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Abstract

In this work, a comprehensive design approach towards high performance perovskite oxide
catalysts is presented. Variation of porosity, composition and defect structure were
investigated over a SrTiO3; based system and the structure — function relationships were

identified via catalytic tests of model reactions relevant for environmental catalysis.

A facile cooperative assembly route which employs alkoxysilane endotemplating within a
simple variation of polymer complex synthesis approach was developed to prepare
mesoporous perovskite oxide powders. Modification of porosity was achieved by varying the
amount of alkoxysilane template in the synthesis. Increasing template loads resulted in a
gradual decrease in grain size and increase in porosity of the final SrTiO3; powders with well
interconnected mesopores and substantial specific surface areas of up to 240 m? g™. Superior
performance of mesoporous SrTiO3 photocatalysts due to mutual variation of porosity and

nanostructure were demonstrated via photocatalyzed methylene blue dye degradation tests.

Influence of composition variation on the material’s functionality was investigated by cationic
co-substitution in the SrTiO3 lattice. Phase-pure, mesoporous Lag3Sro7TiixFexOs.s (LSTF, O
< X < 0.5) solid solutions were prepared with a template free route to reach an effective
compromise between stability and performance through La- and Fe- substitution respectively.
Increase in iron substitution within the mesoporous structure led to substantially higher
catalytic performance than of similar iron-based perovskite catalysts reported in literature.
Composition dependent contributions of suprafacial and intrafacial reaction mechanisms to
the overall catalyst activity were identified via kinetic studies of CH, and CO oxidation over

Lag 3Srg7Ti1-xFe,O3.5 oxides.

Simultaneous incorporation of chemical and textural complexity to the catalyst design was
investigated by employing cooperative assembly route to prepare perovskites with
Lag 3Sro7TipsFeo 5035 nominal stoichiometry. Highly porous phase-pure LSTF solid solutions

were successfully obtained, despite the failure in attaining precise stoichiometry. Promising



application potential of highly porous LSTF as active support was demonstrated via CO
oxidation tests over LSTF supported Pt nanoparticles, where Pt/LSTF system showed superior

performance than commonly employed Pt/CeO,.

Modification of defect structure was investigated over an insulator LagiSrogTiOs4s
nanoparticulate system. Concentration of ionic defects in donor substituted SrTiO; was
successfully increased by simultaneous heat treatment and electric field exposure, which

promoted catalyst’s reactivity towards high temperature CH,4 oxidation reaction.

The multifaceted design strategies and structure — function studies presented in this work
provide insights towards the conception of complex perovskite oxide nanoarchitectures with
tailored functional properties that can ultimately be utilized in commercial applications.
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Zusammenfassung

In dieser Arbeit wird ein umfassender Ansatz zur  Entwicklung  von
Hochleistungskatalysatoren aus Oxiden des Perowskits vorgestellt. Dabei wurden die
Variation der Porositdt, der Zusammensetzung und der Defektstruktur an einem SrTiOs-
System untersucht. Zusétzlich wurden die Struktur-Eigenschafts-Beziehungen mittels
katalytischer Tests von Modellreaktionen, die eine Relevanz fiir die Umweltkatalyse besitzen,

ermittelt.

Eine unkomplizierte Syntheseroute zur Herstellung mesopordser Perowskitoxid-Pulver wurde
entwickelt. Die Syntheseroute basiert auf kooperativer Selbstanordnung und der Verwendung
von Alkoxysilan-Endotemplaten im Rahmen einer Anpassung des Polymer-Komplex-
Ansatzes. Die Porositit wurde modifiziert, indem die Menge an Alkoxysilan-Templat variiert
wurde. Eine Erhohung der Templatmenge fiihrte zu einer sukzessiven Abnahme der
KorngroBen und einer Zunahme der Porositdt der erhaltenen SrTiOs; Pulver. Die Pulver
wiesen miteinander verbundene Mesoporen und spezifische Oberflichen von bis zu 240 m? g’
! auf. Eine gesteigerte Aktivitit von mesoporosen SrTiOs-Photokatalysatoren durch Variation
der Porositit und der Nanostruktur konnte anhand von photokatalytischen

Zersetzungsreaktionen von Methylenblau-Farbstoff nachgewiesen werden.

Der Einfluss unterschiedlicher Zusammensetzungen auf die Materialfunktionalitit wurde
durch kationische Co-Substitution des SrTiOs-Gitters untersucht. Phasenreine mesopordse
Lag3Sro7TirxFexOss (LSTF, 0 < x < 0.5) Mischkristalle wurden in einer templatfreien
Synthese hergestellt. Die La- und Fe-Substitution sollte einen Kompromiss aus Stabilitdt und
Aktivitét darstellen. Eine Zunahme der Eisensubstitution innerhalb der mesopordsen Struktur
resultierte in eine deutlich gesteigerte katalytische Aktivitdt verglichen mit literaturbekannten,
eisenbasierten Perowskit-Katalysatoren. Der von der Zusammensetzung abhingige Beitrag
von suprafacialem und intrafacialem Reaktionsmechanismus auf die katalytische Aktivitét
wurde mittels kinteischer Studien von CHs- und CO-Oxidation an Lag3Sro7Ti1xFexOs.s-

Oxiden bestimmt.
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Die gleichzeitige Integration chemischer und struktureller Komplexizitit bei der
Katalysatorentwicklung wurde untersucht, indem eine kooperative Selbstanordnung als
Syntheseroute fiir die Herstellung von Perowskiten mit der nominellen Stéchiometrie
Lag 3Sro7TipsFeps0s-5 gewdhlt wurde. Hochpordse, phasenreine LSTF Mischkristalle konnten
erfolgreich synthetisiert werden, auch wenn die exakte Stochiometrie nicht eingehalten
wurde. Das vielversprechende Anwendungspotential dieser hochporésen LSTF als aktiver
Trager wurde mit Hilfe von CO-Oxidation an LSTF kombiniert mit Pt-Nanopartikeln
nachgewiesen. Dabei zeigten die Pt/LSTF-Systeme eine deutlich hdhere Aktivitdt als

ublicherweise verwendetes Pt/CeO,.

Die Modifikation der Defektstruktur wurde an dem nanopartikuldren Isolator Lag1SrogTiOsz4s
untersucht. Dabei konnte die Konzentration der ionischen Defekte im Donor-substituierten
SrTiO3 durch gleichzeitige thermische Behandlung und Nutzung eines elektrischen Feldes
erfolgreich gesteigert werden. Dadurch konnte die katalytische Reaktivitdt der
Hochtemperaturreaktion der CH4-Oxidation erhoht werden.

