which provides the required
mechanical robustness but is limited in terms of thermal stability. For this reason, they
are protected using a high temperature resistant multi-layer coating called thermal
barrier coating (TBC), including a bond-coat, a very thin layer of thermally grown
oxide (TGO), and a ceramic top-coat, as shown schematically in Figure 1b. It causes a
significant temperature drop between the hot gas and the metallic blade, allowing for
higher operating temperatures. This consequently increases both the energetic efficiency
of the entire turbine and the cycle lifetime of the metallic blades. The state-of-the-art
material for the top-coat is yttria-stabilized zirconia (YSZ), a high-performance ceramic,
which combines very high chemical and thermal stability with favorable mechanical
properties.l®! The most commonly used coating techniques are electron-beam physical-
vapor deposition (EB-PVD) and air plasma spraying (APS).>%l Depending on the

method, a columnar or lamellar microstructure, respectively, is obtained. Both processes
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have different advantages and drawbacks regarding performance, cost, and lifetime. [
For an improved TBC top-coat, novel microstructured zirconia-based materials, which
exhibit a number of potential advantages over the conventional bulk structures, have
been proposed recently.8! While conventional coatings are practically transparent to
infrared (IR) radiation, the reported three-dimensional assemblies of spherical micropar-
ticles cause a broadband reflection in the relevant spectral region, thus protecting the
underlying material from a large portion of thermal radiation.”! Due to the porosity of
the structure, thermal conduction is also reduced significantly. As a consequence, the
turbine operating temperature can be increased in order to reach a higher efficiency in
energy conversion.”l Therefore, such microparticle-based next-generation TBCs have

the potential to increase gas turbine lifetime and reduce fuel consumption considerably.

3.1.2 Structural Coloration

Natural colorants have been used by our ancestors for tens of thousands of years, as
prehistoric cave drawings impressively prove.'®! Ever since, coloration has successively
broken its way into a growing number of application fields. In the 20th century, major
progress in chemical synthesis initiated the success of synthetic colorants and mass
coloration became a routine for many everyday life materials, e.g., paints, textiles,
plastics, cosmetics, and food.'!! Many of them serve their purpose, but unresolved
problems remain, particularly concerning the coloration of materials that need to
withstand UV-irradiation or high temperatures during manufacturing or in their final
application. Here, toxic and environmentally questionable substances, such as cadmium

sulfoselenides, are still in use due to the lack of harmless alternatives.['?4

Traditionally, artificial colorants are based on pigments or dyes, where the color
impression originates from selective absorption of light in the visible spectral region by
contained chemical compounds. Later, it was recognized that some colors in nature,
mostly blue shades,!’! are caused by a different phenomenon called structural coloration.
Here, wavelength-selective reflection is induced by scattering of light in dielectric
materials with a microscopic periodic or random arrangement, so-called photonic
structures. Some impressive examples are shown in Figure 2. The characteristics of the
optical behavior are mainly governed by the refractive indices of the involved materials
and the geometry of the micrometer-sized features. Inspired by nature, several research
groups have adapted this concept successfully in the recent past in order to design and
tailor artificial structural colorants.['%

With particular emphasis on high temperature stable colorants, a number of ceramic
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Figure 2: Structural coloration in nature. Selected examples for structural coloration in nature
are a) a common kingfisher,['”l b) a morpho peleides,!'8! ¢) a black opal,['”! and d) a blue human
iris. The blue color impressions originate from microscopically structured arrangements, not from
pigments. All images licensed under Creative Commons (a,b,c) or own work (d).

materials have been proposed recently, e.g., inverse opals,/?%2!l hollow spheres, !4
and core@shell particles.'®23] For the latter, ceramic submicrometer-sized spherical
particles typically serve as the basic building blocks. For durable photonic properties
at high temperatures, high shape persistence and good structural stability are crucial.
Improvements concerning the thermal stability of ceramic microspheres are therefore one
of several important contributions to the development of advanced ceramic structural

colorants.

3.1.3 Thermophotovoltaics

With global deposits of fossil fuels drying up, yet the global demand for electrical power
rising inexorably, a fundamental change in strategy for the generation of electricity is
urgently required. Several renewable resources have evolved to contribute noticeably to
the global power generation over the past decades. While hydropower and wind energy
represent the greatest portion, the use of solar and other thermal energy continues to
play only a minor role.?*! Although the progress in semiconductor technology enabled
non-mechanical harvesting of solar energy, the intrinsically low efficiency of the most
common material systems, e.g., silicon solar cells, remains a major drawback.[?l A
closely related concept from the 1950s and 60s, that has not received broad attention
until recent years, is thermophotovoltaic (TPV) energy conversion.?6-28l While a part
of the sunlight is exploited in conventional photovoltaics, thermal radiation is used in
TPV. The lower energy requires semiconductors of much smaller bandgap energies for
efficient conversion.?” As a consequence, heat sources with much lower temperatures
than the sun can be employed, enabling a wide range of radiation sources. TPV systems
can be used for primary power generation or waste-heat recovery and offer a number of

advantages over conventional systems, e.g., portability, inexpensive maintenance, and
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selective photovoltaic
emitter cell

heat
source

spectral
filter

broadband
emitter

Figure 3: Thermophotovoltaic system. A TPV system includes at least a heat source, a thermal
emitter, and a photovoltaic cell. Spectral control can be achieved by using a broadband emitter in
combination with a spectral filter for photon recycling, or a selective emitter.

decreased pollutant emission.[26:27:29-31]

In a TPV system, the energy source transfers heat to an emitter, which sends it as
thermal radiation to a photovoltaic cell with an appropriate electronic bandgap. This
principle is illustrated in Figure 3. Here, only photons with an energy higher or equal
to the bandgap induce an electric voltage, whereby the energy exceeding that of the
bandgap reduces efficiency drastically and causes significant thermal loss. Therefore, a
simple black body emitter is very inefficient, because only a small fraction of the emitted
radiation is converted to electric power, while the greater part is wasted.*!] Current
research in TPV therefore focuses on applicable ways of spectral control to increase the
heat-to-power efficiency. Two concepts are under development: selective recycling of
off-bandgap photons back to the emitter, and selective emission of in-bandgap photons

by the emitter (see Figure 3), or combinations of both.[7]

Selective emitters receive heat from the energy source by radiation, convection, and
conduction, which they transform to a narrowband radiation towards the PV cell.[3?
In the past years, many research groups have made efforts to develop advanced
selective emitter materials, as summarized recently in a comprehensive review.[3
Early materials for these components include ytterbia, erbia, holmia, and neodymia,?”
radiating at energies between 0.5eV and 1.1eV with typical operating temperatures
of 1200 to 2000 K.[34 Here, the selective emission is based on electronic transitions. [l
More recent studies focus on photonic structures and metamaterials.[7323!] In this

context, various material designs comprising dielectric and metallic components have
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Figure 4: Heterogeneous catalysis. a) Schematic illustration of a simple, heterogeneously
catalyzed reaction. The formation of the intermediate is only possible at the catlyst surface and
provides an alternative mechanistic path from educts to product. b) Corresponding energy diagram.
The reaction speed of the uncatalyzed reaction is determined by the activation energy E. The
alternative reaction path via an intermediate lowers the highest kinetic barrier and therefore also the
activation energy of the catalyzed reaction Ep .. The free enthalpy difference AG is independent of
the reaction path. All images adapted and reprinted with permission from reference [44].

been proposed, including core@shell structures, among others.[?63% While theoretical
conversion efficiency has improved substantially, long-term thermal stability of the

emitter units remains a major practical challenge.

3.1.4 Heterogeneous Catalysis

Over the past century, catalysts have become an indispensable factor in the chemical
industry and more recently in environmental control. Approximately 80 to 90 % of all
processes in chemistry and petrochemistry involve at least one catalyzed step.!404!
Moreover, catalysis plays an important role in gas cleaning and downstream oxidation
for environmental protection.*? Catalytic processes can be of homogeneous or hetero-
geneous nature, depending on whether the catalyst and reactants are in the same or
different physical states. On an industrial scale, heterogeneous catalysis is by far the
more common type, because it enables facile catalyst separation and regeneration.[*?]
Usually, solid state catalysts are employed, while reactants are present in the liquid
or gaseous phase. Typical examples for large-scale applications are the production of
ammonia, sulfuric acid, polymers, petrochemicals, bulk and fine chemicals.[*!] Moreover,
catalysts play an important role in oil refining.

Catalysts in general do not have an impact on the thermodynamic equilibrium of a
reaction. They provide an alternative mechanistic reaction path involving one or more
intermediates with catalyst participation, thus changing the overall kinetic barriers and,
hence, the reaction speed. This mechanism is illustrated in Figure 4. In heterogeneous

catalysis, the key steps are surface processes. For this reason, associated catalyst
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properties, such as specific surface area, porosity, texture, and surface chemistry are
crucial parameters.

By today, the variety of catalyst materials is enormous. They include various metals,
metal oxides, solid state acids and bases, and complex composite materials. The types
of catalyzed reactions are very specific for the different materials and range from hydro-
genation, hydrogenolysis, and (partial) oxidation to dehydration, (de-)hydratization,
(hydro)cracking, and isomerization, as well as hydrogen transfer.[*¥l Bi-functional cat-
alysts represent a more complex class of materials, where two or more components
provide active sites and contribute to the collective catalyst activity.[**l The fabrication
of such materials requires a high degree of control during synthesis. While the catalysis
community has developed a large number of methods for large-scale catalyst fabrication,
means for high-precision design of complex catalyst materials is still lacking.*5! Recent
progress in nanotechnology has led to a new availability of tools for the accurate
design of new and complex nanostructured catalysts.[*S! In this context, the exploration
of synthetic approaches for innovative and complex materials makes an important

contribution to the development of next-generation catalysts.

3.2 Zirconium Dioxide

Zirconium dioxide (ZrO;), also known as zirconia, is one of the most widely used
ceramic materials today. Since the nineteen-seventies, zirconia-based ceramics have
been made use of in mechanical engineering. Due to their remarkably high strength,
hardness, fracture toughness, and wear resistance, they are well-suited for various
components, e.g., engine parts, cutting tools, and dentures.*” "% Furthermore, the
high ionic conductivity and chemical inertness of zirconia have enabled it to serve
as a functional material in sensors and fuel cells.’®4 Also, a high refractive index
gives rise to the field of optical applications, for instance in structural coloration or
thermophotovoltaics.[22:233855 Some of the most esteemed properties, however, are its
low thermal conductivity, thermal shock resistance, and high melting temperature,
making it a material of choice in high temperature environments.!?s-61 For this reason,
zirconia is the preferred material for protective coatings, for example in TBCs used
in airplane engines and gas turbines for power generation.l%?l Other uses of zirconia
include chromatography, catalysis, and biomedical applications.[*8:63-67]

The high temperature behavior of zirconia materials is therefore of great relevance for
its most important applications. When pure zirconia is subjected to temperatures of

several hundred degrees centigrade or higher, structural degradation is often observed.
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Figure 5: Crystal modifications of zirconia. Schematic representation of the three polymorphs,
(c) cubic (Fm3m), (t) tetragonal (P4y/nmec), (m) monoclinic (P2;/¢). Zr*" cations are indicated by
red, O? " anions by blue spheres. Adapted and reprinted with permission from reference [68].

Table 3: Lattice parameters of common zirconia crystal phases. The tetragonal and cubic
phases correspond to yttria- and magnesia-stabilized zirconia, respectively. Z denotes the stoichiometry,
i.e., the number of ZrO, formula units per unit cell.[69]

lattice constants / A unit cell
phase space group 3
b c B volume / A
monoclinic P2, /c 5.15 5.21 5.32 99.2 140.9 (Z=4)
tetragonal P4, /nme 3.61 - 5.18 - 67.3 (Z=2)
cubic Fm3m 500 - ; . 131.6 (Z-4)

This is predominantly caused by two effects: phase transformation and grain growth.

These two phenomena will be addressed in the following paragraphs.

3.2.1 Crystal Structure and Phase Transformations

Crystalline zirconia typically exhibits one of three polymorphs, i.e., cubic (c), tetragonal
(t), or monoclinic (m), as illustrated in Figure 5. Details of the crystal structures are
summarized in Table 3. At ambient pressure, the favorable modification is determined
by the temperature. At low temperatures (below ~1200°C) the monoclinic phase
is preferred, at intermediate temperatures (between ~1200°C and ~2400°C) the
tetragonal phase is the most stable one, while the cubic phase is favored at high
temperatures until melting occurs (above ~2700°C).P%61.68] For the use as a structural
ceramic, the martensitic (i.e., diffusionless) t—m phase transformation is particularly
problematic, since it is accompanied by a 8 to 16 % shear strain and a 3 to 5 % volume
expansion.?6:0870 In high temperature environments, this usually causes stress-induced

disintegration, which eventually leads to material failure. To overcome the drawback of
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Figure 6: Enthalpy crossovers in zirconia. Excess enthalpy AH of nanophase zirconia with
respect to (w.r.t.) coarse monoclinic zirconia, as a function of the particle (grain) size for amorphous,
tetragonal and monoclinic zirconia, determined by high temperature oxide melt solution calorimetry.
Energy crossovers in the nanometer region result in a stability reversal of the monoclinic and tetragonal
phases compared to coarse-grained zirconia. Reprinted with permission from reference [71].

the destructive phase transformation, various ways of stabilization have been developed
and some are widely used today. These concepts will be addressed in more detail later
in this chapter.

The crystal phase behavior discussed above describes the situation in bulk zirconia.
However, when dealing with nanostructured zirconia, another effect comes into play,
namely the size effect. Recent calorimetric studies have found that the grain size
of nanocrystalline zirconia has a large impact on the thermodynamically preferred
crystal phase due to differing phase-specific surface energies.[”>" By comparing excess
enthalpies of amorphous, tetragonal and monoclinic zirconia of varying grain sizes,
it was shown that the surface enthalpies of the three modifications have crossovers
depending on the grain size, as shown in Figure 6. Therefore, fine-grained zirconia
with an average grain size below ~9nm is most stable in the amorphous form, while
the tetragonal modification is most stable at average grain sizes between ~9nm and
~50nm. For coarse-grained zirconia with grain sizes above ~50nm, the monoclinic
phase is most stable at room temperature, which is in agreement with the observations
made for bulk zirconia. To date, several numbers were suggested for the critical grain
size, in other words, the grain size below which the tetragonal phase is more stable

than the monoclinic phase at room temperature, as shown in Table 4. However, it
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Table 4: Literature values for the critical grain size of zirconia. The critical grain size in
zirconia denotes the specific grain size below which it is more stable in the tetragonal than the
monoclinic phase at room temperature. Different experimental methods were used for the fabrication
and the size determination.

authors critical grain size
Bailey et al.[™ 9.7nm
Mitsuhashi et al.[™3! 10 nm
Garvie et al.l™ 10 nm
Chraska et al.l™! 18 nm
Shukla et al.l™l 15 to 45nm

[71]

Navrotski et al. ~50nm

should be noted that these values were obtained by different analytic methods and are
based on samples prepared using various approaches. Although the correct value for
the critical grain size is still subject to discussion, there seems to be a consent that a
threshold exists in the low nanometer regime. Below this threshold, nanosized zirconia

is stabilized in the tetragonal phase at ambient conditions.

In practice, crystal structures are routinely investigated using X-ray diffraction (XRD).
In the context of nanocrystalline materials, it is worthwhile considering some aspects
affecting the characterization via XRD. In nanosized domains, intense line broadening
occurs due to the limited number of crystal planes and incomplete destructive inter-
ference at off-Bragg angles. This results in an overall lower signal-to-noise ratio, thus
compromising the quality of the obtained data. It becomes particularly problematic
when the differentiation of neighboring signals is required. In the case of zirconia,
this affects especially the distinction between the tetragonal and cubic phases due
to the high similarity of their lattice constants, as shown in Table 3. However, as
discussed earlier in this section, the phase change that is mostly responsible for material
failure is the t—m transition. It was therefore found sufficient for the purpose of
the studies in this dissertation to consider tetragonal and cubic as one phase in the
characterization and focus on its interplay with the monoclinic phase. Besides this
difficulty, the size-induced line broadening can be advantageous in terms of additional
information, namely the crystallite size. This value can be extracted from the XRD
data, using either the Scherrer equation or the Rietveld method,™™! and used to
investigate the effect of grain coarsening or grain growth, which will be addressed in

the following.
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Figure 7: Grain growth. Schematic illustration of grain boundary migration in a two-dimensional
polycrystalline material. a) The grain boundary moves by rearrangement of individual interface atoms.
b) The migration is usually directed towards the center of curvature. Adapted and reprinted with
permission from reference [80].

3.2.2 Grain Growth

From an engineering perspective, one of the most interesting properties of zirconia
is its microstructure. Much like metals, ceramic materials often consist of a large
number of grains, separated by grain-grain interfaces, commonly referred to as grain
boundaries. At high temperatures, sintering occurs, which is often accompanied by
coarsening of the microstructure.l® Specifically, the average grain size increases as
the overall number of grains decreases. This phenomenon is known as grain growth or
grain coarsening. The change in grain size is the result of the migration of individual
grain boundaries through the material. On the atomic scale, it can be considered
as a successive reorientation of interface atoms from the crystal constellation of a
shrinking grain to that of a neighboring growing grain. This mechanism is illustrated
in Figure 7. As a result, the grain boundary is displaced in the opposite direction of
the atomic movement. Grain boundary migration usually occurs towards the center of
curvature.l®! The driving force behind this mechanism is the minimization of the total
area of grain-grain interfaces. Since boundary atoms have a higher energy than inner
atoms, this minimization consequently reduces the free energy of the material. The

theoretical grain boundary mobility M is a temperature-dependent entity and can be
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approximated by:[8!

DG

M= A
SkpT’ kpT

with D = Dgexp (- £4 ) (1)
In this equation, D is the grain boundary diffusion coefficient, €2 is the atomic volume,
0 is the grain boundary thickness, kg is the Boltzmann constant, and 1" is the absolute
temperature. In the Arrhenius term, Dy denotes a pre-exponential factor and E4
is the activation energy. From this model, it becomes clear that the mobility of
grain boundaries is positively correlated with the temperature, hence grain growth is
increasingly observed at higher temperature. However, pores, solutes, and inclusions

have a significant impact on the grain boundary mobility, too.!®!!

3.2.3 Doping and Mixed Oxides

The two effects discussed above, i.e., phase transformation and grain growth, render
bare zirconia unsuitable for many high temperature applications. Therefore, potential
ways of structural stabilization have been a matter of intensive research. In this context,
the addition of specific other metal oxides in small amounts, often referred to as doping,
has proven to be very effective. The most prominent example is yttria-stabilized
zirconia (YSZ). Here, a significant amount of yttrium oxide (yttria, Y203), usually in
the range of 4 to 18 mol% ((Y01‘5)E(Zr02)1,m), is incorporated in the parent zirconia
structure, affecting not only the stability of crystal phases but also other properties,
e.g., ionic and electrical conductivity.®*™-%2 Depending on the yttria amount, the
high temperature tetragonal or cubic phase is stabilized at otherwise untypically low
temperatures, thus preventing the destructive transformation to the monoclinic phase
during thermal cycling.

On the atomic level, some Zr*" ions are replaced by the slightly larger Y*" ions, as
illustrated in Figure 8. Due to the lower valence of the yttrium ion, one oxygen vacancy
is created for every two zirconium ions replaced, in order to maintain electroneutrality.
Both foreign ions and oxygen vacancies have a significant impact on the surroundings of
neighboring atoms in the crystal structure. However, a number of studies suggest that
the lattice distortions caused by oxygen vacancies play a larger role in the stabilization
of high temperature tetragonal and cubic phases than the dopant ions.!¥3%% The YSZ
phase diagram in Figure 9 provides a good overview of the phase compositions as
a function of temperature and yttria content. It shows that an yttria fraction of
~3mol% or higher stabilizes the tetragonal or cubic phase at least partially at lower

temperatures, while an yttria fraction of ~18 mol% or higher fully stabilizes the cubic
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Figure 8: Schematics of oxygen vacancy formation in cubic YSZ. The difference in valence
between yttrium and zirconium creates oxygen vacancies, which affect the phase stability of the parent
zirconia lattice. Reprinted with permission from reference [87].

phase at all temperatures. Albeit full phase stabilization is generally desirable, higher
amounts of yttria lead to various drawbacks, e.g., higher ionic conductivity and mass
transport.[386 The latter particularly facilitates grain growth, an unfavorable effect as
explained in the previous section.