Die vielfaltigen Entwicklungsstrategien und Struktur-Eigenschafts-Beziehungen, die im
Rahmen dieser Arbeit vorgestellt werden, liefern wertvolle Informationen hinsichtlich der
Bildung komplexer Perowskitoxid-Nanostrukturen mit malgeschneiderten funktionellen

Eigenschaften, die langfristig fiir kommerzielle Anwendungen genutzt werden konnen.
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Chapter 1

Introduction

Meeting the growing global energy demand while reducing the emissions of greenhouse gases
(GHG) and toxic side-products remains one of the greatest social and environmental
challenges of the early 21* century. According to U.S. Energy Information Administration,
currently about 80% of the global energy consumption of 575 quads (1 quad = 10 BTU =
293 TWh) is originated from non-renewable fossil fuels and the global energy demand is
projected to increase 22% by the year 2040 [1]. Perpetuating fossil fuel use to fulfil the rising
energy demand risks exacerbating the pollution problem and the adverse effects of global
warming. In recent decades substantial efforts have been allocated to the development of
carbon-neutral energy storage and conversion systems capable of taking on these challenges.
As a result, renewables today are the fastest-developing global energy source with a steady
2.6% growth per year on average. Although, renewables will account for a sizable portion in
the global energy mix in near future (Fig. 1.1), currently they only fulfill 3.6% of world
energy consumption [2]. The intermittent nature of renewable energy generation which
necessitates an arduous transition into smart grid infrastructures as well as insufficient
conversion efficiencies and volatile material costs are the major challenges that must be
overcome for a successful shift towards a carbon-neutral energy economy. Moreover, cost-

effective and matured technologies for large scale energy storage are still yet to be achieved.

Considering the obstacles faced by renewable energy integration, natural gas is deemed as the
bridge fuel for the transition into low-carbon energy economy due to its abundant reserves,
lower carbon print and high energy density compared to other fossil fuels [3]. Total annual
consumption of natural gas is projected to increase by ~36 % by 2040, whereas its share of

23.4% in the global energy mix is not expected to shift significantly [2,4]. Notwithstanding its



high consumption rates, conversion efficiency of natural gas to electricity in the widely
employed steam turbines is typically limited to ~ 30% and more efficient conversion

technologies with easy GHG emission control are highly desirable [3].

Environmental catalysis research plays a central role in addressing these challenges through
development of cost-effective, efficient and emission-reduced fuel conversion processes as
well as pollution abatement technologies like automotive exhaust emission control and
wastewater treatment. An optimal catalyst for these applications should be highly active,
stable and comprised of earth-abundant materials. In these regards, perovskite oxide family
with general formula ABOg is a favorable class of materials. The capability of the perovskite
crystal structure to accommodate a wide range of different compositions leads to an immense
scope of possible physicochemical properties enabling the materials to be tailored for specific
applications [5-9]. Combining this advantage with their exceptional stability and abundance
of forming elements, perovskite oxides hold promise to find wide commercial utilization in

environmental catalysis [5].
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Figure 1.1: Global shares for total power generation [4].

Rational design of high-performance perovskite oxide catalysts requires a comprehensive and
multifaceted approach that draws upon the fundamental structure-function relationships in the
material. Chemical composition undoubtedly forms the foundation in deciding the overall
feasibility of the material towards the designated catalytic application. In this respect,



1 Introduction

substitution of native lattice sites of perovskite oxides by foreign atoms is an established

strategy in literature to tailor their functional properties towards the specific reaction [10-13].

Nanostructure and morphology are as crucial as chemical composition in designating the
overall physicochemical parameters and pertaining catalytic performance of the perovskite
oxide. Mesoporous nanostructures possess numerous advantages to bulk counterparts due to
their high surface areas, shortened diffusion pathways and higher separation efficiency of
charge carrier pairs, which can cumulatively lead to superior reactivity and number of active
sites [5,14,15]. Moreover, exploitation of nanoconfinement and quantum size effects in these
systems can engender extraordinary functional properties that are fundamentally different
than of the bulk material [3,16-18].

In addition to the design strategies with regard to bottom-up preparation of perovskite oxides,
post-processing of the material (e.g. heat treatment) can significantly alter the catalytic
performance by modification of numerous parameters, such as charge transport or

nanostructure [19].

SrTiO3 is a wide band-gap (~3.2 eV) photocatalytically active material with mixed ionic
electronic conductivity (MIEC) and excellent structural stability [20-22]. Thanks to these
attractive properties and well-established defect chemistry, SrTiOz and related perovskite
oxides are utilized in a wide range of applications [5,15,23-26]. Although, in its pristine state
strontium titanate does not show substantial performance in most thermally activated catalytic
reactions, cationic substitution can promote material’s activity [27]. These characteristics
render SrTiO3 a suitable model system for investigation of perovskite catalyst development
towards environmental applications. In this work, design strategies of SrTiOs; based
perovskite catalysts with tailored porous nanoarchitecture, composition and defect structure
was presented.

Novel synthesis strategies based on established polymer complex and solvothermal routes
were developed to obtain perovskites with desired textural properties. Porosity and
nanostructure tuning of the SrTiOz based systems were realized through a facile inorganic
endotemplating route integrated into the modified polymer complex synthesis. Chemically
complex perovskite oxides were prepared by La- and Fe- co-substitution in the SrTiOj lattice
to form Lap3Sro7Tii-xFexOs.s solid solutions with a composition variation between 0 < x <
0.5. The choice of cationic substituents was based on the compromise between stability and

performance characteristics. Fe is an earth-abundant element which is completely soluble in

3



cubic strontium titanate lattice and can provide excellent reactivity to the perovskite oxide
system in thermally activated catalytic reactions [28,29]. La-substitution, on the other hand,
can significantly improve the thermal and phase stability of the material without significantly
altering the catalytic performance [30-32]. Finally, triggering the catalytic activity through
pre-treatment of material was investigated by simultaneous electric field exposure and heat
treatment on a nanoparticulated Lag;SrogTiOs3.5 System. Assessment of the structure —
function relationships that govern the catalytic performance of the tailored catalyst systems

was achieved by thorough characterization and catalytic investigations via model reactions.

The multistep material development perspective of this work aims to present complex
functional nanoarchitectures with tuned bulk and nanoscale properties as a forward-looking

strategy towards high performance perovskite oxide catalysts.



Chapter 2

Theoretical Background

In this chapter, theoretical background on the structure, physicochemical properties and
synthesis strategies of SrTiO3z based perovskite oxides is presented. Moreover, state-of-art in
the design and application of these materials in environmental catalysis is described. Finally,
defect structure of SrTiO3 based perovskites was discussed in detail.

2.1 Perovskite crystal structure

The CaTiO3z mineral, perovskite, was discovered in 1839 in Ural Mountains and named after
Russian mineralogist Count Lev Aleksevich von Perovski [33]. Perovskite crystal structure
was first described in 1926 by Victor Goldscmidt and later adopted as the general name for
ABX; type crystal structure family [34]. In the perfect cubic perovskite lattice with space
group Pm3-m, each cation is in direct contact with the anions around them to form the ideal
close packed arrangement. Smaller B-site cations are VI-fold coordinated and occupy the
center position of the octahedra formed by X-site anions, whereas the larger A-site cations
possessing Xll-fold coordination sit in the interstitials formed by corner-sharing BXs
octahedra (Fig 2.1a).