Although zirconia possesses an appreciable solubility for yttrium and several other
cations, segregation of the solute upon annealing occurs to some extent.[®%! Thig
phenomenon has been observed in several ceramic oxides and is commonly explained by
the so-called space charge theory, which was earlier demonstrated for alkali halides.[*1-9%!
It is argued that small defects in ionic crystals cause a spatial separation of charges. In
thermally equilibrated polycrystalline zirconia, oxygen vacancies are predominantly
found at the grain boundaries due to a lower formation energy of anion than of cation
vacancies.[® These defects create a net positive charge, which promotes the formation
of zirconium vacancies in close proximity for reasons of electroneutrality. This region is
considered a negative space charge cloud surrounding the (positively charged) grain
boundary. Hence, positively charged dopant ions are drawn towards the surface of
the crystallite, i.e., the grain boundary in a polycrystal. When grain growth occurs
during annealing, these solute ions need to be dragged along with the migrating grain
boundary, which effectively impedes its progression. This phenomenon is commonly
called solute drag effect. The ability of a dopant to attenuate grain growth depends on
its charge and ionic radius. Studies have shown that those with larger ionic radii and
lower charge are more effective inhibitors in zirconia.[**! The aforementioned dopant
segregation creates domains with high and domains with low dopant concentrations.
This ultimately results in the formation of phase mixtures, as also indicated in Figure 9.
Beyond YSZ, several other zirconia-based mixed oxides have been proposed, fabricated,
and investigated over the past decades. The zirconia-alumina binary system is one
example, combining two basic ceramics in a composite material. Alumina, most

commonly present in the a-Al;O3 modification, is widely used for various applications,
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Figure 9: YSZ equilibrium phase diagram. Already small yttria contents stabilize the tetragonal
and cubic phases at lower temperature. Adapted and reprinted with permission from reference [88].

e.g., refractories, abrasives, insulators, household ceramics, and catalyst materials.
Growing interest in zirconia-alumina composites was initiated by the first significant
insights reported by Claussen et al.,?! who found an increased fracture toughness for
alumina containing 15vol% of unstabilized zirconia particles. They observed that the
particles provoke microcracks during the t—m phase transformation, thus limiting the
propagation of large cracks inside the composite material. Similar effects were observed
for multiphase bare zirconia.l®”! In the following years, Lange contributed significantly
to the understanding of the strengthening effect of alumina in multi-component ceramic
materials with his proposed model of transformation toughening.™ He postulated that
alloying oxides lower the martensitic phase transformation temperature and cause a
preservation of the tetragonal phase by spatial constraint of the crystalline domains
via one of two ways: a) In a single-phase polycrystal, neighboring grains with different
orientations constrain the anisotropic strain of one another; b) The transforming
phase is constrained by a second-phase matrix. Furthermore, microcracking and
twinning would compensate strain caused by the transformation. These theoretical
considerations were experimentally demonstrated for alumina-YSZ composites with
varying compositions, showing significant toughening when t-ZrO, is present.® The

author showed that alumina stabilizes the tetragonal zirconia phase in yttria-stabilized
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as well as in undoped zirconia, and that a constraining alumina matrix increases the
critical grain size due to the higher elastic modulus. Similar observations were made by
Tsukuma et al.l! who investigated the bending strength and fracture toughness of hot-
pressed alumina-YSZ ceramics with varying alumina and yttria content. They found
that alumina additions effectively strengthened the YSZ ceramics with a maximum
bending strength at 20 vol% alumina, virtually independent of the yttria content. The
effect was assumed to be due to reduced crack initiation. A microstructural study by
Rajendran et al.l'%l examining the effect of alumina addition on the microstructure
and grain boundary resistivity of hot-pressed bulk YSZ revealed that the stress-induced
t—m transformation is attenuated with increasing alumina content. Furthermore, it
was observed that the average grain size of the sintered specimens decreased from
0wt% to 30 wt% alumina. In agreement with other studies, improved fracture strength

was observed for these materials in a later work.[101

The materials in the aforementioned studies were predominantly composite ceramics
consisting of two or more distinguishable components, e.g., zirconia and alumina. In
thermodynamic equilibrium, alumina is hardly soluble in zirconia as recent studies have
shown: Stough et al.'®? examined the solid solubility of alumina in cubic YSZ single
crystals and found values as low as 0.2 to 0.3 wt% at 1200 to 1600 °C. Chraska et al.['%l
prepared alumina-zirconia coatings by plasma-spray and obtained supersaturated solid
solutions with large variations in chemical composition. Upon short annealing they
observed crystallization of very small (~13nm) crystallites embedded in a fine inter-
crystallite network, suggesting phase separation due to insolubility. An equilibrium
phase diagram for the zirconia-alumina system is shown in Figure 10. Here, the mutual
solubility in equilibrium is limited to a narrow region with compositions containing
only very small alumina fractions. However, metastable (supersaturated) versions
of solid solutions comparable to YSZ have been reported. Ishida et al.'* produced
hot-pressed bulk ZrO,-Al,O3 solid solutions with alumina contents of up to 40 mol%
from chloride precursors and examined their microstructural and mechanical properties.
They found that the cubic and tetragonal phases were increasingly stabilized by
alumina addition, while the m-ZrO, grain size decreased significantly. Furthermore,
a-alumina crystallized at temperatures above 1200 °C due to phase decomposition and
mesosized inter-grain a-alumina domains were observed. Nazeri et al.ll%! were the
first to use the sol-gel method to synthesize zirconia-alumina thin films with alumina
contents up to 38 mol%. The as-prepared amorphous solids containing 7 mol% alumina
crystallized in the cubic phase upon annealing at ~600°C. Here again, the crystallite

size decreased with increasing alumina content. The authors pointed out the insolubility
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Figure 10: Zirconia-alumina equilibrium phase diagram. The two oxides are almost insoluble
in thermodynamic equilibrium, only at very low alumina contents, stable solid solutions are formed.
Adapted and reprinted with permission from reference [103].

of alumina in zirconia and argued that the stabilization is caused by the constraint
effect, as proposed by Lange (see preceding paragraph). Similarly, Klimova et al.l'%l
prepared alumina-zirconia mixed oxides by a sol-gel method and obtained alumina
containing well-dispersed zirconia. They showed that the presence of alumina delays
the crystallization of zirconia upon calcination and that it stabilizes the tetragonal
phase at low, and the cubic phase at higher mole fractions, also quoting the inclusion

size effect proposed by Lange.

Srdi¢ et al.l'%”l were able to fabricate alumina-doped nanocrystalline zirconia, i.e.,
solid solutions of thermodynamically insoluble phases, by chemical vapor synthesis.
During calcination they observed segregation on an ultrafine scale and found that
Al atoms are randomly distributed at lower alumina contents. On the contrary,
small alumina clusters formed at higher molar ratios, which suppressed grain growth
more effectively. They consequently proposed a microstructural model for different
grain growth mechanisms, depending on the level of alumina doping and the current
stage of sintering, as schematically illustrated in Figure 11. In all cases, the porosity
of as-prepared samples is reduced during the early stage of sintering by particle

rearrangement. In pure zirconia, grains grow unimpededly by atom propagation along
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Figure 11: Model for sintering of alumina-doped zirconia. Schematic illustration of a mi-
crostructural sintering model for high-, low-level alumina-doped, and pure nanocrystalline zirconia.
Grain boundaries are represented by lines, solid and open circles indicate Zr and Al atoms, respectively.
Crosshatched circles represent Zr atoms that have moved along the grain boundaries. Reprinted with
permission from reference [107].

the grain boundaries during the late stage of sintering. When doped with small amounts
of alumina, Al atoms move towards the particle interfaces during the early stage where
they subsequently limit grain growth during the final stage of sintering. When doped
with larger amounts of alumina, the grain surfaces of the as-prepared material already
have an alumina similarity, which is further amplified by segregation in the early stage
of sintering. Here, the mobility of atoms in the now alumina-dominated grain interfaces
is very low. Therefore, grain growth is mostly suppressed and a fine-grained porous
material is retained. The model is based on considerations by Balmer et al.,['%! who
investigated zirconia-alumina composites prepared by spray pyrolysis using **Al nuclear
magnetic resonance spectroscopy. The metastable crystalline materials contained 8
to 57mol% AlO; 5 and the aluminum ions had 4-, 5-, and 6-fold coordinations. The
authors concluded that larger alumina clusters than expected had formed, based on

the increasing fractions of low-coordinated Al**

ions they observed. Therefore, it was
reasoned that random solid solutions form at low alumina contents (<10 mol%), whereas
aluminum-rich clusters dominate at higher alumina contents. Alumina accumulation
upon sintering was also observed for polycrystalline YSZ doped with small amounts
of alumina by Matsui et al.,['%! who found segregated AI*" and Y* ions at the grain
boundaries in ~6nm and ~10nm wide areas, respectively. While the alumina addition

accelerated sintering significantly, it also enhanced grain growth at temperatures above
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1500 °C and increased the cubic phase fraction compared to pure YSZ.

Recently, zirconia-alumina composites have also been studied in the context of TBC
applications. Keyvani et al.l''% plasma-sprayed alumina-doped YSZ on typical Ni-
superalloy substrates, both blank and precoated with a conventional YSZ TBC and
investigated their cyclic oxidation behavior. For both systems, an improved durability
towards oxidation at 1100°C was obtained, presumably by attenuating the oxygen
diffusion. Zhu et al.'"! compared alumina-YSZ and a conventional YSZ TBC with
respect to their microstructure and oxidation behavior. They concluded that the
addition of alumina can cause partial sealing of surface cracks in YSZ coatings and

promotes the stabilization of the metastable tetragonal zirconia phase during oxidation.

3.3 Zirconia Meso- and Microparticles

The fabrication of particulate zirconia has received noticeable attention in the scien-
tific community for quite some time. In the early stages, researchers were interested
in fine-grained ceramics due to improved sintering characteristics for engineering
applications.''> 11 However, with a considerably increasing relevance of nano- and
micrometer-sized ceramic particles for modern materials design, the number of scien-
tific studies on zirconia particle synthesis has risen significantly over the past three
decades.[''®l Meanwhile, various approaches of nano- and microparticle synthesis have
been reported. In early works by Matijevi¢ et al., the synthesis of micrometer-sized
zirconia spheres by simple ageing of a Zr(SO,)4 solution at elevated temperature was
achieved."'%117 This laid the foundation for several studies based on zirconia powder
syntheses using salts as precursors.!''® 124 Several years later, more complex methods
have been proposed, such as spray pyrolysis,?>126 solvothermal, 27128 and template-
based methods.!'2*133] However, one of the most promising and probably most intensely
studied approaches is the sol-gel synthesis. In the context of this dissertation, the
sol-gel method is the most relevant one and will therefore be covered in more detail in

the following section.

3.3.1 The Sol-Gel Synthesis

The fabrication of spherical ceramic particles by the sol-gel approach was first reported
for SiO, in a widely renowned pioneer study by Stober et al.l'3¥ half a century ago.
It was subsequently adapted and transferred to various metal oxides, e.g., TiO,!3]
and ZrQ,.1""% The rather simple chemistry behind it is illustrated in Figure 12 for the

synthesis of zirconia via the sol-gel route. Here, zirconia alkoxides serve as precursors
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Figure 12: Reaction scheme for the zirconia synthesis via the sol-gel route. First, a
zirconium alkoxide precursor is hydrolyzed by water, replacing one or several alkoxide ligands by
hydroxyl groups. Second, two hydrolyzed precursor molecules condensate, releasing a water (or alcohol)
molecule. Multiple repetitions of this hydrolysis and polycondensation result in the formation of a
growing zirconia network.

and react with water in an alcoholic solvent at slightly elevated temperatures. In a
first step, one or several alkoxide ligands are hydrolyzed and replaced by a hydroxyl
group. In a second step, two hydrolyzed precursor molecules undergo a condensation
reaction releasing a water or alcohol molecule. Here, a Zr-O-Zr bridge is formed, which
represents a subunit of the final oxide. The latter is ultimately obtained by repeated
hydrolysis and polycondensation. Although this basic mechanism suggests otherwise,
sol-gel is a complicated technique. It is very sensitive to reaction conditions, reagent
concentrations, and the presence of additional substances. Conversely, a variety of
microscopic architectures can be achieved, including macromolecular networks and
gels, as well as defined particles of various size and shape. Particle growth by sol-gel is
particularly challenging and remained little understood until the first works of Fegley
et al.l413%] initiated a series of investigative studies into this method. They reported
the first sol-gel approaches for ZrO,, SiOs, TiO,, and Al;O3 mesosized powders, i.e.
with a particle sizes in-between the nano- and micro-regimes, as well as improvements
to the original protocol, yielding spherical, non-agglomerated mesoparticles. Only one
year later, a study by Uchiyama et al.l'*”l demonstrated the synthesis of YSZ particles
by a similar route and evaluated the effects of reaction conditions, e.g., ageing time,
temperature, and water concentration, on the particle morphology. They also suggested
that the duration, until the solution becomes turbid after initiation of the reaction, is
an adequate measure for the precipitation rate. This value has by now been widely
accepted as a semi-quantitative indicator for the hydrolysis rate and is commonly
called induction time. In a comprehensive study on the growth mechanism by Ogihara
et al.®8l it was concluded that the particle growth proceeds via a primary particle
nucleation step followed by polynuclear LaMer-type growth of individual particles.!*3%
Although this theory was strengthened by other studies,!'4*141l Ogihara et al. also
considered an alternative growth mechanism by agglomeration of primary particles, as
schematically illustrated in Figure 13. This assumption was later also shared by Lee et

al.l'2l in the context of a salt-based particle synthesis.
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Figure 13: Zirconia particle growth by aggregation. Schematic illustration of a possible growth
mechanism based on aggregation of small primary particles. Licensed under Creative Commons,
adapted and reprinted from reference [143].

A significant improvement of the method was contributed by Lerot et al.'*4 with the
addition of carboxylic acids as stabilizing agents. By this means, a higher degree of
control over the uniformity and size of the final particles was achieved. The authors
conducted several experimental series with variations in the acid chain length and
alcoholic solvent used. Based on their findings, they suggested that the carboxylic acids
react with the zirconium alkoxide precursors to form carboxy-alkoxide derivatives and
proposed the formation of micellar structures of these species as a tentative mechanistic
explanation. They likewise postulated an aggregation-based mechanism for particle
growth. In a mechanistic study, Van Cantfort et al.l'*l considered a competition
between the two mechanisms, i.e., LaMer-type and aggregation-based particle growth,
based on their findings. The aggregation-based mechanism has since been discussed
intensely in the literature. It has been the preferred model to explain the growth of
sol-gel derived zirconia particles in more recent publications,™%147 which also laid
the foundation for today’s state-of-the-art sol-gel synthesis of zirconia meso- and

microparticles.

Yan et al.6 reported the successful synthesis of submicron- and micron-sized mono-
disperse, spherical, and nonporous zirconia particles, stabilized by organic acids in
anhydrous butanol. They investigated the influence of various experimental parameters,
e.g., water concentration, acid chain length, ageing time, temperature, and extent of
stirring, on the particle size, size distribution, and degree of aggregation. Specifically,
they found that large particles with diameters of ~4pm were obtained by extended
stirring and that gentle rotation during ageing prevented a bimodal size distribution
caused by secondary nucleation. At about the same time, Widoniak et al.l'**” reported
a protocol for the fabrication of monodisperse spherical zirconia particles in the meso-
and low micron size range. Herein, they used different alkali halide salts or polymers as
stabilizers and varying alcoholic solvents. They concluded that the final particle size

can be adjusted by addition of a suitable salt or polymer, although stabilization by
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Figure 14: Impact of synthesis parameters on zirconia particle size. Various factors influence
the final particle size in the sol-gel synthesis of zirconia particles, as reported in the literature. The
aggregation of primary particles can be adjusted in favor of smaller (left) or larger (right) particles by
choice of the stabilizer, addition of certain substances, or variation of the reaction conditions. For
the fatty acid chain length, contradictory results have been reported. Adapted from references [94]
and [23].

polymers seemed to result in broader size distributions. It was also found that higher
water concentrations yielded smaller particles, while higher precursor concentrations
yielded larger particles.

Very recently, further improvements of these methods were demonstrated by Leib et
al.,["8! who studied in depth the effect of longer fatty acids, varying zirconia precursors,
and different solvents on the particle morphology. Subsequently, their improved
protocol was adapted for the synthesis of analogue YSZ particles for the potential
use in high temperature applications.l®l Here, the authors observed shorter induction
times compared to the synthesis of equivalent undoped zirconia particles, which they
explained by a faster hydrolysis of the admixed yttria precursor due to its higher
reactivity. It was argued that yttrium iso-propoxide possesses fewer organic ligands
than zirconium n-propoxide and a more electronegative metal ion, both rendering it
more reactive and susceptible to nucleophilic attacks. Overall, a significant number
of studies have contributed to a general understanding of the synthesis parameters
influencing the morphological characteristics of sol-gel derived zirconia meso- and
microparticles. Most of the findings are in good agreement among different research
groups, a selection of parameters and their effects on the particle size are summarized
in Figure 14. The final particle diameter can be influenced by the variation of reaction
parameters, e.g., reagent concentrations, temperature, and ageing time. Furthermore,
the addition of large polymers, such as hydroxypropyl cellulose (HPC), can serve as a
tool to reduce the particle size, as some studies on nanocrystalline ceramics by Jean and
Ring have indicated.["9151 Shukla et al.'*? argued that HPC adsorbs on the surface

of primary nanoparticles providing steric hindrance of particle aggregation. Moon et
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al.'%] also referred to Jean and Ring pointing out that HPC provides thermodynamic
rather than kinetic stability, as in electrostatic stabilization, and that the polymer
molecules do not act as heterogeneous nucleation sites. In their study, they showed
that the employment of HPC can be used to reduce the size of spherical zirconia
mesoparticles significantly, although the size distribution appeared to increase when

exceeding a certain HPC concentration.

3.3.2 Thermal Stability and Particle Doping

The crystallization behavior of bulk zirconia under exposure to high temperatures
was discussed in Section 3.2.1. In contrast, it was observed that fine-grained zirconia
behaves differently. When synthesized at moderate temperatures, it is often obtained
in an amorphous state.[76:123:144,147,148,153] Fyrthermore, several studies have shown that
particulate zirconia tends to crystallize in the tetragonall76:128:147,148,153] (). cyyhjcl128:144]
phase first, before it transitions to the monoclinic phase during annealing at tempera-
tures between 250 and 600 °C. The typical martensitic phase transformation of zirconia
was observed after annealing at temperatures between 450 and 1000 °C, depending on
the specific material and its preparation method. The anomaly of tetragonal crystalliza-
tion at low temperatures was addressed by several groups: Garvie et al.l"1541%] found
in their studies that the amorphous zirconia exhibited an average grain size smaller
than the critical grain size (see Table 4), which favored crystallization in the tetragonal
phase due to lower overall grain boundary energy.["!l In some early works by Livage et

[153]

al.l'%! and Keramidas et al. it was shown using XRD and/or Raman spectroscopy

that the atomic arrangement in amorphous zirconia is not random but shows some
characteristic similarity to the tetragonal crystal structure. However, Zhang et al.l'>7]
argued that the local structure of amorphous zirconia resembles the short-range atomic
order of cubic zirconia. These results suggest that the crystallization of the tetragonal
(or cubic) phase from amorphous zirconia could be induced by the high similarity of
the atomic arrangements. It has been discussed controversely in the literature, whether
the subsequent martensitic phase transformation to the monoclinic polymorph occurs
only during cooling or during heating and cooling,["** 16! although more recent results

of extensive in situ experiments by Leib et al. favor the latter.[*l

For salt-based and sol-gel zirconia particle syntheses, several studies have reported
a porosity of the as-prepared particles to some extent.03:65:119,140,144,146] However, in
most cases the particles densified completely or almost completely during annealing at

temperatures between 450 and 750 °C.[63.144.146.148] Thig densification was also observed
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in the form of significant particle shrinkage.'*8! Comparative annealing experiments
with zirconia particles of different sizes showed that larger particles are more stable
against disintegration during annealing.!'*¥l In the corresponding study, the grain size
evolution as a function of the annealing temperature was also investigated. The authors
found that lower crystallization temperatures led to smaller initial grain sizes and an
improved thermal stability. As expected, a successive grain growth could be observed
and monitored by electron microscopy, which was assumed to be partly responsible for
particle disintegration.

In Section 3.2.3, high temperature stabilization of bulk zirconia by yttria-doping was
discussed. Concerning the thermal stability of fine-grained zirconia particles, only
a small number of publications existed until a few years ago, mainly dealing with
particles in the nanometer scale.[127:152.162-164] For zirconia meso- and microparticles,
Leib et al. were the first to report a comprehensive and systematic series of studies
to gain an in-depth understanding of the effect of doping on the high temperature
behavior.[3148:165] Tnitially, the authors demonstrated a synthetic route to obtain mono-
disperse spherical YSZ particles with different sizes and compared their thermal stability
against disintegration to that of similar-sized undoped zirconia particles.'*8! They could
show that the martensitic phase transformation was suppressed in the YSZ species and
thus significantly smaller grains were observed by electron microscopy. Subsequently, a
screening study was reported, investigating the thermal stability of YSZ particles as a
function of the yttria content (0 to 18 mol%).I®l Here, it was found that the inhibition of
grain growth and particle disintegration varied for different yttria-doping levels with an
optimum stabilization effect for 8 to 10 mol% yttria. Furthermore, dopant segregation
into Y-lean and Y-rich domains was observed after prolonged annealing. Finally, Leib
et al. demonstrated a grain growth attenuating effect for zirconia and YSZ particles
by La- and Gd-doping.'%®l For La/Y- and Gd/Y-codoped particles, very high thermal
stabilities up to 1200 °C were achieved.

While there has been little research on zirconia particles doped with other metal
oxides, 1% no systematic experimental series on sol-gel derived alumina-doped zirconia
particles has been published. The first study was therefore reported recently by our

group,™3 which was conducted in the context of my doctorate studies.

3.4 Metal-Ceramic Composites

With recent progress in the field of nanoscience and colloidal synthesis, a growing

number of studies have approached more complex material combinations and geome-
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Figure 15: The Lycurgus cup. Ancient artifact from the late Roman period (approx. 4th century
AD) in the British Museum. Fine gold and silver nanoparticles incorporated in the glassware create
different color impressions for transmitted (left) and reflected (right) light due to surface plasmon
resonance. Licensed under Creative Commons, reprinted from reference [173].

tries on the nanoscale. One example are metal-ceramic hybrid core@shell particles,
consisting of a ceramic core particle and a surrounding metal nanoshell. They are of
particular interest due to their unique and tunable optical and electronic properties.
Therefore, they are considered with respect to a wide range of potential applications in
various fields, e.g., biological imaging and therapy,['57168 immunoassays,['%! surface
enhanced spectroscopy,['™ optical metamaterials,*®! sensors,['7 fuel cells,!™ and
catalysts.['7%172 Gold nanoshells (GNSs) are often obtained by using gold nanoparticles
(GNPs) as seeding nuclei. Both nanomaterials exhibit some remarkable optical proper-
ties that differ strongly from those of bulk gold. In addition, metal-ceramic composites
may be of considerable use to other disciplines, e.g., for catalytic applications. In this
section, the unique optical properties of GNPs and GNSs, relevant synthetic approaches
for both nanostructures, and prospects of metal-ceramic composite particles in catalysis

will be reviewed.

3.4.1 Optical Properties of Nanosized Gold

Gold nanoparticles, and metal nanoparticles in general, have been used for centuries due
to their unique optical properties, e.g. for the coloration of glassware, as archaeological
findings like the Lycurgus cup (see Figure 15) impressively demonstrate. Their strong

optical response in the visible spectral region is caused by a phenomenon called surface
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Figure 16: The Mie theory of surface plasmon resonance (SPR). The surface electrons in a
metallic nanoparticle are excited to a collective oscillation by the alternating electric field of incident
light in the visible range. The energy of this excitation for isolated particles depends on the particle
size and shape. Reprinted from reference [174].

plasmon resonance (SPR). Here, conduction band electrons in nanometer-sized metallic
particles collectively oscillate against the rigid atomic cores, as schematically illustrated
in Figure 16. This can be described by the classical Mie theory.'™ The resonant
frequency of the SPR, and hence its position in the electromagnetic spectrum, is — to
some extent — sensitive to the particle size, dielectric environment, and the inter-particle
distance. When particles grow or coalesce to form larger particles, a red-shift of the
plasmon band is observed. A similar effect is caused by inter-particle SPR coupling,
when particles are brought in very close proximity. Therefore, the characteristic SPR
band in the absorption spectrum of visible light can provide valuable information about

particle size, shape, and/or inter-particle distance.

Similarly to gold nanoparticles, gold nanoshells exhibit surface plasmon resonance when
irradiated with light of its resonance frequency.!'™ However, the different geometry
of the metallic component results in strongly deviating optical properties. The SPR
band position of solid metal nanoparticles can only be tuned in a very narrow spectral
region by adjusting the particle size and shape. In contrast, the SPR energy of metal
nanoshells is very sensitive to the inner and outer radius and can be tuned over a wide
range across the entire visible and infrared regime.l'”" This gives rise to the potential
use of GNSs in advanced optical materials. For this purpose, however, a high degree of
monodispersity and accurate control of the precise dimensions on the nanoscale are

required.
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3.4.2 Gold Nanoparticle and Nanoshell Synthesis

Over the past decades, several protocols have been proposed for the synthesis of spherical
GNPs in the literature. Most of them are based on the reduction of gold salts in the
presence of stabilizing agents to control colloidal growth and avoid coalescence. Brust
et al.'™8! and subsequently Leff et al.'™ demonstrated a two-phase synthesis of GNPs
using sodium borohydride as reducing agent and tetraoctylammoniumbromide as phase
transfer agent. Stabilization of the colloids is provided by an alkanethiol or alkaneamine,
respectively, yielding particle sizes of 1 to 5 nm. A well-known method for GNP synthesis
in an aqueous medium was previously reported by Turkevich et al.,l'®% using sodium
citrate as both reducing agent and stabilizing ligand. This procedure has since been
adapted, optimized, and revised by many research groups.'¥-1%4 Consequently, highly
monodisperse particles of 9 to 120 nm in nanomolar concentrations can be obtained. 8!
Particle sizes of up to 300 nm are accessible by a similar approach employing seeded
growth.!'! Protocols for the synthesis of smaller gold colloids in aqueous solution were
also reported,['86l though the obtained colloids are likely to consist of at least a fraction
of gold sulfide rather than pure gold due to the use of thiocyanate. The method used in
this dissertation originates from another work by Duff et al.l'87) that yields very small
hydrophilic spherical GNPs in the size range of 1 to 2nm. Here, in a one-pot synthesis,
tetrachloroauric(III) acid (HAuCly) is reduced by tetrakis(hydroxymethyl)phosphonium
chloride (THPC) in an alkaline aqueous solution. THPC acts as both reducing agent
and stabilizing ligand. Despite the relatively broad size distribution, particles of this
small size are of significant interest for catalytic applications and as nucleation sites for

nanoshell growth.[188:189

In contrast to colloidal nanoparticles, gold nanoshells cannot be synthesized by spon-
taneous nucleation in solution and must be deposited on a supporting template. In
the literature, various templates have been used, e.g., polyaniline nanocolumns,!!
polystyrene latex beads,['*" and silica nanospheres. The well-known Stéber method
for the synthesis of highly monodisperse spherical silica meso- and microparticles has
made this material by far the most popular nanoshell template.['*¥ Oldenburg et al.
contributed to the increasing attention for gold nanoshells with their pioneering work
on the controlled deposition of GNSs onto silica nanospheres,'®! using a multi-step

procedure, as schematically illustrated in Figure 17.

Here, monodisperse silica spheres are fabricated by the Stober method and surface-
functionalized with amine groups. GNPs obtained by the Duff method are subsequently

immobilized on the functionalized surface and serve as nucleation seeds for a gold
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Figure 17: Gold nanoshell deposition onto silica nanospheres. Popular multi-
step method by Oldenburg et al.'®9 via immobilization of small gold nanoparticles onto
surface-functionalized silica spheres and subsequent seed-mediated gold deposition by reduction.
Tetraethyl orthosilicate (TEOS) and 3-aminopropyl triethoxysilane serve as silica precursors, while
tetrakis(hydroxymethyl)phosphonium chloride (THPC) functions as reducing agent and stabilizing
ligand. Reprinted with permission from reference [190].

nanoshell, which is grown by continuous reduction of ionic gold using sodium boro-
hydride as reducing agent. It should be noted, that an aged mixture of chloroauric
acid and potassium carbonate, often referred to as K-gold,'*?! is used as the gold
precursor. At the elevated pH caused by the carbonate, chloride ligands are exchanged
by hydroxide ligands, ultimately forming the desired [Au(OH)4|  complex. This species
is known to have a lower tendency for secondary nucleation in solution than the chloride
containing complexes [AuCl,(OH), ,| .19 Several groups have adapted this method
by using other reducing agents, e.g., hydroxylamine,® formaldehyde,"*194 sodium
citrate,!°l hydrogen peroxide,['%! or carbon monoxide.l'9"198 Ascorbic acid has also
been employed recently as a reducing agent in a similar context, namely the deposition
of platinum nanoshells.!'"$199 Here, it enabled a good control over thickness and mor-
phology of the growing shell, rendering it also a reducing agent worth contemplating
for GNS deposition. Although less laborious and time-consuming synthesis protocols
for GNSs have been proposed,2°0-292 the multi-step syntheses based on the method by

Oldenburg et al. remain the most reliable and commonly used methods, to date.

3.4.3 Zirconia-Gold Composite Preparation

While silica-gold composites have been studied primarily in the context of gold nano-
shells, nanoscale combinations of gold with various metal oxides have attracted growing
interest for its potential use as a catalyst material. This strategy is increasingly pursued,
because the oxide supports can be easily obtained with a high specific surface area
and are able to stabilize gold nanoparticles, thus maintaining their high surface to

volume ratio.[?%3! Supported nanoparticulate gold catalysts show favorable activities at
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relatively low temperatures <100°C and are already used in sensing and air quality
control.?*l Moreover, the interaction of dispersed GNPs and metal oxide support at
the material interface can enhance the catalytic performance.l?%! It was assumed that
the gold-oxide interface activates at least one of the reactants involved,242%6 although
the mechanisms underlying this interaction are not yet fully understood.

In terms of synthesis routes, various approaches have been applied to deposit nanoscale
gold onto oxide supports, e.g., co-precipitation, deposition precipitation, and immo-
bilization of colloidal gold.[?°42%] Precipitation techniques are facile and have been
widely described in the literature for the loading of gold onto various support materials,
e.g., titania,?°721% alumina,?% ceria and ceria/zirconia,?"'-2'3l magnetite,?'4216 and

several more.[206:214]

Furthermore, a number of research groups have recently focused on zirconia-supported
dispersed gold for the catalysis of various reactions, e.g., the water-gas shift reaction,
selective hydrogenation and dehydrogenation, and various oxidation reactions.[?!722!l
Idakiev et al. reported the synthesis of nanosized gold on a mesoporous zirconia support
by deposition-precipitation.*'”l Independently, He et al. and Menegazzo et al. followed
similar approaches, but using nanoparticulate zirconia as a support.?'®219 Significantly
smaller gold nanoclusters supported on multi-phase porous zirconia were prepared by
Bi et al., who additionally showed that the zirconia crystal phase had a significant
impact on the catalytic behavior.[?2%221] Although the deposition precipitation is by far
the most commonly used method, loading of dispersed gold was also achieved by the
immobilization of previously prepared GNPs on various ceramic supports, e.g., titania,
alumina, and zirconia.l??? Despite higher costs and efforts, this technique offers some
attractive advantages over the more common methods, in particular a controlled GNP
size, independent of the support material.

The studies presented above demonstrate the fabrication of various oxide-supported
dispersed gold composite materials. However, none of the respective materials have a
uniform and adjustable support morphology, nor a defined homogeneity and surface
coverage of the gold loading. This is a plausible consequence of the deposition pre-
cipitation method which was used in most works, albeit the reported immobilization
of GNPs yielded only slightly higher control over the product morphology. Although
well-defined zirconia meso- and microparticles of varying sizes have been made widely
available by intensive research progress in recent years, they have not been considered
as gold catalyst supports so far. Nonetheless, they could be of substantial interest
in this context for two reasons: firstly, particles of defined size and shape enable a

facile and clean removal of the catalyst from the reaction mixture in liquid phase
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reactors; secondly, they provide a well-defined morphology that is required in order to
reliably study the characteristics of the fabrication process and the catalytic activity.
Furthermore, GNP immobilization has not received much attention and the parameters
affecting the success of this gold loading technique are yet unknown. In addition,
no studies on the controlled growth of zirconia-supported GNPs by seeded reduction
have been reported. Finally, monosized spherical zirconia particles homogeneously and
densely covered with small GNPs are likely to be an appropriate starting material
for the deposition of GNSs by seeded reduction to obtain zirconia@gold core@shell
particles. A deeper understanding of these aspects can give rise to a set of synthetic
tools for the precise design of novel catalytic or photonic functional materials and will

be addressed in the course of this dissertation.
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4 Objectives

The first part of this dissertation is dedicated to alumina-doped and alumina/yttria-
codoped zirconia particles. the first objective was to synthesize alumina-doped zirconia
mesoparticles and characterize their high temperature stability. Therefore, a known
synthesis protocol for yttria-doped zirconia mesoparticles was adapted for the prepara-
tion of alumina-doped zirconia particles. Here, particles with varying alumina contents
but similar size in the low submicron range were set to be fabricated. The samples
were expected to show different behaviors when exposed to temperatures between 800
and 1200 °C with respect to changes in their morphology, micro-, and crystal structure.
Thermal stability and integrity of the particle shape was of major concern for potential
high temperature applications, such as high temperature resistive structural coloration.
Second, a similar study was performed with the goal to synthesize and characterize
alumina/yttria-codoped zirconia mesoparticles using an equivalent protocol and similar
analytic methods. Here, the comparison with respective mono-doped species is of
particular interest. Changes in the precursor composition are known to have a great
impact on their preparation via the sol-gel particle synthesis. Therefore, the precise
control over size, size distribution, and morphology of the final products were suspected
to pose a major challenge.

In the second part, composite particle systems are of predominant interest. More
precisely, core@shell particles with a ceramic core and a metallic shell were supposed to
be synthesized. They were set to be characterized with respect to the accomplishment of
a closed gold nanoshell with a homogeneous thickness. In a first study, the conventional
material system silica@gold was chosen and the optimization of the synthesis by
employment of an alternative reducing agent was explored. Moreover, the deposition
of an outer silica shell and the investigation of the long-term stability of the shell
morphology were aspects of particular interest. In a further study, the established
protocol for the synthesis of gold nanoshells was adapted for their deposition onto
zirconia mesoparticles, a method that has not yet been reported in the literature.
Therefore, it was decided to use a particle sample from the first study (see previous
paragraph) as starting material and to immobilize small GNPs on the particle surface.
Here, the replacement of the coupling agent from the silica@gold synthesis with a
suitable alternative is a key challenge. For this purpose, a novel approach based on
chemisorption instead of covalent coupling was investigated. Finally, the reductive
deposition of additional gold by seeded growth was pursued in order to establish a

synthetic method for the synthesis of zirconia@gold core@shell particles.
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5 Results and Discussion

In this chapter, the results of the experimental studies of this dissertation are presented
and discussed. It is divided thematically into two parts, representing the different
particle systems: On the one hand alumina- and alumina/yttria-doped zirconia particles
(Sections 5.1 and 5.2), on the other hand metal-ceramic composite particles (Sections 5.3
and 5.4). Experimental details and further tabulated or illustrated data are provided
in the Experimental Section, additional material can be found in the Appendix. It
should be noted that dopant contents are consistently defined as molar cation contents,
i.e. the molar fraction of dopant ions relative to the sum of all cations, for example

(AlOq 5)(ZrOs); , for alumina-doped zirconia, with x being the molar dopant fraction.

5.1 Alumina-Doped Zirconia Particles

As elaborated in detail in Section 3.2.3, the effect of alumina-doping in zirconia has
only been studied sparsely compared to more common dopants, e.g., yttria. A number
of studies have investigated the zirconia-alumina system as bulk material, however, no
attention has yet been drawn towards the effect of alumina-doping in the particular
case of sol-gel-derived zirconia meso- and microparticles. In this study, alumina-doped
zirconia particles with average diameters of ~300 nm were synthesized and characterized
and their high temperature stability up to 1200°C was examined. The results are
presented here, whereby a major part of them were published recently.!'*3l The reported
findings were mostly elaborated in collaboration with Mr. Sebastian Doéring, whom
I advised during my doctorate studies while he was conducting his master thesis
project.[??3] Herein, I provided the conceptualization and guidance of the study and was
substantially involved in the sample preparation and characterization. I conducted the
acquisition, curation, visualization, and interpretation of data as well as parts of the
analytic characterization. The focused ion beam preparation and the energy-dispersive
X-ray (EDX) spectroscopy mapping of selected samples were performed by Dr. Tobias
Krekeler as part of the SFB 986 collaboration with the group of Dr. Martin Ritter at
the Hamburg University of Technology (TUHH).

5.1.1 Particle Synthesis

Numerous synthetic approaches for the precise fabrication of monodisperse, spherical
zirconia particles have been proposed in the literature. As discussed in Section 3.3.1, a

large number of publications have contributed to the development of well-controllable
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Figure 18: Characterization results for as-synthesized zirconia mesoparticles with vary-
ing alumina contents at otherwise identical synthesis conditions. (a) Average particle
diameter as evaluated from TEM micrographs, error bars indicate standard deviations. (b) Observed
induction times during syntheses, error bars indicate the determination uncertainties of the precise
moment of induction.

preparation techniques for zirconia particles of varying sizes in the meso- and micrometer
regime via the sol-gel route. Furthermore, doping of such particles with foreign metals,
such as Y, La, and Gd, was achieved by co-precipitation of the equivalent precursors
during the synthesis.!'*¥l In this dissertation, previously developed approaches for the
preparation of zirconia particles via the sol-gel route were adapted.[®1481%] Analogously
to the Y-, La-, and Gd-doping in these works, here, alumina-doping was achieved by
using a precursor mixture of zirconium n-propoxide and aluminum iso-propoxide with
varying molar ratios.