In perovskite structure, significant divergence from ideal stoichiometry can be accommodated
within the framework without loss of structural integrity. Moreover, size variations of A- and
B- site cations are tolerated and the long-range order is preserved notwithstanding lattice
distortions in varying degrees [25]. Due to these characteristics of the framework, about 90%

of metallic elements in the periodic table are capable of forming this phase. The divergence



2.1 PerovskKite crystal structure

from the ideal cubic crystal structure due to size effects can be described by a parameter, t,
known as the Goldschmidt tolerance factor [34]:

_Tatrx 2.1)

- V2(rg+rx)

where ry is the radius of the anion, r, and r are the radii of the A and B cations respectively.

The changes in the lattice symmetry for different t values were experimentally determined
[35]. According to these findings, t values close to unity (0.9 < t < 1.0) are assigned to cubic
perovskites, whereas in the range 0.71 < t < 0.9 orthorhombic or rhombohedral symmetries
are observed. Lower t values occur when the relative size of A-site cation is not large enough
compared to the B-site cation. In such case, the BXg octahedra tilt to fill the empty space in
between and lose some degree of symmetry as a result. The bending of the octahedra about
the b and c axes creates an orthorhombic structure (space group Pnma) as shown on Fig. 2.1b,

whereas bending about each axis leads to a rhombohedral one (space group R3c) [36].

Hexagonal or tetragonal symmetries of the perovskite structure are stable for tolerance factors
higher than unity, where A-site cation is too large compared to the B-site cation. Fig. 2.2
presents common lower symmetry derivatives of cubic perovskite structure for varying

tolerance factors.

Thanks to the flexibility of perovskite phase, in many cases, deviation from ideal cubic
symmetry is rather slight and a minor tilting of the anionic octahedra can be even desirable for
tailoring the electronic and dipole properties of the material as well as B-X bond length and
strength [8].

Figure 2.1: Perovskite lattice distortion from (a) cubic to (b) orthorhombic [33].
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Figure 2.2: Schematic representations of ABXj3 perovskite crystal structure (a) cubic (b)

orthorhombic (c) tetragonal. Adapted from [37].

Partial replacement of A- and B-sites of the ABXj lattice with foreign cations can be
accommodated within the perovskite structure without undermining the long-range order.
These foreign cations are conventionally called dopants if their concentration does not surpass
1 %, whereas the term ‘substitution’ can be conveniently used for any amount of replacement.
When the foreign cations are of the same valence as the native species they replace in the
perovskite lattice, the substitution is called isovalent. In such case, the change in material
properties is mainly due to size effects. Acceptor or donor substitution refers to replacement
of native sites with foreign cations of lower or higher valence respectively. Together, such

replacement is termed aliovalent substitution.

The empirical Hume-Rothery solubility rules postulated for metal alloys also apply for ionic
substitution in inorganic and mineral systems. In a hypothetical MyA;xBX;.s perovskite
system where M cations substitute native A-sites, likelihood of forming a substitutional solid
solution is highest if [38]:

- MBX3 and ABXj3 parent phases crystallize in identical structure.
- The ionic radii and electronegativity values of the M and A cations are similar.

- The cations M and A are of same valence.

When these conditions are fully followed, a continuous solid solution in the whole range
ABX3; — MBX3 is likely formed where native and substituent (solute) cations are distributed
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randomly in the designated sites in a single perovskite phase. On the other hand, if the
conditions are partially fulfilled, solid solution may be observed only up to a certain degree of
substitution, above which a phase transition or segregation may occur. This is the common
case for aliovalent substitution where an extra charge is created that must be counterbalanced.
In ionic solids, this extra charge is mainly compensated by formation of defects in the crystal,
such as vacant sites in normally occupied lattice positions. Since diffusion of any charged or
neutral species over crystalline solids is directly dependent on the type and number of the
defects accommodated in the lattice, modifications in the defect structure by rational
substitution of A- and B-site cations can have substantial implications on the material’s
functional properties. With respect to these aspects, the flexibility of the perovskite structure

offers broad possibilities for material engineering in environmental catalysis.

2.2 Strontium titanate

SITiOs is a well-known ideal cubic perovskite with a lattice parameter a = 3.905 A and a
mass density p = 5.12 g cm™ at room temperature in its synthetic form [39]. Naturally
occurring SrTiO; mineral was first discovered as late as 1982 in Siberia and was named

tausonite after the Russian geochemist Lev Vladimirovich Tauson [40].

Small amounts of deviation from nominal stoichiometry are tolerated within SrTiO3 cubic
lattice. It is known that small excesses of strontium in the structure can be accommodated as
local Ruddlesden-Popper phases with general composition Srn.+1TiOsn+1 and tetragonal
symmetry group 14/mmm (Fig 2.3) or as oxygen rich extended defects [41,42].

The cubic symmetry of SrTiO; lattice is retained up to its melting point of 2080 °C [39].
Transitions of SrTiO3; cubic phase into lower symmetries can occur upon cooling as well as
doping the material with foreign ions. SrTiO3; crystals are reported to have tetragonal
symmetry between 110 K — 65 K range [43], orthorhombic between 55 K — 35 K and possibly
rhombohedral at temperatures below 10 K [44]. In its cubic form SrTiOs; is a charge
symmetric, paraelectric material, whereas with the tetragonal phase transition it gains a dipole
moment and approaches ferroelectricity. Its already high dielectric permittivity, €, increases
linearly following the Curie-Weiss law from 370 up to ~ 10* as the temperature is lowered to
1.4 K [45]. At these extremely low temperatures ( ~ 1 K), doped SrTiO3; can exhibit
superconducting properties. Furthermore, SrTiO3 substrates show excellent suitability for

epitaxial growth of high-temperature superconductors [46].
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Figure 2.3: Unit cells of Sry+1Ti,O3n41 homologous series. n = o« corresponds to SrTiO3 [47].

In SrTiO; lattice, the bonds between Sr** and O% ions show ionic character, whereas between
Ti** and O% ions the hybridization of O-2p states with Ti-3d states leads to bonds with
covalent character [22]. Sr** cations don’t play a direct role in the electronic structure due to
their strong electropositivity. The valence band of SrTiOj3 is formed by oxygen 2s and 2p
states at the highest occupied molecular orbitals (HOMO) and the conduction band is formed
by degenerate Ti-3d states at the lowest unoccupied molecular orbitals (LUMO). The energy
difference between HOMO and LUMO states amount to an indirect band-gap of 3.25 eV,

which enables the material to show wide-gap semiconducting behavior [48].

Moreover, SrTiOsz-based perovskites belong to the class of mixed ionic-electronic conductors
(MIECs) and show outstanding stability in various atmospheres [20]. Thus, SrTiOs is
rendered a model material whose defect chemistry has been thoroughly investigated in last
decades [21,26,49]. Thanks to these attractive properties, SrTiOs-based perovskites find use in
a wide range of applications, such as solar cells, H, production, oxygen sensors, fuel cell

electrodes, oxide electronics and oxygen separation membranes [5,15,23-26].