In a preliminary study, mesoparticles with alumina contents of 8 to 20 mol%, based
on the precursor molar ratio, were synthesized at otherwise constant conditions. In
contrast to previous protocols,|®47148:165] hydroxypropyl cellulose (HPC) was used in
addition to eicosanoic acid to stabilize the growing particles. The purified samples were
characterized using transmission electron microscopy (TEM) and the average particle
diameters were determined statistically (for details see Section 8.2). In addition, the
induction times were recorded by observing the onset of turbidity. The results are
shown in Figure 18. In general, the use of HPC enabled the reduction of the final
particle size compared to previous protocols to the low submicrometer regime due to
the effects discussed in Section 3.3.1. With respect to increasing alumina contents in

the precursor mixture, a decrease in both particle size and induction time is observed.
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This indicates a higher hydrolysis rate which is attributed to the higher reactivity of
aluminum iso-propoxide compared to zirconium n-propoxide, as similarly argued in a
previous work for yttrium iso-propoxide.®l Herein, the correlation is explained by a
lower number of alcoholate ligands and less sterical hindrance compared to the zirconia
precursor. In addition, one can argue that aluminum is a hard Lewis acid according to
the concept of hard and soft acids and bases (HSAB). It is therefore expected to be
more susceptible to a nucleophilic attack by a hard base during hydrolysis, in this case

water.

It was recently shown that the thermal stability of zirconia particles depends significantly
on the particle size,['*¥] whereby larger particles tend to have a higher stability. For
a systematic investigation of the impact of alumina-doping on the high temperature
stability of zirconia particles it is therefore crucial to use particles with similar size.
In a subsequent series of experiments it was therefore intended to obtain similar-sized
particles with varying amounts of alumina. Here, the strategy was to compensate the
effect of the precursor reactivity on the particle size by variation of one or more synthesis
parameters, as illustrated in Figure 14. More specific, the stabilizer composition
(HPC/eicosanoic acid ratio) and the water content were adjusted to yield similar-sized
particles with alumina contents ranging from 0 to 50mol% (samples are referred to
as A0 to A50, with the number indicating the target alumina content). By this
means, (300 4 30) nm sized particles could be successfully fabricated, as determined by
TEM and illustrated in Figure 19b. In addition, the samples were characterized by
complementary analytic techniques, i.e., EDX (with TEM) and inductively-coupled
plasma optical emission spectroscopy (ICP-OES). The characterization results for
as-prepared particles are summarized in Table 5 and illustrated in Figure 19. A full
set of transmission electron micrographs is provided in the Appendix (Figures 41, 42,
and 43).

The elemental analysis clearly shows that the alumina content can be adjusted precisely
by the molar ratio of the zirconia- and alumina-precursors in the reaction mixture
(Figure 19a). While EDX was performed on random single particles, ICP-OES mea-
surements represent an averaged value for a large number of particles. The results
obtained with both methods show good agreement with the precursor molar ratio.
This confirms, that the intended composition is achieved accurately on the one hand
and homogeneously between several particles of the same sample on the other hand.
Moreover, all samples could be prepared with a similar particle size of ~300nm and
relative size distributions of 10 to 15% (Figure 19b). This was achieved by varying

the stabilizer composition and total stabilizer amount (Figure 19c¢). In particular, the
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Figure 19: Characterization of as-synthesized zirconia particles with varying alumina
contents. (a) Elemental analysis using EDX (with TEM) and ICP-OES. (b) Average particle
diameter as evaluated from TEM micrographs. (c¢) Stabilizer composition, consisting of hydroxypropyl
cellulose (HPC) and eicosanoic acid, per 45mL solvent. (d) Observed induction times during the
syntheses. Error bars represent standard deviations (a,b) and the determination uncertainties of the
precise moment of induction (d). Licensed under Creative Commons, reprinted from reference [143].
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Table 5: TEM, EDX, and ICP-OES characterization results for as-synthesized alumina-
doped zirconia particles. The theoretical alumina contents are indicated by the sample names
and correspond to the precursor molar ratios Al/(Zr+Al) used. Mean diameters were obtained from
the specified number of particles n for each sample and calculated using the projection area of each
particle. EDX data were obtained from individual particles, OES data represent averaged values
for a large number of particles. Given uncertainties indicate the standard deviations of multiple

measurements. Licensed under Creative Commons, reprinted from reference [143].

TEM EDX OES
sample n d / nm alumina content / mol%
A0 114 290.2 4+ 30.6 (10.5%) - -
A2 108 323.6 + 36.3 (11.2%) 2.5 £0.38 1.86 = 0.01
A4 157 317.8 + 42.4 (13.4%) 4.2 £ 0.31 4.34 £ 0.04
A6 124 208.5 + 28.8 (9.7%) 5.1 £0.48 5.76 = 0.01
A8 112 278.9 4+ 32.0 (11.5%) 6.8 = 0.49 8.53 £ 0.26
A10 164 289.4 4+ 33.4 (11.6%) 9.1 £0.31 11.00 £ 0.21
A12 109 318.3 4+ 32.6 (10.3%) 10.1 £ 0.68 12.28 £+ 0.06
Al4 114 316.7 £+ 49.2 (15.6%) 12.0 £ 0.39 14.82 + 0.04
Al6 117 277.6 + 40.0 (14.4%) 14.4 £+ 0.09 16.48 £ 0.31
A18 107 321.6 £+ 39.6 (12.3%) 15.0 £ 0.47 18.69 £+ 0.10
A20 127 288.5 4+ 40.7 (14.1%) 16.9 £ 0.22 21.35 £ 0.06
A30 100 282.8 4+ 40.5 (14.3%) 28.5 = 0.51 35.11 £ 0.27
A40 124 268.9 + 23.7 (8.8%) 33.1 £ 0.47 40.31 £+ 0.02
A50 142 283.3 £+ 28.9 (10.2%) 42.6 + 0.52 49.67 £ 0.02
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Figure 20: SEM analysis of selected alumina-doped zirconia particle samples. Represen-
tative micrographs of as-synthesized and annealed particle samples with different alumina contents are
depicted. They show different degrees of structural disintegration after annealing at 800, 1000, and
1200 °C for 3h. Higher alumina contents evidently stabilize the particles against thermally induced
material failure. Licensed under Creative Commons, reprinted from reference [143].
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amount of HPC was reduced with increasing alumina content in order to compensate
for the size reducing effect caused by a larger alumina-precursor fraction in the reagent
mixture. The induction times decreased drastically with increasing alumina content
(Figure 19d). As discussed above, this can be attributed to the higher reactivity of the

alumina precursor compared to that of the zirconia precursor.

5.1.2 Thermal Stability

In the next step, the thermal stability of the obtained particles was studied, i.e., the
ability to maintain their size and spherical shape after annealing at high temperatures.
This is particularly relevant with regard to their suitability for potential high tem-
perature applications. Therefore, they were annealed at 800 °C, 1000 °C and 1200 °C
for 3h and subsequently characterized by TEM and SEM. TEM characterization was
conducted for all samples. The results are provided in the Appendix (Figures 41, 42,
and 43). Only selected samples were examined using SEM, representative micrographs
are depicted in Figure 20. A qualitative comparison of the particle morphologies
displayed here indicates a significant effect by alumina doping. The undoped particles
already showed complete structural failure after annealing at 800 °C, while particles
with only 2mol% alumina had merely partly disintegrated. However, the samples
with 4mol% and 12mol% alumina fully maintained their structural integrity after
annealing at 800 °C. This is also observed after annealing at 1000 °C, although some
grain coarsening occurred. In contrast, particles of all samples are mostly disintegrated
after annealing at 1200 °C, independent of the alumina content.

X-ray diffraction (XRD) patterns were recorded for powder specimens of all annealed
samples in order to gain insights into the crystal structures. The complete set of
obtained diffractograms is provided in the Appendix (Figure 44), those for the selected
samples are depicted in Figure 21. As reasoned in Section 3.2.1, the tetragonal and
cubic crystal phases were considered as one phase in this work, hence referred to as
‘tetragonal /cubic’. All observed peaks in the diffractograms correspond to either the
monoclinic (m) or the tetragonal/cubic (t/c) zirconia phases, characteristic signals are
marked accordingly. Peaks corresponding to crystalline alumina were not observed.
This is suggests that the dopant is either present as a solid solute in the parent
zirconia structure or in crystalline domains that are to small in size to cause detectable
signals in XRD. The data show that the t/c phase is increasingly stabilized by higher
alumina contents after annealing at 800 °C and 1000 °C. Material failure in zirconia at

high temperatures is often caused by the destructive phase transformation from the
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Figure 21: XRD patterns of selected alumina-doped zirconia particles after annealing
at different temperatures. The samples containing varying amounts of alumina were annealed
at 800, 1000, and 1200°C for 3h and analyzed ex situ. Characteristic peaks of the monoclinic (x)

and the tetragonal/cubic (o) zirconia phases are annotated accordingly. Licensed under Creative
Commons, reprinted from reference [143].
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Figure 22: Quantitative phase analysis and crystallite sizes of annealed alumina-doped
zirconia particles with varying alumina contents. The samples were annealed at (a) 800 °C,
(b) 1000°C, and (c) 1200 °C, phase weight fractions of the monoclinic and tetragonal/cubic phases
were extracted from XRD data using Rietveld refinement. (d) Monoclinic and tetragonal/cubic
crystallite sizes obtained from the same data, displaying only phases with a minimum weight fraction
of 10wt%. Licensed under Creative Commons, reprinted from reference [143].
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metastable tetragonal to the monoclinic polymorph, as elaborated in Section 3.2.1. The
XRD patterns were, thus, in good agreement with the particle disintegration trends
observed by SEM (see Figure 20).

The relative amount of tetragonal zirconia after annealing can therefore serve as an
indicator for the stabilizing effect of the respective alumina content. All XRD data were,
thus, evaluated by Rietveld refinement for quantification of the crystal phase fractions
for all samples. The results are shown in Figure 22 (a—c). The samples annealed at
800 °C and 1000 °C clearly show a strong correlation between the alumina content and
the stabilization of the tetragonal /cubic phase. Being more specific, the monoclinic
phase fraction after annealing at 800°C is reduced significantly by the addition of
alumina up to an alumina content of 12mol%. Above that, the tetragonal/cubic phase
is completely stabilized, almost no significant monoclinic fraction is detected. A similar
trend is observed for the samples annealed at 1000 °C. However, complete stabilization
at this temperature is not achieved, even with the highest alumina content in this study,
i.e., 50mol%. After annealing at 1200°C, all samples have practically transitioned
to the monoclinic phase. Nonetheless, a small but significant tetragonal/cubic phase

fraction remained for samples with higher alumina contents, namely >40mol%.

5.1.3 Microstructural Analysis

Using the Rietveld analysis data, average crystallite sizes were extracted in order to
study the influence of alumina-doping on the zirconia grain sizes. Besides the marten-
sitic phase transformation, grain growth represents another important mechanism for
structural destabilization of zirconia at high temperatures, as explained in Section 3.2.2.
The Rietveld method was used to obtain separate crystallite sizes for each individual
phase. These findings for the alumina-doped zirconia particle samples are illustrated
in Figure 22d. Here, data from phases with a relative phase fraction of <10% were
excluded due to insufficient peak intensity for reliable Rietveld fitting. Based on the
visualized results it is clearly visible that grain growth is generally more pronounced
in samples that were annealed at higher temperatures. No obvious trend for the
dependence of the grain size on the alumina content could be found. However, the
data indicate a certain tendency towards smaller grain sizes at higher alumina contents
for the t/c phase after annealing at 800 °C. Similarly, the monoclinic phase contains
smaller crystallites at higher alumina contents after annealing at 1000 °C and 1200 °C.
Merely crystallites in the t/c phase after annealing at 1000 °C show a slightly different
behavior: It is apparent that the grains of the t/c phase are larger than those in the
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Figure 23: Element maps of as-prepared and annealed alumina-doped zirconia particles.
The data were obtained by spatially resolved EDX analysis using STEM. Lamellae of deposited
particle samples were prepared by focused ion beam thinning. The analyzed particles originate from
the sample A20 with an alumina content of 20mol% and represent the elemental spatial distribution
before and after annealing at 800°C for 3h. Licensed under Creative Commons, reprinted from
reference [143].

monoclinic phase of the same samples at low (<8 mol%) and again at higher alumina
contents (>20mol%). This contradicts the expectation based on previous findings,
where smaller grains are preferably tetragonal and larger grains above a critical grain
size tend to transition to the monoclinic phase.["*! The observations resemble those
made in a study by Leib et al. concerning La-doped zirconia microparticles.!'6% Here,
two explanations were proposed: the formation of smaller monoclinic grains due to
twinning during the phase transformation and a secondary grain formation at the
grain-grain interfaces due to segregation into dopant-rich and dopant-lean regions.
Both assumptions seem reasonable and would also be in good agreement with the
findings of the study presented here.

In order to study the microstructural effect of alumina-doping on the properties of
such particles in more detail, a selected sample pair containing 20 mol% alumina,
as-synthesized and annealed at 800 °C, was investigated by spatially resolved elemen-
tal analysis. Cross-sectional cuts of one particle of each sample were prepared by
focused ion beam (FIB) technique and analyzed by EDX elemental mapping using
scanning transmission electron microscopy (STEM). The obtained element maps and

the simultaneously recorded high-angle annular dark-field (HAADF) micrographs are
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presented in Figure 23. A homogeneous spatial distribution of Zr, Al, and O across the
entire particle cross-section is observed for the as-synthesized sample before annealing.
Contrarily, segregation of alumina is found after annealing at 800°C in a seemingly
network-like manner. The Zr map shows a complementary distribution with rather
weak signals in these Al-rich regions. A comparison with the HAADF micrograph
reveals that the segregation appears to be located near the grain boundaries. These
results are consistent with previous findings in various mixed Zr/Al oxide powders and
zirconia materials doped with other metals.['97224 With respect to the observations
made regarding grain sizes of alumina-doped zirconia particles, these observations
suggest that segregation of alumina at the grain-grain interfaces plays a key role in
the inhibition of thermally induced grain growth. Grain boundary pinning can be
considered as a possible mechanism underlying this process, as suggested elsewhere.[?0l
However, the presence of inter-grain alumina is difficult to prove with the methods
that were available in this study. Amorphous phases are not detectable by XRD and
crystalline alumina with dimensions of only a few nanometers will cause excessive
line broadening due to the low number of diffraction planes. Such signals cannot be
detected under the limited given characterization conditions. However, XRD analysis
of a 20mol% alumina-doped sample annealed at 1500°C revealed the presence of
crystalline alumina (see Appendix, Figure 45). This supports the hypothesis of alumina
segregation and agrees with the poor solid solubility of alumina in zirconia reported in

the literature.[102:103]

5.2 Alumina/Yttria-Doped Zirconia Particles

In the previous section it was demonstrated that the incorporation of alumina into
sol-gel derived zirconia mesoparticles can enhance their thermal stability against
disintegration by the inhibition of phase transformations and the retardation of grain
growth. However, the extent of stabilization achieved by alumina-doping does not reach
that of yttria-doping, the most common doping of zirconia. It was therefore decided to
combine these two dopants and investigate the influence on phase and microstructural
stability of the particles at high temperatures. In the study presented in this section,
yttria-doped, alumina-doped, and yttria/alumina-codoped zirconia mesoparticles were
synthesized by co-precipitation in a sol-gel synthesis, analogue to the previous section.
The obtained particle samples were annealed at temperatures between 800°C and
1400°C. As-synthesized and annealed particles were characterized by TEM, SEM,
XRD, and elemental analysis using EDX and OES. Most of this study was conducted
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20A8Y-1

Figure 24: SEM characterization of selected as-synthesized mono- and codoped zirconia
particles. The samples contained 20 mol% alumina (20A-2), 8 mol% yttria (8Y), or both 20 mol%
alumina and 8 mol% yttria (20A8Y-1 and 20A8Y-2), based on the precursor composition. Adapted
and reprinted from reference [225].

by Ms. Lea Klauke as part of her Bachelor thesis project under my supervision during
my doctorate studies.!??®l My contributions included conceptualization, data curation,
formal analysis, methodology, data evaluation and interpretation, validation, and

visualization as well as supervision of the experimental work.

5.2.1 Particle Synthesis

Doped zirconia microparticles were obtained following the same synthetic procedure as
discussed in Section 5.1 and published recently.['*3 Fixed values were chosen for the
target alumina and/or yttria contents. The alumina content was set to 20 mol%, because
this amount proved to be well sufficient to significantly stabilize the tetragonal /cubic
zirconia phase (see Section 5.1.2) and it is the only sample in the previous study
that was investigated in detail using EDX mapping. For the yttria content, an
amount of 8 mol% was chosen, as previous studies suggested this amount to be an
optimum for the thermal stabilization of zirconia microparticles in the tetragonal
phase.[137148] The first goal was therefore the synthesis of respective particle samples
with comparable average particle sizes and size distributions with the following target
compositions: (AlOj5)0.2(ZrOs)os (hence referred to as '20A’), (YO1.5)0.08(ZrOz2)0.02
(’8Y’), and (AlO1.5)02(YO1.5)0.08(ZrO2)0.72 ("20A8Y?’). As shown at the beginning of the
preceding section, the particle size of the final product is very sensitive to the amount
of dopant precursor in the precursor mixture. It was therefore necessary to adjust
the stabilizer composition for each synthesis individually in order to obtain samples
with similar particle sizes. They were subsequently characterized by SEM, TEM, EDX,

and elemental analysis. Representative SEM images of selected samples are shown in
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Table 6: Summarized characterization data from electron microscopy and elemental anal-
ysis of as-synthesized alumina-doped, yttria-doped, and alumina/yttria-codoped zirconia
particle samples. Average particle diameters d and relative standard deviations o were determined
by TEM. The complementary methods EDX and ICP-OES were used for elemental analysis of the
cation compositions, given in mol%.

TEM EDX OES
sample d/nm o/% | Y Al Zr Y Al Zr
20A-1 224.9 22.1 - 16.4 83.6 - 21.0 79.0
20A-2 235.5 24.6 - 16.3 83.7 - 22.6 77.4
20A8Y-2 215.9 19.5 14.8 15.2 70.0 9.6  20.0 70.4
8Y 177.1 19.7 16.1 - 83.9 10.7 - 89.3
20A8Y-1 182.1 15.3 15.5 15.4 69.1 10.2 21.1 68.7

Figure 24. TEM analysis was used to determine the average particle diameter and
the size distribution, expressed by the relative standard deviation. Corresponding
TEM images are depicted in Figure 25 (top row). Because the samples 8Y and
20A could not be obtained with similar particle sizes by adjustment of the stabilizer
composition, 20AI8Y particles were synthesized in two sizes (by variation of the
stabilizer composition), one each for comparison with every monodoped species. The

size characteristics and elemental analysis of all particle samples are summarized in
Table 6.

The TEM size analysis (see Section 8.2 for details) shows that there is a suitable
analogue sample of codoped particles of similar average size for each monodoped
sample, which enables the comparison of alumina/yttria-codoping with both monodoped
species: 20A8Y-1 with 8Y, and 20A8Y-2 with 20A-1 and 20A-2. The sample 20A-2
is an upscaled reproduction of 20A-1 (factor 3) at identical reagent concentrations
and synthesis conditions and with a very similar outcome. It underlines the good
reproducibility and scalability of the particle synthesis and a high degree of control
over the experimental procedure. Furthermore, the results of the elemental analysis
(see Table 6) suggest a precise translation of the precursor molar ratios into the
cation compositions of the final products. This tunability has been demonstrated
in the previous section for monodoped zirconia particles and the applicability for
codoped zirconia particles is shown here. The yittrium contents obtained by EDX seem
significantly higher than expected. However, the evaluated signals of Y and Zr in EDX
show a large overlap. The accuracy of their relative quantification by this method is
therefore generally limited. Moreover, as elaborated in Section 5.1, OES values are

expected to be more accurate and representative for the quantitative verification of
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successful doping. The observed alumina and yttria contents agree well with the target
compositions, solely the yttrium fraction in yttrium-containing samples is slightly
higher than expected. A similar observation was also made in an earlier work, wherein

it was attributed to the higher reactivity of the yttrium precursor.!®l

5.2.2 Thermal Stability

Analogously to the experiments described in the previous section, the codoped and
monodoped zirconia particles were subjected to high temperature annealing experiments
at 800, 1000, and 1200 °C and additionally at 1400 °C for 3h in order to investigate
the thermal stability. Here, the annealed particles were characterized qualitatively by
TEM, representative micrographs are depicted in Figure 25. However, based on TEM
no significant deviations between the different samples with respect to their particle
morphology and structural disintegration after annealing could be observed. Therefore,
ex situ XRD analysis was performed to examine the crystal phase compositions. The
obtained diffractograms were evaluated quantitatively using Rietveld refinement to
extract phase weight fractions and average crystallite sizes. The obtained original
XRD diffractograms and the results of the Rietveld analysis are presented in Figure 26.
Similarly to the previous section, tetragonal and cubic phase fractions could not be
distinguished due to the high similarity of the crystal structure and significant line
broadening and are therefore treated as one phase ('tetragonal/cubic’).

The alumina-doped samples (20Al-1 and 20A1-2) show partial stabilization of the tetrag-
onal/cubic zirconia phase against the martensitic phase transformation. Furthermore, a
clear trend of increasing monoclinic weight fraction with higher annealing temperature
is observed. This is in very good agreement with the results obtained for similar
samples, as elaborated in the previous section and published recently."*3 Also a drastic
increase in average monoclinic crystallite sizes is noticed as the temperature increases.
It should be noted that crystallite sizes obtained from phases with a low weight fraction
are inaccurate due to the low signal intensities in XRD. The observed trend fulfills
the expectation, i.e., it indicates the typical enhancement of grain growth at higher
annealing temperatures. When these findings are compared with the observations made
for the analogue alumina/yttria-codoped sample (20A18Y-2), significant differences are
evident: The codoped samples contain almost no monoclinic zirconia after annealing up
to 1000 °C and only a small fraction (~5wt%) after annealing at 1200 °C and 1400 °C.
It is obvious that the codoping strongly suppresses the martensitic phase transformation

in contrast to the alumina-monodoping. The observed phase fractions are in very good
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Figure 25: TEM micrographs of selected as-synthesized and annealed alumina-doped
(20A-1/20A-2), yttria-doped (8Y), and alumina/yttria-codoped (20A8Y-1, 20A8Y-2)
zirconia particle samples. Progressive particle disintegration is observed with increasing tempera-
ture. The sample 20AI8Y-1 could not be annealed at 1400 °C due to insufficient material quantity.
Adapted and reprinted from reference [225].
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Figure 26: XRD patterns, quantitative phase analysis results, and average crystallite
sizes of annealed alumina-doped, yttria-doped, and alumina/yttria-codoped zirconia par-
ticle samples. Rietveld analysis of the XRD patterns (left column) provided the data illustrated in
the center and right column. The sample 20AI8Y-1 could not be annealed at 1400 °C due to insufficient
material quantity. Note that crystallite sizes obtained from zirconia phases with very low weight
fractions are considered inaccurate.
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Figure 27: XRD pattern of alumina-doped zirconia particles (20A18Y-2) after annealing
at 1400 °C for 3 h. Besides the expected peaks of monoclinic zirconia, small characteristic signals of
a-alumina (blue arrows) are observed after calcination.

agreement with the results for the alumina/yttria-codoped sample with smaller particle
size (20A1Y8-1). The yttria-monodoped sample (8Y) exhibits a high tetragonal phase
fraction of 90 to 95 wt% across all temperatures. This was expected, since yttria in this
concentration is known to stabilize tetragonal zirconia to a high extent.!®'3"l While the
phase stabilization does compare well to that of the alumina/yttria-codoped samples,
a small deviation can be observed at lower temperatures (800 °C and 1000 °C). Here,
the transition to the monoclinic phase may apparently be inhibited to a slightly higher
degree by codoping with alumina/yttria.

With regard to crystallite sizes, all samples follow the general trend of larger crystallites
after annealing at higher temperatures. However, an interesting observation is made
after annealing at 1400 °C when comparing the yttria-doped (8Y) and alumina/yttria-
codoped (20A18Y-2) samples: Albeit the yttria-doping does stabilize the tetrago-
nal/cubic phase mostly at this temperature, excessive grain growth occurs. In contrast,
for the codoped sample no significant increase in average grain size is observed when
comparing the values obtained after anneling at 1200 and 1400 °C. As found in the
previous section, alumina tends to segregate near the grain boundaries upon annealing.
It is therefore conceivable that alumina-rich regions form at the grain interfaces provid-
ing a more effective barrier against diffusion and mass transport than yttria alone does
with its well-known solute drag effect (see Section 3.2.3). This assumption is supported
by Goncalves et al., who observed reduced grain growth of zirconia when coated with
alumina acting as a diffusion barrier.[??§! Surface-coating of nanocrystalline zirconia

with a thin layer of highly alumina-doped zirconia by Srdi¢ et al. also confirmed this
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hypothesis, as it resulted in significantly reduced grain coarsening.?*"! Providing proof
for the existence of such inter-grain alumina phases by the methods used in this work
is very difficult, as discussed in the previous section. However, in one of the codoped
samples (20AI8Y-2) annealed at 1400 °C, very small signals were detected that can be
attributed to a-alumina, as shown in Figure 27. This indicates a phase separation, thus
supporting the assumption of alumina formation and its role in grain growth inhibition.
This effect might also be further promoted by a decreased solid solubility of alumina in

zirconia at higher calcination temperatures, as reported by Srdi¢ et al.l?*®!

5.3 Silica@Gold(@Silica) Composite Particles

In Section 3.4 it was elaborated that gold nanoshells deposited onto spherical ceramic
particles have potential applications in various fields. For photonic materials, e.g.,
metasurfaces for TPV, the deposition of a second, outer ceramic shell is also of interest
for optical tuning.l*0l In order to obtain the expected and desired optical properties,
well-defined particle and shell geometries are crucial. Here, submicrometer-sized core
particles and a shell thickness in the nanometer region were chosen with respect to
potential applications in opical metamaterials, e.g. for TPV. For zirconia, highly
monodisperse spherical mesoparticles are yet unavailable by state-of-the-art synthetic
protocols. Contrarily, the synthesis of spherical silica particles is very well understood
and narrow size distributions can easily be obtained as well as substantial quantities.
Therefore, the model system SiO,@QAu@SiO, was chosen for initial experiments with
the goal to fabricate closed gold and silica shells with tunable thicknesses via a wet-
chemical route. A recently published protocol for the preparation of the analogue
Si0,@Pt@SiO, particle system by Petrov et al.l'%! served as a starting point and
was adapted for gold shells. Compared to platinum nanoshells, gold nanoshells are
expected to show improved optical properties with respect to damping of the plasmon
resonance.??! The multi-step preparation method is illustrated in Figure 28, it is based
on previous protocols for gold and platinum nanoshells.['819] Preparative and analytic
work presented in this chapter was conducted in parts in collaboration with my former
colleague Dr. Alexey Petrov. FIB preparation and subsequent TEM characterization

were performed by Mr. Andreas Kornowski.

5.3.1 GNP Immobilization

Spherical silica mesoparticles were provided by Dr. Alexey Petrov and had been

obtained in the context of his dissertation using the Stober method, followed by two
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SiO, SiO,-NH, SiO,@GNP SiO,@Au Si0,@Au@SIO,

Figure 28: Synthesis strategy for SiO,@Au@SiO; composite particles. The preparation
comprises amino-functionalization of silica particles using 3-aminopropyl triethoxysilane (APTES),
immobilization of small gold nanoparticles (GNPs), gold nanoshell deposition by reductive seeded
growth, and silica encapsulation using tetraethyl orthosilicate (TEOS).

‘ a) ’ ‘ as-synthesized ’ ’ b) ‘ ‘ amino-functionalized ’

I
"‘ = E 500 nm 500 nm

Figure 29: TEM analysis of silica particles. (a) As-prepared particles obtained via the
Stober process and two subsequent seeded growth steps. (b) The same particle sample after amino-
functionalization using 3-aminopropyl triethoxysilane (APTES), which is accompanied by a measurable
increase in particle size due to the deposition of a thin layer of amino-silica.
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Figure 30: TEM analysis of GNPs before and after immobilization on silica particles.
(a) As-prepared gold nanoparticles. (b) Amino-functionalized silica mesoparticles homogeneously
decorated with surface-immobilized GNPs.

seeded growth steps.['34230] Representative TEM images are shown in Figure 29. The
highly monosdisperse and perfectly spherical as-prepared particles had an average
diameter of 337nm (£2.5%). Amino-functionalization was achieved by treatment
with 3-aminopropyl triethoxysilane (APTES) in tetrahydrofuran (THF), and was
accompanied by an increase in size to 347nm (£2.9%) due to the deposition of a
thin amino-silica layer by polycondensation. The functionalized particles were used as
starting material for the experiments presented in this section.

A colloidal sol of small gold nanoparticles was synthesized by reduction of chloroauric
acid in an aqueous solution containing sodium hydroxide following a protocol by
Duff et al.l'¥”l Here, tetrakis(hydroxypropyl)phosphonium chloride (THPC) served
as both reducing and stabilizing agent. Using this method, small GNPs with an
average diameter of (2.9 & 1.0) nm were obtained in the form of a dark brown solution.
Addition of a small amount of readily dispersed amino-functionalized silica particles
to the as-prepared GNPs in combination with ultrasonication and subsequent stirring
yielded a homogeneous coverage of the silica particle surface with immobilized GNPs.
Representative TEM images of both are depicted in Figure 30. The purified particle

suspension was further used for the deposition of a gold nanoshell.

5.3.2 Shell Deposition

The deposition of gold nanoshells was achieved by adapting a protocol for the synthesis

of platinum nanoshells.!'%! Herein, GNPs immobilized on silica nanospheres served as
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Figure 31: TEM analysis of as-deposited gold nanoshell and outer silica shell. (a) Homo-
geneous seeded growth of the gold shell on the GNP-decorated silica particle surface is achieved. (b)
A smooth outer silica shell with constant thickness could successfully be deposited onto the gold
nanoshell.

deposition nuclei for seeded growth of homogeneous platinum nanoshells with variable
thickness. In the present work, in lieu of chloroplatinic acid, chloroauric acid was
used. As described in Section 3.4.2, an aged mixture of chloroauric acid and potassium
carbonate (K-gold solution) has proven to favor surface-attached reduction and avoid
secondary nucleation in solution.!? Therefore, a K-gold solution was used as the gold
precursor. Ascorbic acid served as reducing agent in order to enable a more controlled
reduction compared to other reported reducing agents (see Section 3.4.2). The obtained
Si0,@Au particle sample was characterized by TEM, representative micrographs are
shown in Figure 31. Gold nanoshells with a thickness of ~12nm could be deposited
homogeneously on all particles. This is in good agreement with the observations made
for the growth of platinum nanoshells.'%! Although a slight surface roughness is present
(see Figure 31a, inset), the homogeneity of the nanoshell appears significantly higher
than in other reported studies,!'90:231-233] particularly for thin shells. The employment
of ascorbic acid as reducing agent is a possible reason for this. It is assumed that the
rather mild redox conditions enable a slower and more controlled reduction of gold and,

consequently, lead to a more homogeneous dispersion over the entire particle surface.

In a subsequent step, a silica shell was deposited on top of the gold nanoshell using the
protocol for silica encapsulation of platinum nanoshells.'l Briefly, this was achieved
by hydrolysis of TEOS and polycondensation on the gold nanoshell surface using
polyvinylpyrrolidone as coupling agent. The obtained SiO;@Au@SiO, particle sample
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Figure 32: FIB/TEM analysis of SiO;@Au@SiO, particle assemblies. Representative
scanning transmission electron micrographs of SiO,@Au@SiO, particles, sliced by focused ion beam
thinning. The camouflage structure of the deposited gold is clearly visible and disproves the existence
of a closed gold nanoshell. The FIB/TEM characterization was performed approximately three months
after the shell deposition.

a) SiO,@Au (aged) b) Si0,@AuU@SiO, (aged)

100 nm
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500 nm
Figure 33: TEM analysis of aged SiO,@Au@SiO, particles. Representative transmission
electron micrographs of (a) SiO2@Au and (b) SiO2@Au@SiO, particles three months after synthesis.

A significant segregation of gold and the formation of a camouflage structure is observed, even
underneath the outer silica shell.
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was characterized using TEM, representative micrographs are depicted in Figure 31b.
A smooth silica shell with a constant thickness of ~35nm homogeneously deposited
on all particles is observed. In order to study the morphology of both shells in more
detail, a sample of the SiO,@Au@SiO, particles was assembled on a silicon substrate
and thinned using FIB technique. The obtained lamella with a thickness of ~100 nm
was characterized using TEM, which allows a cross-sectional insight into the material
structure. Representative micrographs are shown in Figure 32. The cross-sections of
the silica core and outer shell (light) and the gold inner shell (dark) are clearly visible.
Surprisingly, the gold shell shows a non-closed camouflage structure. At this point
it should be noted that a period of approximately three months had passed between
the fabrication of core@shell@shell particles and the FIB/TEM characterization. It
was therefore unclear, whether the observed delamination and segregation of gold
was caused by the FIB processing or proceeded over time, presumably due to poor
adhesion characteristics of gold on silica.[?*¥ Hence, TEM characterization of the aged
samples was conducted, representative micrographs are depicted in Figure 33. In
comparison with the freshly prepared samples (Figure 31), significant gold segregation
is observed, even underneath the outer silica shell. It is therefore concluded that the
segregation observed in Figure 32 was probably not caused by the FIB preparation.
Presumably, a high surface energy of the gold shell is the driving force underlying the
observed behavior and the poor adhesion between gold and silica additionally facilitates
delamination.!?3! While as-prepared SiO;@Au(@SiO,) composite particles exhibit a
promising morphology of the gold nanoshell with respect to contiguity and homogeneity,
the findings show a poor long-term persistence of the shell structure. This remains a

serious hurdle for potential applications of silica-supported gold nanoshells.

In high temperature photonic materials, e.g., metasurfaces for selective TPV emitters,
a closed gold nanoshell with defined geometry is crucial. The results in this section
demonstrate that these requirements are difficult to achieve with the typical silica@gold
material system due to unfavorable material interactions and structural instability
of the gold shell. Furthermore, because of its limited thermal stability, silica may
not be suitable for the design of materials applied in high temperature environments
(<1000°C). However, the experiences with this interesting nanomaterial inspired the

development of a novel material system, which will be discussed in the next section.
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5.4 Zirconia@Gold Composite Particles

In this study, a novel approach for the preparation of zirconia@gold spherical mesopar-
ticles in aqueous solution is presented. It was inspired by the method for silica@gold
particles that was discussed in the previous section. Zirconia mesoparticles, prepared by
the method described in Section 5.1, served as a starting material. The immobilization
of nanoparticulate gold on the surface of such particles and the controlled deposition of
additional gold by seeded reduction have not yet been reported in the literature. The
permanent attachment of gold on zirconia is therefore likely to pose a major synthetic
challenge. The results presented in this section were published recently.[?®! In the
underlying study, I was leading investigator regarding conceptualization, methodology,
validation, investigation, and formal analysis as well as manuscript draft writing, edit-
ing, and review. Preliminary experiments contributing to the design of the study were
conducted by Mr. Jan-Dominik Krueger in the course of his Bachelor thesis during my
doctorate studies and under my supervision.!?3¢l The zirconia particles used here were

prepared by Mr. Sebastian Déring in the context of his Master thesis.[???l

Undoped zirconia mesoparticles with an average particle diameter of (384 4+ 36) nm
were dried and calcined at 600°C for 3h in order to remove residual organics and
to achieve densification. The approach for the preparation of ZrO,@Au composite
particles resembles the synthesis protocol for SiO;@Au particles that was described in
the previous section (see Figure 28): Amino-functionalization of the ceramic particle
surface followed by immobilization of GNPs and finally seeded growth deposition
of gold. However, zirconium compounds analogue to APTES are not commercially
available and the sol-gel chemistry of zirconia and silica are very different due to the
large discrepancies regarding the reactivities of the respective precursors.?”l Therefore,
amino-functionalization of the zirconia particle surface could not be achieved similarly
to that of silica particles. For the immobilization of GNPs on the zirconia surface, a dual
strategy was pursued here. It involved the employment of aminomethylphosphonic acid
(AMPA) as coupling agent and acidification using hydrochloric acid. The subsequent
seeded growth deposition was expected to be achieved similarly to that on GNP-
decorated silica particles. The complete synthesis strategy is schematically illustrated

in Figure 34.

AMPA was chosen as coupling agent for several reasons: it possesses both an amine and
a phosphonic acid group, which are known to have sufficient binding affinity to GNP
and zirconia surfaces, respectively;[?3*242 it is a small molecule, keeping the amount of

introduced organic material low; and it is commercially available at a low cost. Among
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Figure 34: Synthesis strategy for novel zirconia@gold composite mesoparticles. Small
GNPs are immobilized on the surface of calcined zirconia particles using aminomethylphosphonic acid
(AMPA) and HCIL. After purification, additional gold can be deposited by seeded growth. Repeated
gold deposition is expected to result in the formation of a closed gold nanoshell. Licensed under
Creative Commons, reprinted from reference [235].

the reagents involved during GNP immobilization, most components are pH-sensitive:
the zirconia surface, the GNP surface and its electrostatic stabilizer THPC, and the
ampholytic AMPA. It is therefore obvious that the pH will have a significant impact
on the process and the efficacy of GNP deposition. Studies on the immobilization of
citrate-stabilized GNPs on amine-functionalized silicon suggest that a pH of ~5 would
be optimal for the desired attractive interaction between the GNPs and AMPA.[243:244]
GNPs prepared by the Duff method, as used here, possess a negative surface charge.???
The amine functional group of AMPA should therefore be protonated in order to
exhibit electrostatic attraction towards the GNPs. This was pursued by acidification
of the reaction solution. In contrast to the amino-functionalization of silica particles
using APTES, here, the amine group is not attached to the ceramic surface by a
covalent bond. Hence, the merely electrostatic interaction between the zirconia surface
and phosphonic acid of AMPA must be considered, too. AMPA is ampholytic with

three relevant Brgnsted protons and can occur in four possible protonation states,
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Figure 35: Ampholytic behavior of aminomethylphosphonic acid (AMPA). Due to the
Brgnsted-active functional groups AMPA occurs in four states of protonation in aqueous solution,
depending on the pH. The given pK, values denote the acidities of the corresponding protons.!23!

depending on the pH. These are shown in Figure 35 with the respective pK, values,?®!

resulting in an isoelectric point at ~3.25. For zirconia in water, the isoelectric point is
approximately 6.7 to 6.9.1245246] Therefore, at a pH between these two values, opposite
charge of the phosphonic acid group of AMPA and the zirconia surface are expected,
enabling electrostatic attraction.

These theoretical considerations provide good indications for suitable pH values for
GNP immobilization on zirconia particles. However, the system is rather complex and
involves too many components to enable a precise prediction of the optimal pH. It is
therefore reasonable to determine the optimal pH empirically, which represents the first
experimental series in this part of the dissertation. Furthermore, the influence of the
acidity and the presence or absence of AMPA on the success of GNP immobilization
were investigated, with the goal of maximizing the amount and surface density of
immobilized GNPs. The most promising sample was then reproduced and used in

subsequent experiments for the deposition of additional gold by seeded growth.