2.2.1 Acceptor substitution: SrTiyxFexOs.s

SrTipxFexOs.5 perovskites (STF for short) with the end members SrTiO3 — SrFeOs.s form a
continuous solid solution in the entire composition range 0 < x < 1 [50]. Intermediate STF

compositions possess purely cubic crystal structure, whereas end member strontium ferrite at
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reducing conditions and high temperature goes through a phase transition from a cubic
perovskite with disordered vacancy structure (SrFeOs;s, 6 = 0) to a vacancy ordered
brownmillerite phase, SrFeO,5 (SrFeOs, & = 0.5) [51,52]. Vacancy ordering in this case
refers to the distribution of oxygen vacancies in the anionic sublattice. Thus, the
brownmillerite structure for SrFeO, 5 can be described as a series of alternating layers of FeOg
octahedra and FeQO, tetrahedra sandwiched by Sr atoms as shown on Fig. 2.4. This order —
disorder transition prevents the utilization of SrFeQOg3.; perovskites in many electrochemical
and catalytic applications. On the other hand, intermediate compositions of SrTiyxFexOs.s
stabilizes the cubic structure without significant impediment in the material’s MIEC

properties and thus are desirable for a wide range of applications [53].

Figure 2.4: SrFeO, s brownmillerite structure [54].

Notwithstanding some works reporting the presence of negligible amounts of Fe** and Fe®*,
the consensus in literature is that iron in SrTi;..Fe,O3 solid solutions mainly shows Fe** and
Fe** valence states [55-57]. The ratio of Fe*'/Fe** is dependent on a wide range of synthesis
and treatment conditions. For small amounts of Fe substitution, Fe** is mainly formed due to
thermodynamically stable half-filled sub-shell configuration of the cation (3d5). Moreover,
unoccupied oxygen sites in the perovskite lattice favor Fe®* rather than Fe** as the nearest
neighbor for charge compensation [53,56]. Thus, for low amounts of iron substitution, the

extra negative charge is mainly compensated by creation of anionic vacancies, since other
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defect species such as cationic interstitials are energetically not favorable. At higher iron
contents, Fe** valence state is mainly formed with an extent depending on oxygen partial

pressure during material preparation [55,57].

As the composition of STF approaches the SrFeOs;s end-member, the material shows
progressively increasing MIEC conductivity approaching to metallic-like behavior [58,59]. In
such case, with increasing iron amount, Fe**/Fe** centers start to interact with each other and
their 3d states form a continuous band which overlaps with O-2p states in the valence band,
narrowing the band gap down to 1.9 eV [53,60,61]. Along with this decreasing trend in the

band gap, oxygen surface exchange capability of the material is progressively enhanced [60].

Due to their attractive MIEC properties and stability, STF family of materials are rendered
promising candidates for solid oxide fuel cell (SOFC) electrodes, oxygen sensors and oxygen
permeation membranes [62-64]. Additionally, thanks to their close relation to SrTiO3 with
well-established defect chemistry, STF oxides are considered as ideal model systems for
charge transport process investigations of complex mixed ionic-electronic conductors that are

utilized in industrial applications.

2.2.2 Donor substitution: La;SryTiO3+5

Donor substitution in strontium titanate is a widely employed strategy for improving the
material’s n-type conductivity [65-67]. La>* (r = 1.36 A) can substitute Sr** sites (r = 1.44 A)
without significant structural distortion due to the similar ionic radii of the cations. Various
studies showed that lanthanum is completely soluble in LaySr;,TiO3+s lattice up to y < 0.4
[68-70]. Around y = 0.5, slight distortions of the cubic crystal structure is observed, which

then leads to a transition to orthorhombic crystal phase upon further La substitution.

While LaySri.yTiOs.5 (LSTO) is an insulator in oxidizing conditions, its heat-treatment under
reducing atmosphere can induce substantial n-type conductivity [67]. In this case, La>* ions
compensate their extra charge by creation of electrons; Ti*" is reduced to Ti** and Fermi level
shifts further into the conduction band. Band gap of the material on the other hand stays

essentially constant [71-73].

Preparation route and pre-treatment play a significant role in deciding the final
physicochemical properties of donor substituted SrTiOs systems. Lanthanum substituted

SrTiO3 can be prepared either in compliance with cationic or oxygen stoichiometry. Cation-
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stoichiometric LSTO with general formula LaySri,TiO3:5, possesses an oxygen excess
illustrated by the positive 6 value to compensate the additional positive charge introduced by
the donor substituent. In the LaySr1.yTiOss formula, & value can reach as high as y/2 and
remains essentially positive under operation conditions of solid oxide fuel cell anode [74].
Only at extremely reducing conditions, & can be zero or negative. The extra oxygen in this
structure is thought to be accommodated in secondary Ruddlesden-Popper phases or oxygen
rich extended defects [75,76].

Alternatively, the extra positive charge from the donor can be compensated by creation of
additional strontium vacancies through A-site deficiency, leading to an oxygen stoichiometric
perovskite. The excessive amount of strontium vacancies impedes the formation of secondary
SrO-rich phases. The suppression of these phases is beneficial, since they can inhibit the grain
growth during sintering and their solution/dissolution during the oxidation — reduction cycle
can be harmful for material performance. As a result, A-site deficient LSTO shows superior
mechanical properties and redox stability than oxygen excess compositions [77]. On the other
hand, A-site deficiency can promote an undesired TiO, segregation tendency under reducing
conditions [78]. Thus, the preparation and treatment conditions should be chosen carefully to

reach desired defect chemical properties.

Along with enhanced electronic properties, a major benefit of La substitution is the
improvement of dimensional and chemical stability of the material in both reducing and
oxidizing atmospheres [79,80]. Matsushima et al. demonstrated that La substitution leads to
strengthened Ti — O bonds improving structural stability of the material [81]. Several
researchers reported improved phase stability in reducing conditions and impediment of
thermal expansion when SrTi;.xFexOs.5 solid solutions were doped with La [32,82-84].

2.3 Environmental catalysis with SrTiO; based perovskites

Catalytic processes are at the center of modern society with about 35% of world’s gross
domestic product is estimated to arise from them [85]. Environmental catalysis research,
which involves development of efficient pollution abatement and green energy conversion
systems, carries tremendous relevance for attainment of global energy production goals and
minimization of harmful gas emissions. Historically noble metals have been widely employed
for such applications, but in recent decades perovskite oxides emerged as potential

alternatives for noble metal catalysts due to their lower cost, decent activity, excellent stability
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and tunable material properties. In this section, the environmental catalysis applications in
which SrTiO3 based perovskite oxides are utilized will be briefly described and the state of

the art will be summarized.