5.4.1 GNP-Immobilization at Varying pH Using AMPA

The addition of a strong acid in variable amounts is a straightforward way of adjusting
the pH. In this study hydrochloric acid was used for this purpose. The experimental
design for the GNP immobilization is schematically illustrated in Figure 34. Calcined
zirconia mesoparticles and AMPA (final concentration: 6 mM) were mixed and variable
amounts of HCI (final concentrations: 1076 to 1 M) were added. Finally, an as-prepared
colloidal solution of small GNPs (0 (2.8 £ 0.9) nm) was added under intense mixing. All
experiments were also similarly conducted in absence of AMPA in order to differentiate
the effects of HCI alone from that of AMPA and HCI in combination. Purification
was subsequently performed by repeated centrifugation and redispersion in water in
order to separate the particles from excess free GNPs and small molecules (AMPA,
THPC, HCl). The purified samples were characterized using SEM, ultraviolet /visible
(UV /vis) spectroscopy, and elemental analysis by atomic absorption spectroscopy (AAS).
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Figure 36: SEM analysis of GNP-decorated zirconia particles prepared under varying
synthetic conditions. The samples were obtained by GNP immobilization at different HCI concen-
trations and in presence or absence of AMPA. Photographic images of the purified particle suspensions
are shown in the insets, pH values were determined experimentally and are indicated in the top right
corner. SEM images were collected using an energy-selective backscatter (ESB) detector, yielding
a strong contrast between zirconia (dark) and gold (bright). Licensed under Creative Commons,
reprinted from reference [235].
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Additionally, pH values were determined experimentally for each sample. Representative
SEM micrographs, corresponding photographic images and the respective pH values
are depicted in Figure 36. It should be noted that the smallest GNPs can most likely
not be detected due to the limited spatial resolution of the instrument. However, a
sufficiently large fraction of GNPs is visible in order to draw meaningful conclusions

about the GNP coverage from the micrographs shown.

Here, a clear trend of increasing GNP coverage with higher HCI concentrations and lower
pH is observed. Significant amounts of immobilized GNPs are found for concentrations
>1072M and pH values <3.3 in the presence of AMPA and >0.01 M and pH values
<2.5 in absence of AMPA. Moreover, these particle suspensions (with the exception
of those obtained with 1M HCI) exhibit a light brownish color. This corresponds
to the typical surface plasmon absorption of nanometer-sized GNPs and confirms
their immobilization. A similar observation is made for samples with AMPA at HCI
concentrations <10~* M, though no GNPs were found by SEM. It is presumed that
GNPs with sizes below the detection limit have been immobilized and cause the SPR
excitation but are invisible in SEM. At an HCI concentration of >0.1 M, significant
occurrence of GNP aggregates is observable in SEM. Particularly for the samples
obtained at 1M, a deep red/purple coloration indicates a significant spectral red-shift
of the SPR excitation band, as discussed in Section 3.4.1. This finding confirms the
occurance of GNP aggregation and coalescence. Black precipitates (not visible in the
photographs) additionally support this conclusion. Apparently, an acidic environment
at a pH between approximately 1 and 4 is favorable for GNP immobilization. This is in
agreement with the literature, where similar observations were reported for adsorption
of GNPs and metal complexes on oxide surfaces.[??2247l It should be noted, that the
use of hydrochloric acid not only introduces acidic protons but also chloride ions. The
observed effects are likely to be due by the acidity caused by the protons. However, an
involvement of the chloride ions to any extent cannot be excluded with certainty at
this point.

Regarding the influence of AMPA, samples obtained in the presence of AMPA show
significantly higher GNP coverage than those prepared in absence of AMPA. This is
particularly found for samples obtained at HCI concentrations of 1073, 0.01, and 0.1 M.
The SEM results presented in Figure 36 therefore suggest that AMPA promotes GNP
immobilization, as assumed based on the theoretical considerations at the beginning
of this section. However, the enhancement of GNP immobilization by acidification
using HCI in suitable concentrations is more pronounced than that achieved by AMPA

coupling.
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Figure 37: AAS analysis of GNP-decorated zirconia particles prepared under varying
synthetic conditions. Au weight fractions of purified particle samples after GNP immobilization as a
function of a) the HCI concentration and b) the pH, in presence or absence of aminomethylphosphonic
acid (AMPA). The insets show enlarged segments of the same data. Error bars indicate the uncertainty
defined by the standard deviation of multiple measurements or the weighing error, whichever value is
larger. Licensed under Creative Commons, reprinted from reference [235].

In order to quantify the observed variations in GNP coverage, the samples were further
characterized using atomic absorption spectroscopy (AAS) and UV /vis spectroscopy.
The results are illustrated in Figure 37 and Figure 38, respectively. To account for
deviations in particle concentrations as a result of the synthesis and purification
process, weight concentrations were determined gravimetrically. The UV /vis results
were therefore corrected via division by the particle concentrations. Details are provided
in Table 10 in the Experimental Section and in the Appendix (Table 13).

The AAS and UV /vis results clearly confirm the general trend already identified by SEM
and the observed coloration of suspensions: With increasing HCl concentration, the
amount of immobilized gold increases substantially. Furthermore, GNP immobilization
proves to be more effective when conducted in the presence of AMPA. Comparing the
results with samples obtained in absence of AMPA and as a function of pH (Figure 37b
and Figure 38b), the observed effect cannot be explained by the acidity alone. A
favorable effect of AMPA due to electrostatic coupling, as considered prior to this
study, seems reasonable.

For HCI concentrations of <0.01 M and pH values >2.2, there were no indications for
significant GNP aggregation, hence the determined Au fraction presumably represents
only immobilized GNPs. However, for higher HCI concentrations and lower pH, SEM
has revealed substantial occurrence of GNP aggregation. Although, high Au fractions

were obtained in AAS analysis for these samples, they must be ascribed at least partially
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Figure 38: UV /vis analysis of GNP-decorated zirconia particles prepared under varying
synthetic conditions corrected for varying particle concentrations. a) Absorbance spectra
for samples obtained by GNP immobilization at varying HCI] concentrations, in presence (solid
lines) and absence (dashed lines) of AMPA. b) Extracted absorbance at 450 nm as a function of
HCI concentration (inset) and pH (main plot). Error bars indicate the uncertainties concerning
the determination of pH (horizontal) and particle concentration (vertical). Licensed under Creative
Commons, reprinted from reference [235].

to GNP aggregates, either immobilized or freely dispersed but too large for effective
separation during purification. This assumption is also strengthened by the spectral
red-shift of the SPR band in the UV /vis spectra.

In summary, the following conclusions were drawn from this study: The coverage
of zirconia particle surfaces with immobilized GNPs can be significantly increased
by lowering the pH via addition of hydrochloric acid; The employment of AMPA
as a coupling agent has a significant but weaker promoting effect; At higher HCI
concentrations (>0.1 M) or low pH (<1), GNP aggregation occurs; Optimal conditions
for GNP immobilization with high surface coverage but without aggregation are in the
region of 0.01 M HCI in combination with the addition of 6 mM AMPA. A scaled-up
reproduction of the respective experiment was conducted to prepare a larger sample
quantity for further experiments. The characterization results of the reproduced sample
were in very good agreement with those of the original sample, details are provided in
Table 10 in Table 10 in the Experimental Section and in the Appendix (Table 13).

5.4.2 Seeded Growth of Immobilized GNPs

In a subsequent study, it was intended to achieve a controlled and homogeneous growth
of the immobilized GNPs by seeded reduction of ionic gold, as illustrated in Figure 34.

Preliminary experiments had confirmed, that deposition of gold on bare zirconia
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Table 7: EDX quantification of ZrO,@Au particles at different stages during gold depo-
sition. The data were obtained by analysis of single particles or groups of a few particles and given
in atom% relative to the sum of the three quantified elements. Indicated uncertainties represent the
standard deviations of multiple measurements. Licensed under Creative Commons, reprinted from
reference [235].

element after GNP after 1 deposition  after 2 deposition
immobilization cycle cycles
O 65.1 £ 0.0 492 + 6.4 54.1 £ 2.5
Zr 34.0 £ 0.1 36.8 £ 0.8 36.9 £ 1.8
Au 0.9 +£0.1 4.0 £ 0.1 9.0 £ 0.7

particles was unsuccessful and led to uncontrolled formation of gold aggregates rather
than homogeneous coverage of the particle surface. The preceding GNP immobilization
was therefore considered a crucial step. Here, seeded growth was carried out in two
identical deposition cycles. The purified suspension of GNP-decorated zirconia particles
was therefore used as starting material. An aqueous solution of chloroauric acid
and potassium carbonate ("K-gold’, see Section 3.4.2) was prepared and used as gold
precursor. For each deposition cycle, the diluted particle suspension was mixed with
ascorbic acid as reducing agent followed by the dropwise addition of the K-gold solution
at a constant rate under vigorous stirring. After the addition, stirring was continued
for 1h. Lastly, purification was achieved by repeated centrifugation and redispersion

in water. Here, two deposition cycles were performed.

The subsequent characterization was conducted with samples of the three stages of gold
deposition (after GNP immobilization, after 1 deposition cycle, and after 2 deposition
cycles) in order to evaluate the stepwise progress of gold deposition. They were analyzed
using SEM, TEM, and STEM /EDX element mapping. In addition, photographic images
of the readily dispersed particle suspensions were taken. The results are presented in
Figure 39. The SEM images (top row) indicate a gradual and significant growth of the
immobilized GNPs between the three stages. There are no indications for the formation
of gold aggregates, which suggests good control over the GNP-seeded reduction process.
TEM images at higher magnifications (second row) clearly confirm the findings by SEM.
Here, an overall growth of the GNPs from ~3 to ~15nm after two deposition cycles is
observed. Distinct changes are also found with respect to the coloration of the particle
suspensions. The pale brownish color of the GNP-decorated particles transitioned
over a strong red/purple to dark violet/black tone (top row, insets). Again, the color
impressions are caused by SPR excitation, which is very sensitive to the GNP size and

inter-particle distances. The first change from brownish to red/purple is similar to that
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Figure 39: Electron microscopic, elemental, and photographic analysis of gold deposition
on GNP-decorated zirconia particles at different stages. Characterization was performed (a)
after GNP immobilization, (b) after 1 deposition cycle, and (c) after 2 deposition cycles. SEM images
were obtained using an ESB (left and top right) or an in-lens detector (bottom right). Different
individual particles from the same sample are shown in each column. Licensed under Creative
Commons, reprinted from reference [235].

observed after GNP immobilization at high HCI concentrations in the previous study
(see Figure 36) and indicates the formation of particle clusters and small aggregates.
The second color shift to violet/black is likely to be a result of GNP coalescence and the
starting formation of a metal nanoshell.'819 The EDX mappings of single particles
after each deposition stage (bottom row) provide a good visualization of the gradual
GNP growth and, additionally, confirm the observations made by electron microscopy.
Finally, EDX quantification of the expected elements (oxygen, zirconium, and gold)
was carried out, the results are summarized in Table 7. As expected, a rather low gold
fraction of 0.9 atom% is found for GNP-decorated zirconia particles, which translates
into a weight fraction of 4.1 wt%. This is slightly higher than the value of 2.5 wt%
obtained by AAS for the original sample in the previous study (see Figure 37). The
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values are however in acceptable agreement in the light of the different analytic methods
and the fact that the reproduction was also an up-scaled synthesis. After one and two
cycles of gold deposition the gold fraction increased significantly to 4.0 and 9.0 atom%,
respectively. The non-linear behavior is presumably due to the larger gold surface
area that is available for reduction of additional gold in the second deposition cycle
compared to the first one. Overall, the results are in excellent agreement with the
findings from the diverse imaging methods presented in Figure 39. In summary, the
results of this experimental series demonstrate the successful deposition of gold on

zirconia particles by GNP immobilization and seeded growth.
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6 Summary and Conclusion

In this dissertation several studies were presented focusing on the synthesis and
characterization of sol-gel derived (doped) zirconia mesoparticles and the investigation
of their microstructural behavior under thermal loading. Furthermore, the deposition
of gold nanoshells and their morphological changes after ageing were reported, as
well as a novel synthetic approach to prepare zirconia@gold composite mesoparticles.
First, zirconia particles doped with 0 to 50 mol% alumina with similar particle sizes
of ~300nm were successfully synthesized by the employment of eicosanoic acid and
hydroxypropyl cellulose as stabilizing agents and adjustment of their mixing ratio and
the total amount of stabilizer. The obtained particles were annealed at 800, 1000,
and 1200 °C, and characterized with regard to crystal phase compositions and grain
sizes. It was shown that alumina-doping effectively stabilizes the tetragonal /cubic
zirconia phase and impedes the undesirable martensitic phase transformation to the
monoclinic phase when annealed at 800 and 1000 °C, at least partly. Moreover, it was
demonstrated that grain growth could be reduced by alumina-doping although the
effect seems marginal and it could not be characterized in depth. Element mapping
experiments revealed significant alumina segregation at the grain boundaries after
annealing at 800 °C, suggesting that the observed phase stabilization may be caused by

this inter-grain alumina layer due to impeded atomic diffusion and spatial constraint.

In a subsequent study, alumina/yttria-codoping of zirconia particles was examined in
comparison with the respective alumina- and yttria-monodoped species with respect
to synthesis conditions and thermal stability. Here, it was shown that codoping can
be achieved easily with appropriate precursor mixtures. However, the control over
the particle size proved to be challenging. Crystal phase analysis of particle samples
annealed at 800, 1000, 1200, and 1400 °C indicated that codoping with alumina and
yttria stabilizes the tetragonal zirconia phase similarly to yttria monodoping and
substantially more effectively than alumina-doping. Analysis of the grain sizes after
annealing also indicated a comparable behavior of alumina/yttria-codoped and yttria-
monodoped zirconia particles. Only after annealing at 1400 °C, indications for an

additional grain growth inhibiting effect by co-doping were observed.

A third study adressed the growth of gold nanoshells on silica mesospheres and the
subsequent encapsulation with an outer silica nanoshell. It was shown that the use of
ascorbic acid as reducing agent can yield a closed and homogeneous gold nanoshell and
an outer silica shell is easily deposited on top of it by common sol-gel technique. Focused

ion beam thinning of silica@gold@silica particles revealed substantial segregation and
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delaminiation of gold and the formation of a camouflage structure. It could be
demonstrated that this was an effect accompanying the ageing of such composite
particles over the course of several months.

Finally, a novel approach to zirconia@Qgold composite particles, a new type of hybrid
material, was presented. The proposed multi-step synthetic route is based on similar
methods for the preparation of silica@gold particles, but needed substantial modification
for applicability to the different ceramic particle material. It includes the immobilization
of gold nanoparticles on calcined zirconia mesoparticles using the bifunctional linker
aminomehtylphosphonic acid (AMPA) and acidification with hydrochloric acid in
appropriate amounts. Here, it could be shown that a combination of 0.01 M HCI and
6 mM AMPA yielded effective and homogeneous coverage of the mesoparticle surface
with gold nanoparticles, while lower or higher acidities led to poor immobilization
efficiency or significant nanoparticle aggregation, respectively. Seeded growth of the
surface-attached nanoscopic gold could be successfully achieved by careful and controlled
reduction of ionic gold using ascorbic acid as reducing agent.

In conclusion, this work contributes to a better understanding of synthetic aspects
governing the sol-gel synthesis of (doped) zirconia mesoparticles as well as the mi-
crostructural processes involved in their thermal stabilization. It sheds light on the
effects of alumina-doping of zirconia particles, a yet neglected topic in this field, and
revealed their potential relevance to the respective scientific community. The observa-
tions concerning ageing-induced delamination of gold nanoshells on silica nanospheres
revealed a fundamental issue of limited stability of silica@gold particles, which will
be relevant to the diverse potential applications for this kind of material. Lastly, the
novel approach for the preparation of zirconia@gold composite particles provides a new
synthetic tool and may benefit the design and development of functional materials,

e.g., for optical metamaterials or composite catalysts, in future research.
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7 Outlook

The results presented and discussed in the first part of this dissertation contribute to a
deeper understanding of the syntheses of alumina-, yttria, and alumina/yttria-codoped
mesoparticles and their structural behavior when annealed at high temperatures up
to 1400 °C. The working temperature of next-generation TBCs is supposed to exceed
1500°C in the near future.?*®! Therefore, studying the thermal stability of such particle
samples at higher temperatures will be of great importance with respect to their
relevance for commercial TBCs. In order to gain more insights into the processes
during annealing, in situ XRD experiments are desirable in future studies. Furthermore,
the prepared particles have a non-ideal size and size distribution for the potential use in
structural coloration. Therefore, additional efforts should be made to achieve narrower
size distributions and to reduce the final particle size below 100 nm. Here, alternative
synthesis routes should be considered, too. In the context of this potential application,
an effective encapsulation with a different ceramic material is of interest. While previous
studies have demonstrated the difficulty to encapsulate zirconia microparticles with an
alumina shell,” it might be conceivable that such alumina encapsulation is facilitated
by alumina-doping and segregation at grain boundaries, as reported in this dissertation.
The successful encapsulation would pave the way for the use as building blocks for
structural coloration or TBC materials. Therefore, the assembly of particles as photonic
glasses as well as the subsequent characterization of the optical properties and thermal
stability are of great scientific interest. Alumina/Yttria-codoping has not shown any
additional phase stabilizing effect as opposed to conventional yttria-monodoping, but
the results indicate a possible reduction of grain growth at 1400°C. The respective
data has not yet been confirmed, which will be necessary for reliable interpretation of
this observation. In future experiments, this behavior could further be studied as a
function of the dopant amount and after annealing at even higher temperatures. In
the context of codoping, microstructural insights, e.g., by EDX mapping, are highly

desirable.

The second part of this dissertation was dedicated to the controlled deposition of gold
on silica and zirconia mesoparticles. The adaption of established synthesis protocols
for SiO,@Au core@shell particles yielded granular but closed gold nanoshells, which
appeared to segregate over the course of months to form a camouflage structure.
Here, a continuous monitoring of the segregation process by repeated characterization
should provide valuable information about the process. Moreover, a comparison

of the segregation tendency with other metal nanoshells, e.g, platinum, should be
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conducted. This will be particularly relevant with respect to potential photonic
applications, where a closed shell is crucial. Finally, a novel method for the synthesis
of ZrO,@Au composite particles using AMPA and HCl was reported. Here, further
experiments should clarify the nature of the observed effects of AMPA and HCI on the
immobilization of GNPs on the zirconia surface. Measurements concerning the zeta
potentials of the involved particles seem particularly interesting in order to shed light
on the electrostatic interactions governing this process. In order to fully understand
the role of hydrochloric acid in this context, similar experiments using a different
reagent for acidification should be performed for comparison. Furthermore, it should
be examined whether a closed gold nanoshell can be obtained using this method.
Therefore, additional deposition cycles and systematic adjustments to the synthetic
parameters during deposition should be addressed. A more detailed investigation of the
composite particle microstructure could be approached by FIB thinning and subsequent
electron microscopic characterization. Moreover, experiments concerning the catalytic
properties should be used to evaluate their suitability as a catalyst material. Here, a
kinetic study using an easily measurable benchmark reaction, e.g., the photometric
quantification of the reduction of 4-nitrophenol,?*”! seems particularly promising. The
comparison of particles obtained in the different stages of gold deposition might provide
new information regarding a possible involvement of the ceramic support in the catalytic

mechanism.
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8 Experimental Section

8.1 Preparation
Materials

In moisture-sensitive procedures, the following anhydrous reagents were used: alu-
minum(IIT) iso-propoxide (99.99 %, ABCR), 1-butanol (99.5%, ACROS Organics),
ethanol absolute (99.5%, ACROS Organics), 1-propanol (99.9 %, Alfa Aesar), yt-
trium(I1I) iso-propoxide (98 %, ABCR), zirconium(IV) n-propoxide (70 wt% in n-
propanol, Alfa Aesar). The following reagents were used in all other preparation
procedures: aminomethylphosphonic acid (>97 %, TCI Chemicals), 3-aminopropyl
triethoxysilane (97 %, Sigma-Aldrich), ammonium hydroxide solution (28 wt%, VWR
Chemicals), L-ascorbic acid (99 %, Alfa Aesar), 1-butanol (99.5 %, Th.Geyer), eicosanoic
acid (>99.0 %, Sigma-Aldrich), ethanol absolute (99.8 %, VWR Chemicals), hydrogen
tetrachloroaurate trihydrate (99.99 %, Alfa Aesar), hydrochloric acid (37 %, VWR
Chemicals), hydroxypropyl cellulose (99 %, 20 mesh, M, = 80000gmol~!, Sigma-
Aldrich), lithium metaborate (99.9 %, Sigma-Aldrich), magensium nitrate dihydrate
solution (10g Mg in 17 % nitric acid, Supelco), nitric acid solution (65 % in water,
ACROS Organics), palladium nitrate trihydrate solution (10 % Pd in 10 % nitric acid,
99.999 % trace metals basis, Sigma-Aldrich), pH-indicator strips (MQuant 0-2.5, 2.5-4.5,
4.0-7.0, Merck), polyvinylpyrrolidone (M, = 40000 gmol™!, Sigma-Aldrich), potas-
sium carbonate (99.997 %, Alfa Aesar), sodium carbonate monohydrate (>99.5%,
Sigma-Aldrich), sodium hydroxide solution (0.1 M, Merck), sulfuric acid (96 %, Chem-
solute), tetraethyl orthosilicate (99.99 %, Sigma-Aldrich), tetrahydrofuran (99.9 %,
Sigma-Aldrich), tetrakis(hydroxymethyl) phosphonium chloride solution (80 % in water,
Sigma-Aldrich), water (18.2 M, <4ppb TOC, ELGA PURELAB flex 2). Bottled
nitrogen gas (99.999 %, Praxair) was utilized in the glove box for preparation, in the

experimental procedures nitrogen gas produced from liquified nitrogen was used.

(Doped) Zirconia Particle Synthesis

The synthesis route for undoped and (co)doped zirconia mesoparticles is based on
earlier protocols reported by Widoniak et al. and Leib et al.,'*"148l and was recently
published.['*3] Thereafter, a similar procedure was followed with varying amounts of
reagents, different reaction times, and temperatures, which are summarized Table 8
and Table 9. First, the stabilizers (eicosanoic acid and hydroxypropyl cellulose) were
dissolved in 45 mL anhydrous ethanol (135 mL for the sample 20Al-2) at 55°C under
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Table 8: Experimental parameters for the sol-gel syntheses of alumina-doped particles.
The data correspond to the samples discussed in Section 5.1. Licensed under Creative Commons,
reprinted from reference [143].

sample Al-pre- Zr-pre-  eicosanoic HPC / mg water / pl.  induction

cursor / cursor /  acid / mg time / s

mg mg

A0 - 1690 63.0 26.0 180 25+ 3
A2 15 1650 56.0 23.4 190 120 £ 5
A4 29 1610 58.4 214 190 45 + 3
A6 44 1580 55.8 23.6 190 25+ 3
A10 73 1510 55.9 23.3 190 25+ 3
Al2 88 1480 55.7 23.4 190 25 £3
Al4 104 1440 55.5 23.6 190 20 + 2
Al6 118 1410 53.7 24.3 190 15 4+ 2
Al18 132 1380 52.1 25.6 190 15 4+ 2
A20 148 1340 52.0 25.1 190 15 4+ 2
A30 220 1180 48.4 27.8 190 5+1
A40 293 1010 44.7 30.3 190 5+ 1
A50 366 830 28.2 40.5 190 3+1

continuous magnetic stirring. Meanwhile, the respective alkoxide precursors, namely
zirconium n-propoxide, aluminum iso-propoxide and/or yttrium iso-propoxide, were
mixed with 5 to 8 mLL anhydrous 1-propanol under nitrogen atmosphere using a glove box
(MBraun Workstation MB 150B-G). While the precursor suspension was ultrasonicated
(Bandelin, Sonorex Super RK 106) for 10 to 20 min, ultrapure water was added to the
stabilizer solution. After ultrasonication, the clear precursor solution was transferred
into a syringe and quickly injected into the stabilizer solution under vigorous stirring
(550 rpm), thus initiating the reaction. The induction time, i.e., the duration from
initiation to the first visible turbidity, was measured and the stirring speed was reduced
to 250 rpm upon induction. Stirring at constant temperature was continued for 3h. It
should be noted that a different precursor batch was used for the sample A0 than for
all other samples of this study. This required a significant adjustment of the stabilizer
composition as well as the amount of water. As a consequence, the observed induction
time showed a strong discrepancy from the other samples which must be considered
when interpreting the results.

The obtained turbid suspensions were subsequently transferred into ~45 mL ice-cooled
1-butanol in order to terminate the hydrolysis and condensation reactions followed
by purification. For this purpose, the particles were separated from the solvent by

centrifugation (10000g, 4 min, 4°C), decanting of the supernatant, and redispersion
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Table 9: Experimental parameters for the sol-gel syntheses of alumina/yttria-(co)doped
particles. The data correspond to the samples discussed in Section 5.2.

sample Al-pre-  Y-pre-  Zr-pre- eicosano- HPC water  induction
cursor  cursor  cursor ic acid /mg /L time /s
/mg /mg /mg /mg

20A-1 151 - 1340 23.3 54.4 190 24 +£ 3

20A-2 444 - 4027 68.5 161.5 570 27 +£ 3

8Y - 81 1577 24.9 52.2 210 95 + 3

20A18Y-1 148 80 1206 23.6 52.0 190 20 £ 3

20A18Y-2 146 78 1207 47.3 30.2 170 10 £ 3

in ~25mL ethanol, assisted by vortex agitation and ultrasonication. This step was
repeated twice with reduced centrifugation speeds (8000¢g, 6000g) and otherwise iden-
tical parameters. Finally, the purified particles were redispersed in ~10 mL ethanol.
The glassware was freed from residues using concentrated sulfuric acid and washing
with water before reuse. A reproduction of the sample A0Q was used for the preparation

of ZrO,@Au composite particles (see Section 8.1).

Silica Particle Synthesis

The silica particles used in this dissertation were synthesized, characterized and provided
by my predecessor Dr. Alexey Petrov (UHH). The particle sample used here has also
previously been used in the context of his dissertation and an earlier publication of
our group.99230] They were obtained by the Stober method,!"4 using the following
protocol: 150 mL ethanol, 4.5 mL ultrapure water, and 20 mL. ammonium hydroxide
solution (28 wt%) were mixed in a 250 mL wide-mouth bottle and heated to 50 °C under
continuous stirring under nitrogen gas atmosphere. Subsequently, 8.4 mL tetraethyl
orthosilicate (TEOS) were added quickly. After 30s, the mixture became slightly
turbid, complete opacity was reached after 6 min. Stirring at 50 °C was continued for
16 h. Two seeded growth steps were performed by addition of 10 mL ultrapure water
followed by 5mL TEOS and continuous stirring at 50 °C for 24 h, respectively. The
obtained particles were characterized by TEM, yielding an average diameter of 337 nm

(£2.5%).
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Amino-Functionalization of Silica Particles

For the amino-functionalization, the sample was transferred into tetrahydrofuran
(THF) by repeated centrifugation (6000g, 5 min, 5°C), decanting of the supernatant,
and resuspending in ethanol (2x) and THF (2x) by ultrasonication. After a final
centrifugation step at the same conditions, the particles were redispersed in 160 mL THF
by ultrasonication. Under continuous stirring, the mixture was heated to 60 °C under
nitrogen atmosphere, followed by the addition of 7.5 mL 3-aminopropyl triethoxysilane
(APTES). Stirring at constant temperature was continued for 16h. Subsequently,
the sample was purified by repeated centrifugation (6000g, 5 min, 5°C), decanting of
the supernatant, and redispersion in ethanol. After the final centrifugation step, the
particles were redispersed in 180 mL ethanol. It was subsequently characterized by
TEM, yielding an average diameter of 347 nm (42.9%). A concentration of 31 gL™!

was determined gravimetrically.

Gold Nanoparticle Synthesis

Small-sized gold nanoparticles (GNPs) were obtained using a protocol reported by
Duff et al.l'®"l To this end, 45 mL ultrapure water and 3 mL sodium hydroxide solution
(0.1 M) were mixed in a 100 mL wide-mouth bottle under continuous stirring at room
temperature, followed by the addition of 8.9 pL tetrakis(hydroxymethyl)phosphonium
chloride (THPC) solution (80 wt%). Under vigorous stirring, 2mL of a freshly prepared
chloroauric acid solution (1wt%) was added rapidly. Within a few seconds, a color
change from light yellow to dark brown was observed. Stirring of the mixture was
continued for 30 min and the obtained solution was subsequently stored at 4 °C in the
dark. The GNPs were characterized by TEM and UV /Vis spectroscopy.

GNP Immobilization on Amino-Functionalized Silica Particles

Immobilization of GNPs on the surface of amino-functionalized silica particles was
achieved using a modification of the protocol by Oldenburg et al.'*) A bottle containing
a complete as-obtained GNP batch was placed into an ultrasonic bath and 3.5mL
of the thoroughly redispersed silica particle suspension was quickly added. At the
same time, ultrasonication was started and continued for 15 min. The mixture was
subsequently stirred for 30 min and purified by repeated centrifugation (6000g, 5 min,
5°C), decanting of the supernatant, and redispersion in ultrapure water. After the third
centrifugation step, the particles were redispersed in 50 mL water and characterized by

TEM.
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Gold Nanoshell Deposition on GNNP-decorated Silica Particles

Gold nanoshells were deposited on silica particles after immobilization of GNPs on
the particle surface. The protocol is inspired by previously published methods.[198:19
First, a K-gold solution was prepared by dissolving 375 mg chloroauric acid and 600 mg
potassium carbonate in 300 mL water, stirring for 1h, and aging for 2h at 4°C in the
dark. To the K-gold solution, 2.5 mL of the as-prepared suspension of GNP-decorated
silica particles were added and the mixture was stirred 4h at ambient temperature.
Subsequently, it was cooled in an ice-bath and an ascorbic acid solution (40 mg in 5 mL
water) was added under continuous stirring. After a period of extended stirring for
12h, a small sample was taken and purified for TEM characterization by repeated
centrifugation (3000¢g, 10 min, 0°C), decanting of the supernatant, and redispersion in

ethanol.

Silica Nanoshell Deposition on Silica@Gold Particles

The method for the deposition of an outer silica shell on silica@gold composite particles
is based on a previously reported method for the preparation of silica@platinum@silica
hybrid particles.'”! To the as-prepared SiO,@Au particle suspension,100mL of a
5wt% polyvinylpyrrolidone (PVP, M,, = 40000 gmol™!) solution were added and
mixed for 1 h by shaking. Excess PVP was separated by centrifugation (2000¢g, 10 min,
0°C) and resuspension in 10 mL water. After addition of 56 mL ethanol and 1mL
ammonium hydroxide solution (28 wt%), 700 pL. TEOS were added step-wise under
continuous stirring, 100 pL. every 30min. The suspension was stirred for 72h and
subseqently purified by repeated centrifugation (2000g, 10 min, 0°C), decanting of the
supernatant, and redispersion in ethanol. After the last centrifugation cycle, the sample
was resuspended in 15 mL ethanol and characterized by TEM. A small sample of this
batch was used for FIB preparation and subsequent TEM analysis.

GNP Immobilization on Zirconia Particles

The preparation of zirconia@gold composite particles was published recently.?*! Prior to
GNP immobilization, zirconia particles were dried for 4h at 80°C (Heracus Vacutherm
VT) and atmospheric pressure. Then, the sample was calcined at 600 °C for 3h in a
muffle oven (Nabertherm 1L9/SKM) in order to remove residual organics and complete
densification of the particles. A suspension was prepared by homogenizing 170 mg of
the calcined particles using an agate mortar and redispersion in 10 mLL water using

ultrasonication. GNP immobilization was conducted at varying HCI concentrations and
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Table 10: Experimental parameters for GNP immobilization. The data correspond to the
samples discussed in Section 5.4. Licensed under Creative Commons, reprinted from reference [235].

sample campa / mM cnal / M pH
0 - 1 0.0
0A 6 1 0.0
1 - 0.1 1.0
1A 6 0.1 1.0
2 - 0.01 2.5
2A 6 0.01 2.2
3 - 1073 3.6
3A 6 1073 3.3
4 - 1074 4.4
4A 6 10~ 3.6
5 - 107 5.5
5A 6 1073 4.2
6 - 1076 6.1
6A 6 106 4.7
7 - - 6.5
TA 6 - 4.7

in presence or absence of aminomethylphosphonic acid (AMPA) (6 mM), as summarized
in Table 10. First, a GNP sol was prepared by the Duff method as described above. For
every sample, 1 mL of the as-obtained GNP sol was mixed with 100 mL of the readily
redispersed aqueous suspension of calcinated zirconia particles under continuous stirring.
Subsequently, the aqueous AMPA solution (1 wt%), ultrapure water, and hydrochloric
acid (37wt%) were added in the appropriate amounts to obtain a final volume of
1.5 mL for all samples with the reagent concentrations specified in Table 10. Stirring
was continued for 30 min, after which the particle samples were purified by repeated
centrifugation (10000g, 5 min, ambient temperature), decanting of the supernatant, and
redispersion in water. The pH was determined for each sample from the supernatant of
the first centrifugation using pH indicator strips (MQuant 0-2.5, 2.5-4.5, 4.0-7.0; Merck).
The obtained particles were characterized by SEM, AAS, and UV /vis spectroscopy. A
scaled-up reproduction (factor 20) of the sample 2A was prepared analogously. This
sample was characterized by SEM, AAS, gravimetry, TEM, and STEM /EDX mapping
and subsequently used for the deposition of additional gold by seeded reduction as

described in the following paragraph.
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Figure 40: Schematic representation of temperature programs for annealing experiments.
Particle samples were annealed in alumina crucibles and heated with a constant rate of 5°C min~!
to the target temperature (800 °C, 1000 °C, 1200 °C, or 1400 °C). The target temperature was held
constant for 3h and subsequently the samples were allowed to cool down to room temperature at
cooling rates of <5°C.

Seeded Growth Gold Deposition on Zirconia Particles

Additional gold was deposited on GNP-decorated zirconia particles by seeded reduction
as published recently.?3%l Therefore, a K-gold solution was prepared by mixing 17.2 mg
chloroauric acid trihydrade, 28.4 mg potassium carbonate, and 226 mL ultrapure water.
The solution was stirred for 30 min and aged for 24 h at 4°C in the dark. For every
gold deposition cycle, 5 uLL of a freshly prepared 0.1 M L-ascorbic acid solution were
added to 800 L water, followed by addition of 200 pL of the purified suspension
of GNP-decorated zirconia mesoparticles and continued stirring for 15min. Under
continuous stirring, 500 uL. of the previously prepared K-gold solution were added
dropwise at a constant rate of 0.3mLh~! using a syringe pump. After extended stirring
for 1 h, purification was conducted by repeated centrifugation (10 000g, 10 min, ambient
temperature), decanting of the supernatant, and redispersion in water. The sample
was finally redispersed in 200 pL. water, characterized by SEM, AAS, gravimetry, TEM,
and STEM /EDX mapping.

Annealing Experiments

High-temperature annealing experiments were carried out based on the works of Leib
et al.[B18:165] and as published recently.l'*3l All particle samples were dried prior to
the annealings. For this purpose, the solvent was evaporated at room temperature

and ambient pressure in a first step. Afterwards, the obtained solids were dried in an
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oven (Heraeus Vacutherm VT) at 80°C and atmospheric pressure for 4h. The dry and
densified samples were then carefully ground to form a powder, using an agate mortar.
For every annealing experiment, ~30 mg of a particle powder sample was placed into
an alumina crucible and heated to either of the target temperatures (800 °C, 1000 °C,
1200°C, 1400 °C, or 1500°C). The temperature programs with a fixed heating rate of
5°Cmin~!, a static heating period of 3h and passive cooling rates of <5°Cmin~! are
illustrated in Figure 40 . Annealings at temperatures up to 1000 °C were performed in a
muffle oven (Nabertherm L9/SKM), for higher temperatures a tube furnace (Carbolite
SFT16/180) was used. Annealed particle samples were carefully ground using an agate
mortar and redispersed in ethanol, assisted by vortex agitation and ultrasonication,

prior to subsequent characterization.

Focused Ion Beam Preparation

FIB preparation of alumina-doped zirconia particles was carried out by my colleague
and collaborator Dr. Tobias Krekeler at the TUHH. FIB preparation of SiO;@Au@SiO4
composite particles was performed by Mr. Andreas Kornowski. Thin lamellae of
selected particle samples were prepared using focused ion beam thinning (FEI Helios
G3 UC). To this end, single particles were initially covered generously with platinum
via ion-deposition. Then, a lamella was formed using an electron beam. The lamella
was extracted using a common lift-out technique and fixed to a copper lift-out grid.
Thinning to a final lamella thickness of ~100nm was achieved using a 80 pA 30kV
Ga'-beam in a cross-section cleaning pattern. For final polishing of the surface a 15 pA

5kV Ga'-beam was used.

8.2 Characterization
Inductively-Coupled Plasma - Optical Emission Spectroscopy (ICP-OES)

ICP-OES was used for quantitative elemental analysis of (co-)doped zirconia mesopar-
ticles. For this purpose, particle samples were solubilized using an optimized fusion
protocol:?*1 10 mg of a dried particle sample were transferred into a platinum crucible
and 150 mg of a sodium/potassium carbonate (1:1) mixture and 150 mg lithium metab-
orate were added. The powder was homogenized and annealed in a bunsen burner flame
and subsequently in a muffle oven at 1000 °C. After cooling to ambient temperature,
5 mL nitric acid (8 %) were added and volumized to 50 mL with demineralized water.

This solution was diluted (factor 4 or 5) prior to the measurement. The instrument
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(Spectro Acros) was background corrected and calibrated using matrix-adjusted calibra-
tion solutions. Aluminum was quantified using the signals at 257.139 nm, 272.262 nm,
339.198 nm, and 343.823nm. For zirconium the signals at 176.641 nm, 308.215nm,
309.271 nm, 394.401 nm, and 396.150 nm were used. For every sample, a minimum of

two determinations were performed and the obtained values were averaged.

Atomic Absorption Spectroscopy (AAS)

AAS was conducted for quantification of the gold weight fraction of GNP-decorated
zirconia and zirconia@gold composite particle samples. Therefore, 250 uL. of each
specimen were dried, weighed and solubilized using an aqua regia fusion. After the
addition of 4.00 mL aqua regia (caution: hazardous reagent!) the mixture was boiled
for 1h and left to cool for 15min. Subsequently, it was volumized to 25.0 mL using
demineralized water and the solution was diluted three times by a factor of 10 prior
to the measurements. A graphite tube AAS instrument (Analytik Jena, ContrAA
700) was used and calibrated in the range of 5.00 to 40.0ngL~'. As matrix modifier,
5pL of a palladium/magnesium nitrate solution (0.1 %/0.05 %) were employed. For
signal quantification, a wavelength of 242.7nm was used. For each sample, double

determinations were performed the results were averaged.

Transmission Electron Microscopy (TEM)

TEM was used predominantly for the determination of particle sizes and examination
of particle morphologies. The specimens were prepared from readily mixed particle
suspensions by drop-casting a volume of 10 pL. onto a carbon-coated copper grid. After
drying at ambient conditions, TEM analysis (Jeol JEM-1011 HRTEM) was performed
in ultrahigh vacuum (<5 x 107" mbar) at an acceleration voltage of 100kV. Particle
size statistics were determined using the software ImageJ 1.52a. For samples discussed
in Section 5.1, particle diameters were collected manually using binarized TEM images
by drawing vertically centered horizontal edge-to-edge lines and measuring the lengths.
For all other samples, particle diameters were obtained by automated analysis of the
particle cross-sections using binarized TEM images and calculated from the projection
area assuming a perfectly circular shape. For each sample, a minimum number of 100
particles were used for the size statistics. Average thicknesses of gold nanoshells were
determined by the increase of the mean diameter compared to the bare core particles.
Silica shell thicknesses were obtained by measuring the radial distance from the dark

metal shell offset to the particle surface.
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Energy-Dispersive X-Ray Spectroscopy (EDX)

Standard EDX analysis of (co-)doped zirconia mesoparticles was performed using a
transmission electron microscope (Philips HT-TEM CM 300), equipped with an EDX
detector and operating at 200 kV in ultrahigh vacuum. For signal detection, a selected
area containing one or a few particles was analyzed using an appropriate aperture. For
quantification, the lines at 2.042keV (Zr L, ), 1.486keV (Al K, ), 1.922keV (Y L,),
and 0.525keV (O K, ) were used.