2.3.1 Photocatalysis — wastewater depollution

Among the candidate energy sources to replace fossil fuels, solar energy is globally most
favored option thanks to its inherent availability, cleanliness and inexhaustible nature. Total
annual global energy consumption is currently around 600 exajoules (1 EJ = 10*® J) and
projected to reach 750 EJ by 2040 according to the assessments of EIA [86]. The irradiation
of the earth by the sun amounts to about 4,000,000 EJ of energy reaching earth annually of
which at least 50,000 EJ is easily harvestable [87]. Thus, utilizing only a tiny fraction of this
solar energy would suffice to meet the global energy demand. Along with photovoltaics,
photocatalytic methods such as CO; reduction to produce CO and CH, fuels [88] or water
splitting to produce H, fuel [89], are the main strategies for harvesting solar energy. Despite
promising developments, acceptable efficiencies for commercialization of these processes are

still yet to be realized.

A crucial contemporary application of photocatalysis which already starts to play a role in
modern wastewater treatment technologies is the degradation of organic pollutants. The
shortage of clean water as well as pollution of the existing water sources due to rapid
industrialization has raised the importance of wastewater recycling dramatically. Organic dyes
are one of the largest groups of pollutants in wastewater. About 15% of the total amount of
produced dyes in textile industry is lost as effluents in the process [90]. Another important
concern is the increasing occurrence of antibiotics and other pharmaceuticals in water sources,
which can have important impacts on public health [91,92]. Traditional water treatment
technologies, such as adsorption and filtration based processes are relatively ineffective in
purifying water contaminated by chemically stable compounds such as aromatic organic
solvents, organic dyes and pharmaceuticals [93]. An effective approach to remove these
pollutants is utilization of photocatalytic oxidation, which can lead to total mineralization of

these organic compounds [94,95].

Photocatalytic redox processes are initiated by the excitation of the photocatalyst valence
electrons to the conduction band via solar irradiation (Fig. 2.5). Electron-hole pairs are

consequently formed, which migrate on the catalyst surface and can directly or indirectly
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facilitate respective reduction and oxidation reactions [96,97]. The positive holes can either
oxidize the pollutant directly or indirectly through the formation of OH- radicals, whereas the
electron in the conduction band reduces the adsorbed oxygen [94,98]. Recombination of
electron — hole pairs is detrimental for the photocatalytic reaction and presence of electron
scavengers such as oxygen is crucial to inhibit the recombination. Adsorbed oxygen
molecules can scavenge the electron to form a superoxide radical (O;~). The superoxide
radical can be protonated to form a hydroperoxyl radical (HO;) and finally hydrogen peroxide
(H20,).

CO, + H*
_ @J CH,, CH3OH, HCHO
CBM e
VBM h j H,0
0, + H*

Figure 2.5: Basic principle of photocatalytic redox processes over a semiconductor
photocatalyst given for degradation of organic compounds [7]. CBM and VBM refer to

conduction and valence bands.

The catalytic setup for the reaction may constitute a particulate photocatalyst or a
photoelectrochemical cell without any alteration in the basic principle. Particulate
photocatalyst setups are deemed more promising for large-scale applications at the moment
due to their simplicity, whereas sufficiently cost-effective and stable electrochemical setups
are still not developed [97,99,100].

A suitable photocatalyst for such applications should ideally be visible-light active in order to
utilize larger portion of solar spectrum [7]. The material should possess high chemical
stability to withstand corrosion from the photogenerated oxidant species. High crystallinity
can induce increased catalytic activity, which is usually ascribed to minimization of surface

defects in the material that act as traps/recombination centers for the charge carriers [101].

14



2 Theoretical background

Similarly, decreasing particle size impedes recombination as a result of smaller diffusion
path-lengths for charged particles. High surface area usually leads to increased activity due to

enhanced number of active sites for the reaction.

Since early 1970s, TiO, has been the most widely studied material for photocatalytic
applications due to its abundance, high stability and tunable band gap [102]. Despite its
considerable activity, this material suffers from some drawbacks. For instance, fast charge
carrier recombination in TiO, can impede the efficiency of the photocatalytic reaction.
Nonstoichiometric H,/O, production can be encountered as a result of self-oxidation of TiO,
[103,104]. Also, similar to most investigated photocatalysts, TiO, can absorb only ultraviolet
portion of solar irradiation, which amounts to ~ 5% of total light that reaches earth [105].

Perovskite oxides show great promise in photocatalysis thanks to their flexibility of
composition and electronic structure which enables easy band gap engineering. Significant
photocatalytic performance was determined for titanate and tantalate based perovskite oxides
[106-111]. SrTiO3 based perovskite oxides are particularly promising under UV irradiation
with excellent photocorrosion resistance and structural stability [112,113]. Although in its
pristine state SrTiO3 is only UV-active, doping with suitable ions at each cationic or anionic
position can induce visible-light response and enhance activity in these photocatalysts by
reducing the band gap [114-116]. Fig. 2.6 illustrates remarkable increase in generation of
visible light-response by raising the top of the valence band via 0.5 mol.% B-site doping,
particularly for the elements, Mn, Rh, Ru and Ir [117]. Reduction of band-gap was also
demonstrated for SrgesZNo33TI03 due to creation of new Zn 2p energy states at the bottom of
the conduction band [118]. Li et al. recently prepared Fe-doped SrTiO3; nanoparticles with a
solvothermal synthesis route [119]. Thanks to the band gap narrowing induced by Fe®*
substituents, 3 mol% Fe doped SrTiO3 led to 14 times higher conversion than the undoped
SrTiOz sample in the photocatalytic degradation of tetracycline under visible light irradiation.
F-doping [120] and N-doping [121-123] on the anionic sites were shown to enhance the
performance of the photocatalyst in the degradation reactions of organic pollutants as well,
probably due to enhanced electron mobility as well as the formation of Ti** ions with high

capability for visible light absorption [24].

Along with band-gap engineering and nanostructuring, increasing porosity of perovskite
oxides is a very effective approach to enhance photocatalytic activity due to increased number

of active sites, better utilization of incoming light as a result of multi-reflections within pores,
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enhanced separation of electron — hole pairs and quick transport Kinetics through the
interfaces [124]. Higher activities were reported for nanoporous SrTiO3; based oxides in
comparison to nonporous counterparts and commerical TiO, (P25) in photocatalytic
degradation [125,126] as well as water splitting [127,128].

Absorbance / arb. units

300 400 500 600 700

Wavelength / nm
Figure 2.6: Diffuse reflactance UV/Vis spectra of SrTiO3 substituted with 0.5% dopant cation
(@) Mn (b) Ru (c) Rh, (d) Pd (e) Ir (f) Pt [117].

Dong et al. prepared porous SrTiOs; nanospheres with 26 m? g™ via hydrothermal treatment
with P25 surfactant. Porous spheres showed superior photocatalytic performance in the
degradation of Rhodamine B dye under UV irradiation [129]. Fan et al. prepared mesoporous
SrTiO; with surface areas up to 206 m? g* using an excess of SrCO5 precursor which was
later removed from the final product by a mild acetic acid treatment [125]. The influence of
porosity on the photocatalytic performance of the material was investigated by a 2-propanol to
acetone conversion reaction. Mesoporous photocatalysts showed up to 30 times higher
activity than bulk SrTiO; prepared with solid state reaction. Ouyang et al. prepared
nanoporous SrTiOz with a template assisted sol— gel hydrothermal reaction [130]. Porosity of
the material was enhanced with increasing template amount, whereas crystallinity of the
perovskite phase decreased. 40 mol.% SiO, templated SrTiO; system showed optimum
performance due to combined effect of porosity and crystallinity, leading to 8 times higher
conversion than a commercially obtained nanoparticulate SrTiOsz in the photocatalytic
degradation of organic pollutant, isopropanol. Three dimensionally ordered macroporous
(3DOM) semiconductor materials can be beneficial for photocatalytic applications due to the
enhanced light-matter interaction through the periodic structure [14]. Recently, Yu et al.

prepared 3DOM-SrTiO3; photocatalysts with differing size of macropores and demonstrated
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substantially superior photocatalytic performance of the 3DOM structure in comparison to the
bulk counterpart prepared by solid state reaction [131].

2.3.2 Chemical catalysis — CO and CH, oxidation

Natural gas based power generation fulfills a significant portion of global energy consumption
and is predicted to steadily increase its output in coming decades [132]. Conversion of natural
gas to electricity is realized typically via steam generator or gas turbines, while
electrochemical conversion with solid oxide fuel cells (SOFCs) can provide a potentially
superior alternative with higher efficiency, better scalability as well as fuel flexibility
[3,26,133,134]. Notwithstanding the mechanistic differences between utilized processes,
catalyst performance and stability play a central role in deciding the overall efficiency of the
fuel conversion system. In this respect, CO and CH,4 oxidation can be employed as model low
and high temperature chemical reactions to investigate catalytic properties of potential
perovskite oxide catalysts.

Independent of the type of the reaction, a heterogeneously catalyzed reaction over oxide
catalysts goes through similar fundamental steps involving the adsorption of reactant species
on the catalyst followed by a redox reaction between reactants and finally desorption of
products. The suprafacial (surface) reaction involving the adsorption of both reactants on the
catalyst surface at neighboring sites and their subsequent reaction is described by Langmuir-
Hinshelwood, whereas Eley-Rideal proposed a reaction mechanism for only one of the
reactant species adsorbing on the catalyst surface and reacting with the other molecule
directly from the gas phase [5]. Accordingly, the individual steps that CO oxidation undergoes

over metal oxide catalysts can be described through combination of both pathways as follows:

0,(g) = 20(ads) (2.2a)

C0(g) = CO(ads) (2.2b)

CO(ads) + 0(ads) = CO,(ads) = C0,(g) (2.2¢)
CO(g) + O(ads) = CO0,(g) (2.2d)

Zhang-Steenwinkel et al. experimentally confirmed the coexistence of Eley-Rideal and
Langmuir-Hinshelwood mechanisms in CO oxidation reaction by kinetic studies and 20

labeling over a LagsCep,MnQOj catalyst [135]. The authors concluded that carbon monoxide is
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easily adsorbed on the oxide surface in carbonate form and the reaction between adsorbed CO
and O, species constitute the rate-determining step in the reaction. CO oxidation rates over
oxide catalysts are usually first order with respect to CO, whereas the reaction order with
respect to oxygen is usually between 0 — 0.5 and tends to approach zero in oxygen rich

atmospheric conditions [5].

It is widely acknowledged that CO oxidation over unsupported metal catalysts proceeds
mainly through Langmuir-Hinshelwood pathway [23]. Reaction orders over metal catalysts
show different behavior than of oxides with the reaction orders with respect to CO and O,
approach -1 and 1 respectively [136]. This disparity is due to strong adsorption affinity of
carbon monoxide leading to preferential adsorption of this molecule over oxygen on metal
surfaces [136,137]. Increasing CO partial pressure leads to more carbon monoxide adsorption

on catalyst surface which inhibits the O, adsorption and impedes the reaction.

For oxidation of more stable molecules such as CH,, the activation barrier is remarkably
higher. The surface reactions involved in CH, oxidation over oxides can be shown through

following pathways [15]:

M"0, + 0,(g) = [0][M™*10,,] (2.3a)

H;C — H + [0][M™*10,,] = CH; + [OH][M™*10,,] (2.3b)
CH; + [0H][M™10,,] = [OH][M"0,,_3C0,] + 2[0H,] (2.3c)
[M™0,,_5C0,] = M™0,+ CO, (2.3d)

These reactions take place at higher temperatures (usually above 500 °C) in which the bulk of
the catalyst (i.e. lattice oxygen) may also actively take part in the reaction. As a result,
consumed oxygen in the reaction is not only replenished by adsorption from the gaseous state
like in low temperature catalysis, but also by diffusion of lattice oxygen from the catalyst
towards the empty position. The partial participation of the catalyst in the reaction as a
reagent by subsequent depletion and replenishment steps were first broadly acknowledged
through the reports of Mars and van Krevelen and the pertaining reaction mechanism is
commonly named Mars and van Krevelen (MvK) mechanism [138,139]. Auer and Thyrion
investigated kinetics of CH, oxidation over a LaggCep1C003 perovskite and concluded that
the best fit was given by a MvK mechanism, whereas solely suprafacial reaction mechanisms

failed to describe the empirical results [140]. The rate equation for such pathway can be
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expressed with an additional term that is independent of oxygen partial pressure which
describes the contribution of lattice oxygen to the oxidation reaction [10,141]:

r = ksPey, (Ko,Po,)'/* + kiPcy, (2.4)

where K, is the equilibrium constant for oxygen adsorption, ks and k; are rate constants for
suprafacial (surface contribution) and intrafacial (lattice contribution) reactions respectively.
The suprafacial reaction term is similar to given terms for CO oxidation, whereas the
intrafacial reaction term (k;Pcy,) describes the contribution of lattice oxygen to the oxidation

reaction and is independent of oxygen partial pressure.

Due to the substantial stability of CH, molecule, the dissociative adsorption of methane on
catalyst surface is the rate determining step in the reaction. Experimentally determined
reaction orders for CH4 over oxide catalysts are usually ~ 1, whereas the reaction orders for
oxygen are usually found to be between 0 — 0.5 [5,15]. Unlike CO oxidation, strong
preferential adsorption of CH4 over unsupported metal catalysts is usually not observed and
the reaction over metal catalysts is first order with respect to methane and oxygen [142].

Fig. 2.7 gives an overview of the main surface reaction models over oxide catalysts. It should
be noted that interaction of the catalyst with reactants is a complex and dynamic phenomenon
that is unique for each individual catalyst and thus many conflicting pathways are proposed in
literature for similar systems based on empirical findings [5,15,23,143,144].

: .