Scanning Electron Microscopy (SEM)

SEM analysis was primarily used for the investigation of particle morphologies and
microstructures. The instrument (Carl Zeiss GEMINI LEO 1550 HRSEM) was equipped
with a LaBg emitter and an in-lens detector as well as an energy-selective backscatter
(ESB) detector. It was operated at an acceleration voltage of 2 to 5kV and a vacuum
level of <107% mbar. SEM specimens were prepared by drop-casting 30 uL of a readily

redispersed particle suspension onto a polished silicon wafer piece.

EDX Mapping and Scanning Transmission Electron Microscopy (STEM)

STEM/EDX mapping of FIB-lamellae of alumina-doped zirconia particles was carried
out by Dr. Tobias Krekeler using a FEI Talos F200X equipped with a Super-X EDS
detector. The beam current was set to 1 nA at 200kV. The selected sample areas were
scanned with a pixel size of 387 pm resulting in a horizontal field width of 198 nm. X-rays
were collected in an energy range of 0 to 20 keV with a dispersion of 5eV per channel, a
dwell time of 10 s per pixel and a frame time of 3.4s. The overall count numbers and
total measurement times were 8458 and 16 h for the as-prepared particle sample, and
4142 and 4 h for the annealed particle sample, respectively. For the latter, elemental
maps were averaged with a 3x3 px box filter for enhanced contrast. Quantification
was performed assuming no absorption and applying a Brown-Powell ionization cross-
section model in FEI Velox Software. The signal intensities at 1.4875keV (Al K,;),
15.7749keV (Zr K1), and 0.524 keV (O K1) were used for quantification. STEM /EDX
mapping of zirconia@gold composite particles was conducted by Mr Andreas Kornowski

using the K,; signals for oxygen and zirconium and the L, signal for gold.
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X-Ray Diffraction (XRD)

XRD powder diffractograms of annealed zirconia particle samples were collected using
a Philips PANalytical X’Pert PRO MPD. Samples were ground carefully using an
agate mortar, thoroughly resuspended in ethanol using ultrasonication and drop-casted
onto a Si(911)-single crystal XRD substrate. Prior to measurements, the solvent was
allowed to evaporate completely at ambient conditions. Diffractograms were collected
in the 260 range between 10° and 80° or 10° and 90°, with a step size of 0.033° and
a time per step of 75s. Data evaluation was conducted using the software Maud
2.78(1.0).°1 As-collected diffractograms were background corrected and refined using
crystallographic information for monoclinic (ICSD 62993), tetragonal (ICSD 62994),
and cubic zirconia (ICSD 62995), as well as a-alumina (COD 1000032).16%251 The
crystallographic information was adjusted to the estimated dopant content regarding
atom types and occupation ratios, prior to refinement. Instrumental broadening
parameters were determined using a LaBg standard (NIST 660a) and hence used for

all refinements.

Ultraviolet /Visible Spectroscopy (UV /vis)

Due to significant scattering of ceramic mesoparticle suspensions, optical spectroscopy
(Varian Cary 5000) was conducted in diffuse reflection mode using an integrated sphere
accessory (Ulbricht sphere). For this purpose, 1.5 mL of each sample were transferred
into a standard quartz cuvette (10 mm path length), which was positioned in the center
of the sphere and absorption was measured. Spectra were corrected for a baseline,
recorded using 1.5 mL water. Prior to measurements, samples were readily redispersed.

The analyzed optical ranged from 300 to 1100 nm at a step size of 1 nm.
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Supplementary Material

as-synthesized 800°C 1000°C 1200°C

0 mol% alumina

2 mol% alumina

4 mol% alumina

6 mol% alumina

s

-‘ 500 nm
Figure 41: Representative TEM micrographs of zirconia particles doped with 0, 2, 4,
6, and 8 mol-% alumina, as synthesized and after annealing at 800, 1000, and 1200 °C.

Licensed under Creative Commons, reprinted from reference [143].

8 mol% alumina
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[

as-synthesized 800°C °

10 mol% alumina

12 mol% alumina

14 mol% alumina

16 mol% alumina

18 mol% alumina

Figure 42: Representative TEM micrographs of zirconia particles doped with 10, 12, 14,
16, and 18 mol-% alumina, as synthesized and after annealing at 800, 1000, and 1200 °C.
Licensed under Creative Commons, reprinted from reference [143].
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as-synthesized 800°C 1000°C 1200°C

20 mol% alumina

30 mol% alumina

40 mol% alumina

50 mol% alumina

s 4500 nm

Figure 43: Representative TEM micrographs of zirconia particles doped with 20, 30, 40,
and 50 mol-% alumina, as synthesized and after annealing at 800, 1000, and 1200 °C.
Licensed under Creative Commons, reprinted from reference [143].
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Figure 44: Powder X-ray diffractograms of all alumina-doped particle samples, after
annealing at 800, 1000, and 1200 °C for 3 h. Licensed under Creative Commons, reprinted from
reference [143].
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20 mol% alumina
| | 1 | 1 |

norm. intensity

1500°C
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208/ °

Figure 45: Powder X-ray diffractogram of a particle sample doped with 20 mol-% alu-
mina, after annealing at 1500 °C for 3 h. At this temperature crystallization of c-alumina (#) is
clearly visible besides the monoclinic zirconia phase (x). Licensed under Creative Commons, reprinted
from reference [143].
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Table 11: XRD characterization results extracted from Rietveld-refined diffractograms
for alumina-doped zirconia particle samples, annealed at 800, 1000, and 1200 °C. The
alumina contents are given in mol%, temperatures in °C, phase weight fractions (PWF) of monoclinic
(m) and tetragonal/cubic (t/c) zirconia in wt%, and average crystallite sizes (CS) in nm. Errors
represent the uncertainties in the refinement as given by the software MAUD. Values in brackets
are considered inaccurate due to insufficient signal intensities. Licensed under Creative Commons,
reprinted from reference [143].

Al,04 T PWF,, PWF, CSnm CSi/e
800 97.06 + 0 2.94 + 0.2 44.171 (216.931)

0 1000 98.95+0  1.05 + 0.12 69.944 (101.304)
1200 99.31 £0.52  0.69 + 0.07 99.683 (99.725)

800 8322+ 0  16.78 + 1.34 31.123 17.187

2 1000 98.75+1.03 125+ 0.12 62.253 (97.6)
1200 99.08 £ 0.83  0.92 + 0.09 85.952 (110.574)

800  49.80 + 0.63  50.11 + 0.39 42.856 26.266

4 1000 72.61 +£0.33  27.39 + 1.63 35.175 143.682
1200 99.11+0.76  0.89 + 0.07 75.415 (110.067)

800 38.07+0  61.93 + 1.66 22.444 16.917

6 1000 729940 26.79 + 0.52 35.707 92.377
1200 98.62+0.79  1.38 4 0.08 71.407 (119.718)

800 877 +291  91.23 + 0.98 (28.7584) 42.056

8 1000 69.92+0  30.07+0.7 35.14 27.249
1200 98.62 4 0.77  1.38 4 0.09 78.411 (89.388)

800 150 +021  98.50 + 0.96 (6.529) 26.611

10 1000 67.40 £ 043  32.60 + 0.98 32.7 36.642
1200 9878 £0.75  1.22 + 0.08 79.487 (120.177)

800  0.61+027  99.39 + 1.13 (46.95) 27.67

12 1000 65.90 £ 0 33.79 + 0.29 28.582 28.178
1200 98.82+0.71  1.18 + 0.09 73.633 (116.135)

800  0.62+0.13  99.38 + 1.03 (30.373) 21.234

14 1000 66.96 + 0.74  33.04 £ 0.37 27.402 33.818
1200 98.83 + 0.88 117 + 0.1 81.666 (96.814)

800  5.03+086 9497 + 0.97 (43.277) 20.44

16 1000 6270 £ 0.64  37.30 + 0.46 30.156 35.515
1200 98.90 £ 0.86  1.10 + 0.09 81.121 (122.794)

continues on next page
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Al;,O3 T PWF,, PWF, /. CS., CSy/c
800 0.54 + 0.18 99.46 + 0.48 (98.942) 17.878

18 1000 61.09 £+ 0.50 38.91 + 0.31 27.467 37.484
1200 98.59 + 0.86 1.41 £ 0.1 73.356 (73.31)

800 0.32 + 0.14 99.67 £+ 0.96 (97.286) 17.347

20 1000 60.83 £ 0.34 39.17 £ 0.21 25.872 43.307
1200 98.35 £+ 0.71 1.65 £+ 0.09 74.107 (118.225)

800 0.00 £ 0 100.00 + 0.75 (100.0) 12.386

30 1000 60.37 £ 0.77 39.63 £+ 0.14 21.036 44.055
1200 98.02 &= 0.9 1.98 £ 0.11 45.925 (126.672)

800 0.00 +0 100.00 + 0.72 (100.0) 11.42

40 1000 54.76 + 1.08 45.24 + 0.33 21.159 39.395
1200 95.64 + 0.74 4.36 £ 0.13 41.784 (43.177)

800 0.00 £ 0 100.00 + 0.64 (70.375) 9.902

50 1000 30.02 £ 1.1 69.98 + 0.29 22.942 34.277
1200 95.28 + 1.06 4.72 £ 0.17 37.556 (133.199)
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Table 12: XRD characterization results extracted from Rietveld-refined diffractograms
for alumina-doped, yttria-doped, and alumina/yttria-codoped zirconia particle samples,
annealed at 800, 1000, and 1200 °C. Temperatures are given in °C, phase weight fractions (PWF)
of monoclinic (m) and tetragonal/cubic (t/c) zirconia in wt%, and average crystallite sizes (CS) in
nm. Errors represent the uncertainties in the refinement as given by the software MAUD. Values in

brackets are considered inaccurate due to insufficient signal intensities.

sample T PWF,, PWFy . CS,, CS¢/c
800 149 £ 1.5 85.1 &£ 1.5 5.78 17.7
20A-1 1000 44.8 £ 0.8 55.2 £ 0.8 19.1 19.1
1200 95.3 £ 7.6 4.7+ 7.6 57.7 (9.2)
20A-2 1400 95.5 £ 0.5 4.5 + 0.5 161.5 (5.6)
800 4.5+ 0.8 95.5 £ 0.8 (74.6) 30.6
V.1 1000 83+ 0.9 90.7 £ 0.9 (5.54) 44.0
1200 8.8 £ 0.9 91.2 £ 0.8 (8.0) 50.3
1400 6.9 + 0.6 93.1 £ 0.6 (19.4) 173.6
800 1.9 +0.6 98.1 + 0.6 (97.9) 16.3
20A8Y-1 1000 1.2 +04 98.6 £ 04 (91.4) 36.9
1200 4.3 +£0.2 95.7 £ 0.2 (62.0) ol.1
800 1.4 4+ 0.2 98.6 £ 0.2 85.0 (15.0)
1000 0.6 +0.3 99.4 + 0.3 (88.7) 24.7

20A8Y-2
1200 4.6 + 0.7 95.4 + 0.7 (39.2) 55.1
1400 6.3 + 0.3 93.7 £ 0.3 (90.7) 54.9
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Table 13: Characterization results for all GNP immobilization experiments. The con-
centrations of HCl, AMPA, and the particle concentration after purification are denoted by cycy,
cAMPA, and cp, respectively. wa, is the gold weight fraction determined by AAS, A4s represents the
absorbance at 450 nm in UV /vis/NIR spectroscopy. Uncertainties are determined by the weighing
error for ¢, and by the weighing error or the standard deviation of double measurements for AAS
(whichever is larger). All pH values were obtained with a tolerance of £0.15. The sample R2A was a
scale-up reproduction of the sample 2A at identical synthesis conditions. Licensed under Creative
Commons, reprinted from reference [235].

sample cp /gL Wway / Wt% Ao
0 417 £+ 33 9.83 £0.78 0.618
0A 500 £ 24 13.10 & 0.54 0.989
1 433 + 33 3.93 £0.09 0.343
1A 467 + 47 5.22 +0.43 0.448
2 533 £+ 47 0.98 +0.07 0.194
2A 450 £ 71 2.52 +0.45 0.282
3 833 + 33 0.37 + 0.00 0.100
3A 833 £ 33 0.81 £0.01 0.189
4 800 + 141 0.07 £ 0.01 0.055
4A 917 + 118 0.58 £0.08 0.148
5) 850 £ 118 0.07 £ 0.01 0.046
5A 1067 4+ 47 0.49 £0.02 0.133
6 850 £ 71 0.09 £ 0.00 0.041
6A 583 £+ 33 0.74 +0.02 0.146
7 500 £ 33 0.11 £ 0.00 0.045
TA 650 + 71 0.79 £+ 0.09 0.158
R2A 650 £+ 33 2.83 £0.01 0.381
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Safety

Chemicals

Table 14: List of chemicals and GHS classifications.

Substance GHS pictograms H- and P-statements
aluminum (I11)

i-propoxidel?*?! H228 P210
aminomethylphosphonic H314 P280

acidl?? P305+P351+P338 P310

H302 H314 H317 P280
P301-+P330+P331
P302+P352

3-aminopropy]l @ P305+P351+P338
triethoxysilanel?®?! P308+P310

H314 H335 H400 P280
ammonium hydroxide @ P273 P301+P330+P331
solution!?>?! P304-+P340 P308+P310
aqua regial?? " ‘i H272 H314

a

L-ascorbic acidl?%?! - -

H226 H302 H318 H315
H335 H336 P210 P280

@ P302+P352 P304-+P340
1-butanoll?52 P305+P351+P338 P313

H314 H317 P260 P280
P301+P330+P331

chloroaruic acid @ P303+P361+P353
(trihydrate)2>4 P305+P351+P338

@ Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008. .
This substance is not classified as dangerous according to Directive 67/548 /EEC. Cont’l,’n’u,es on ’ne:L‘t page
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Substance GHS Pictograms H- and P-statements

H225 H319 P210 P240

@ P305+P3514-P338
ethanol(??l P403-+P233

H290 H314 H335 P260
P280 P303+P361+P353

@ P304-+P340+P310
hydrochloric acid[?%? P305+P351+P338

hydroxypropyl cellulosel?*! -@ )

eicosanoic acid[?*? _a a

lithium metaboratel252 _a a

H272 H290 H314 H332
EUHO071 P210 P220 P280
P303+P361+P353
P304+P340+P310

magnesium nitrate @ P305-+P351+P338+P310
solution[*°! P370+P378
H272 H290 H314 H330

’.ﬁ ”% ‘@ EUH071 P280
nitric acid[252 P301-+P330+P331
nitrogen!2°7 : H280 P403

H271 H290 H314 H332
@ H411 EUHO71 P210 P273
P280 P303+P361+P353

palladium nitrate ‘ P304+P340-+P312
solution[258l P305-+P351+P338+P310

polyvinylpyrrolidonel?*! - -

? Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008. .
This substance is not classified as dangerous according to Directive 67/548 /EEC. CO’ntlnueS on nemt page
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Substance GHS Pictograms H- and P-statements

H315 H319 H335

@ P302+P352
potassium carbonatel?%?! P305+P351+P338

H225 H318 H336 P210

@ P240 P305+P351+P338

1-propanoll252 P313 P403+P233
@ H319 P260

sodium carbonatel252] P305+P351+P338

sodium hydroxide solution
(0.1 M)12601 H290 P234 P390

H290 H314 P280
P301+P330+P331

P303+P361+P353
sulfuric acid[252 P308+P310

H226 H332 H319 H335
P210 P261 P280
P303+P361+P353

@ P304+P340+P312
tetraethyl orthosilicatel?*? P370+P378 P403+P235

H225 H302 H319 H335
H351 EUHO019 P210 P280
P301+P312+P330

@ P305+P351+P338
tetrahydrofuran/?*? P3704+-P378 P403+P235

H301 H311 H315 H318

’ . ’ H334 H411 P261 P273 P280
tetrakis(hydroxymethyl) P301+P310

phosphonium chloride P305+P351+P338
solution (80% in H,0)>201 P3424P311

@ Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008. .
This substance is not classified as dangerous according to Directive 67/548 /EEC. CO’I’Lt’LnUBS on ’nel’t page
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Substance GHS Pictograms

H- and P-statements

water[252] a

a

yttrium(I1I) i-propoxidel26? 'g :

H228 H315 H319 H335
P210 P261
P305+P351+P338

zirconium(IV) n-propoxide

solution (70% w/w in @
n-propanol ) 2%l

H226 H318 H336 P210 P261
P280 P301+P312
P304+P340
P305+P351+P338 P310

@ Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008.

This substance is not classified as dangerous according to Directive 67/548 /EEC.

Hazard and Precautionary Statements

Table 15: List of relevant H-, EUH- and P-statements.

Identifier Statement

H225 Highly flammable liquid and vapour.

H226 Flammable liquid and vapour.

H228 Flammable solid.

H271 May cause fire or explosion; strong oxidiser.
H272 May intensify fire; oxidiser.

H280 Contains gas under pressure; may explode if heated.
H290 May be corrosive to metals.

H301 Toxic if swallowed.

H302 Harmful if swallowed.

H311 Toxic in contact with skin.

H314 Causes severe skin burns and eye damage.
H315 Causes skin irritation.

H317 May cause an allergic skin reaction.

H318 Causes serious eye damage.

continues on next page
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Identifier Statement
H319 Causes serious eye irritation.
H330 Fatal if inhaled.
H332 Harmful if inhaled.
May cause allergy or asthma symptoms orbreathing difficulties if
H334 inhaled.
H335 May cause respiratory irritation.
H336 May cause drowsiness or dizziness.
H351 Suspected of causing cancer.
H400 Very toxic to aquatic life.
H411 Toxic to aquatic life with long lasting effects.
EUHO019 May form explosive peroxides.
EUHO066 Repeated exposure may cause skin dryness or cracking.
EUHO71 Corrosive to the respiratory tract.
Keep away from heat /sparks/open flames/hot surfaces. — No
P210 smoking.
P220 Keep/Store away from clothing/. .. /combustible materials.
P233 Keep container tightly closed.
P234 Keep only in original container.
P235 Keep cool.
P240 Ground/bond container and receiving equipment.
P260 Do not breathe dust/fume/gas/mist/vapours/spray.
P261 Avoid breathing dust/fume/gas/mist/vapours/spray.
P273 Avoid release to the environment.
Wear protective gloves/protective clothing/eye protection/face
P280 protection.
P301 IF SWALLOWED:
P302 IF ON SKIN:

continues on next page
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Identifier Statement

P303 [F ON SKIN (or hair):

P304 IF INHALED:

P305 IF IN EYES:

P308 IF exposed or concerned:

P310 Immediately call a POISON CENTER or doctor/physician.

P311 Call a POISON CENTER or doctor/physician.

P312 Call a POISON CENTER or doctor/physician if you feel unwell.

P313 Get medical advice/attention.

P330 Rinse mouth.

P331 Do NOT induce vomitting.

P338 Remove contact lenses, if present and easy to do. Continue rinsing.
Remove victim to fresh air and keep at rest in a position

P340 comfortable for breathing.

P342 If experiencing respiratory symptoms:

P351 Rinse cautiously with water for several minutes.

P352 Wash with plenty of soap and water.

P353 Rinse skin with water/shower.

P361 Remove/Take off immediately all contaminated clothing.

P370 In case of fire:

P378 Use appropriate media for extinction.

P390 Absorb spillage to prevent material damage.

P403 Store in a well-ventilated place.
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CAS- Stoffname (IUPAC) Verfahren, eingesetzte Kategorie
Nummer Menge
109-99-9 Tetrahydrofuran Silikapartikel- K2
Funktionalisierung,
560 mL
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phosphoniumchlorid 8.9 uL
Datum Gregor Thomas Dahl
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