Figure 2.7: Schemes or (a) Langmuir — Hinshelwood (LH) mechanism (b) Eley — Rideal (ER)

mechanism (c) Mars and van Krevelen (MvK) mechanism [145].
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Perovskite oxides constitute one of the most promising family of materials with the potential
to replace metal catalysts in thermally initiated catalytic combustion of fuels and volatile
organic compounds (VOCs) as well as pollution control systems such as automotive exhaust
catalysis. Since the demonstration of their catalytic performance in early 1980s, lanthanum
based perovskite oxides have remained the most widely investigated perovskite catalysts,
probably as a result of accumulated knowledge in these systems considering the relatively
minor influence of the A-site cations to the catalytic activity [25,146,147]. The activity of
perovskite catalysts is usually correlated with the redox properties of the B-site cations in the
structure. Most active B-site cations (Mn, Co, Ni, Fe) usually accommodate mixed oxidation
states, which facilitate catalytic reaction by providing active adsorption sites for the reactants
and enhancing oxygen mobility. Although catalytic performance depends on a wide variety of
material properties, oxidation activity usually follows Mn > Co > Fe for the B-site cations,
whereas inverse behavior is observed for thermal stability [148-151]. Moreover, partial
substitution of B-site cations can be employed as a strategy to tailor material’s stability and
catalytic activity through modification of its defect structure and physicochemical properties
[25].

Mixed oxidation states of B-site cations in the perovskite oxide catalyst strongly promote
methane oxidation through facilitation of dissociative adsorption in the methane molecules
[5]. Conversely, since the adsorption of CO on oxide surface does not have a high energy
barrier, carbon monoxide oxidation is not affected strongly by mixed oxidation state of B-site
cations in the perovskite [23]. Another key parameter for the activity is the oxygen mobility in
the catalyst lattice. CO oxidation is predominantly promoted by surface oxygen mobility,
whereas for high temperature CH,4 oxidation reaction, both bulk and surface oxygen mobility
affects the catalytic activity [152]. It is also worth mentioning that oxygen mobility and nature

of B-site cations in perovskite structure are closely related parameters.

There are very few reports in literature concerning the chemical oxidation performance of
perovskite oxides with stoichiometry close to end group member SrTiOs, as these
compositions do not show appreciable catalytic activity towards the oxidation of CH,4, CO or
other VOCs. Alkali or noble metal doped SrTiOs; shows activity towards diesel soot
combustion [153-156], whereas decent CO and CH,4 oxidation performance was reported for
compositions such as LaFeOs [12,157], LaggSro.FeOs; [157] and LagsSro34C00.2F€0803-5

[158] possessing surface areas below ~ 5 m? g™*. With regard to electrochemical oxidation of
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CH; and H; fuels in SOFCs, La-substituted SrTiO3 (LSTO) sintered under reducing
atmospheres has attracted significant attention as potential anode material due to its
significant n-type conductivity and phase stability [67,159-165]. Moreover, STF (SrTis.
xFex0s.5) and LSTF (LaySriTii.<FexOs.5) compositions were investigated both as anode and
cathode materials in literature [166-169]. Fagg et al. showed that under oxidizing conditions
catalytic activity of strontium titanate based materials can be increased by substitution of Fe
cations on the B-sites, whereas La substitution on the A-sites improves the phase stability of

the material and impede thermal expansion [32].

Despite challenging preparation of these materials, significantly enhanced performance is
possible by utilization of porous perovskite oxide catalysts. Several researchers prepared three
dimensionally ordered macroporous (3DOM) perovskite oxides with colloid crystal template
method using polymethlyl methacrylate (PMMA) or polystyrene (PS) microspheres.
Enhanced CO, CH,4 and VOC oxidation performance over these 3DOM perovskite oxides was
demonstrated for LaFeOj; (surface area = 19 — 20 m? g*) [170,171], LaCogg¢Feo.405 (surface
area = 20 m? g) [170], SrFeOs.; (surface area = 34 — 61 m® g%) [172], LaoeSro4MnO;
(surface area = 32 — 40 m® g%) [141] and LaCoqgsFeqsOs [173]. Improved catalytic activity
was assigned to increased surface area, enhanced oxygen mobility and better low temperature
reducibility.

Nanocasting route involving infiltration of the pores of an ordered mesoporous template with
reaction precursors is the main strategy for preparation of mesoporous perovskite oxides in
literature, since high temperatures required for crystallization of perovskite phase are
unsuitable for soft templating routes. Wang et al. prepared mesoporous LaCoO3 with surface
areas as high as ~ 97 m? g* through a nanocasting route using a silica template combined with
citrate gel synthesis [174]. Mesoporous material showed substantially higher methane
combustion activity in comparison to bulk counterpart. The surface area of perovskite catalyst
decreased to ~ 70 m 2 g after the first catalytic run, possibly due to restructuring of porous
morphology. The authors found higher concentration of O, / O species in mesoporous
LaCoOs, which are strongly electrophilic reactants and likely contributed to the enhanced
activity. Nair et al. prepared mesoporous LaMO3 (M = Mn, Co, Fe) with surface areas 110 —
155 m? g* by nanocasting with ordered mesoporous KIT-6 silica template [175]. Mesoporous

LaMnOj3 showed enhanced performance in methanol oxidation, despite XPS analysis showing
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retainment of 10% residual Si in the sample after etching treatment to remove the silica
template. Lima et al. prepared mesoporous LaFe; xCoxO3 (x = 0, 0.4) with surface areas 30 —
50 m*g* by utilizing a micro-mesoporous carbon mold as template [176]. Complete oxidation
of CO was achieved over nanocast LaFeOs; sample (30 m? g*) at 400 °C, whereas bulk
sample (6 m? g™*) reached complete oxidation at 560 °C. Mesoporous LaFeysC00403 on the
other hand showed poorer performance, likely due to La,Os; impurity phase found in the

sample inhibiting the reaction.

Despite the advances made in the development of perovskite oxide catalysts, reported
catalytic performance for these materials in CH4 and CO oxidation do not show comparable
values to state of art supported metal noble catalysts, such as Pd/CeO,-Al,O5; [177] and
Au/CeO, [178]. In such systems, metal-support interactions lead to unique catalytic
properties. Enhanced activity due to electronic and ionic transfer between metal and support
[179-183], stabilization of the oxidation state of the active phase [182,184-187] and sintering
resistance [188-191] are reported for numerous supported metal catalysts. Support materials
utilized for such systems are typically chemically/thermally stable mesoporous materials with
high surface area to to provide superior dispersion and reactivity of metal sites [192],
enhanced contact area and easy access of reactants [193,194] and resistance to deactivation
[190,195]. Recently mesoporous MIEC materials, such as CeO, found great interest as
support materials due to their high oxygen supply capabilities to the active phase [6,196].
Considering superior stand-alone catalytic performance and tunable stability of perovskite
oxides, utilizing such materials as active support can potentially offer a better alternative to
current CeO, supported systems. However, very few works in literature reported perovskite
oxide supported metal catalysts due to the difficulties in preparation of pure-phase
multiternary perovskite oxides with high porosity. Recently, some works demonstrated
enhanced CH,4 oxidation activity for 3DOM perovskite oxide supported metal nanoparticle
catalysts with compositions, Ag/LagsSro-4MnO3 [197] and Pd/LaMnO3 [198].

2.4 Design of SrTiO; based perovskites for environmental catalysis

Catalytic activity of perovskite oxides depend on a wide variety of material properties such as,
mixed oxidation states of their B-site cations, the oxygen mobility in the structure as well as
number and reactivity of active sites for the reaction [5,15,25]. Nanostructure and morphology

of the material are as crucial as chemical composition in designating these parameters and
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pertaining catalytic performance of the material. Moreover, commercial application of
perovskite oxide catalysts is mainly limited by their poor textural and structural properties
[5,14]. Nanostructured perovskite oxide catalysts with mesoporous morphology possess
numerous advantages to bulk counterparts due to their high surface areas and short diffusion
pathways for charge carriers which leads to increased number and reactivity of active sites,
enhanced redox properties, superior oxygen mobility and charge carrier transport [5,14,15].
Hence, development of a multifaceted design approach is required to prepare high-
performance perovskite oxide catalysts which combine mesoporosity, controlled cationic
substitution as well as nanostructure and defect structure engineering [5]. In this section,
relevant strategies regarding the design of nanoscale perovskite oxides for environmental

catalysis applications will be briefly discussed.

2.4.1 Low and intermediate temperature synthesis strategies

Conventionally, perovskite oxides are prepared by solid state synthesis in which precursor
salts or single metal oxides are mechanically mixed and sintered at high temperatures ( > 1000
°C) to induce mass transport within solids. The process is energy-consuming as the high
temperature treatment is carried out for 8 — 24 hours to enable satisfactory phase purity [199].
Moreover, the final product suffers from numerous drawbacks such as poor homogeneity,
broad particle size distribution and poor textural properties [200]. Due to straight-forwardness
of the approach, solid state synthesis routes are still widely employed in preparation of
perovskite oxides. However, several alternative synthesis strategies were developed in order
to lower the exceedingly high reaction temperatures and enable nanostructuring.

Common intermediate temperature synthesis routes for single metal oxides, such as co-
precipitation and evaporation induced self-assembly (EISA), are usually not applicable for
mixed metal oxides due to differing solubility and reactivity of the metal ions. However, some
reports of perovskite oxides prepared by these routes can still be found in literature [201-
203].

Among more suitable routes, autocombustion synthesis is widely employed due to its
advantages of simplicity, high purity and fast reaction. The process is realized by mixing the
cationic precursors with a solvent and fuel/oxidizer. After solvent evaporation, the gel is
heated on a heating plate or muffle furnace until the highly exothermic autocombustion

reaction is initiated to produce the desired perovskite. The fuel can be typically urea, glycin,
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glycerol or alanine. Surface areas between 5 — 40 m? g™* are commonly reported with this
route [204-206]. Although, autocombustion synthesis is attractive for its simplicity and
scalability, relatively high reaction temperature (typically ~ 800 °C) and limited control over
calcination conditions prevent effective nanostructure engineering via this process [205,206].
Moreover, multicomponent oxides prepared by this route can contain impurities. Baharuddin
et al. observed the growth of impurity phases, SrsFe;O;.5 and TiO,, independent of reaction

conditions in SrTipsFeys03 synthesis using glycine and metal nitrates as precursors [207].

2.4.1.1 Sol-Gel Process

Sol-gel processing is a widely employed wet-chemistry route for the fabrication of metal
oxides as it enables intimate control of final product through control of reaction parameters.
Fundamental formation mechanism of the oxide species in this route were thoroughly
investigated using silica-based systems. The main principles of the process apply to
preparation of other oxides as well, despite the differences in the chemistry of precursors
[208].

In a typical sol-gel preparation of silica species, silicon alkoxide precursors go through
hydrolysis and condensation reactions in an aqueous medium to form a colloidal solution
called ‘sol’ that accommodates the growing silica network. As the rates of competing
hydrolysis and condensation reactions are pH dependent, connectivity of the forming silica
network is manipulated by addition of acid or base to the system [209]. The growth of the
three dimensional complex network of silica leads to gradual increase of the viscosity and
culminates in the gelation of the reaction mixture, where a diphasic system of the liquid
solvent and the amorphous solid coexist. Heat treatment is then implemented on the gel to
enable further polycondensation reactions of the silica network (aging) and remove remaining
solvent from the structure (drying). Finally, the amorphous gel is calcined to obtain crystalline
silica material. By intimate control of reaction parameters as well as use of structure directing
agents, silica and other oxide materials with a wide range of morphology and nanostructures

were prepared by this approach [210,211].

Preparation of single phase multicomponent oxide systems by the traditional sol-gel process is
challenging due to the varying hydrolysis and condensation rates of different metal
precursors. In such cases, the mobility and reactivity of the metal cations are commonly

moderated by use of chelating agents. Citrate gel route is an example of such synthesis
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approach, in which the metal precursors and citric acid are dissolved in an aqueous medium to
form metal-citrate complexes. The gelation is then achieved by the evaporation of the solvent,
followed by calcination to remove the organics and crystallize the perovskite oxide phase.
Although, many perovskite oxide compositions are successfully obtained by citrate gel route
[212,213], the crystallinity and phase purity of the final products in this approach are usually
unsatisfactory for SrTiO3; based perovskites due to the exceedingly high reactivities of the
available titanium precursors for the synthesis [214,215]. Utilization of the polymer complex

approach can be more advantageous for preparation of such materials.

2.4.1.2 Polymer Complex Route

An established synthesis route that is applicable for a wide range of perovskite oxide
compositions at intermediate temperatures is the polymer complex approach introduced by
Pechini in 1967 [215-217]. In this so called Pechini process, metal ions are dissolved and
chelated within a polycarboxylic acid/polyol solution (commonly citric acid and ethylene
glycol). Heating the reaction mixture over 100 °C results in a polyesterification reaction
fixing the chelated metal cations in the polymer resin. The homogeneous distribution of the
metal cations at atomic scale within the gel dramatically reduces the diffusion requirement
during perovskite crystal phase formation and along with the exothermic burning reaction of
the polyester gel, crystalline perovskite oxides can be obtained at intermediate temperatures
(T <800 °C). Commonly used citric acid can form very stable chelate complexes with a wide
range of multivalent metal cations thanks to its one hydroxyl and three carboxylic acid
groups. On top of that, fixing the metal cations in a polymer resin containing water resistant
metal-citrate complexes is particularly advantageous when readily hydrolyzed metal
precursors such as alkoxides are used in the synthesis. Thus, polymer complex route offers
superior compositional and structural homogeneity in comparison to other solution-based
techniques, especially in the synthesis of complex multicomponent oxides prepared with

readily hydrolysable precursors, such as metal alkoxides [215].

Kakihana et al. analyzed the intermediate stages in the thermal decomposition of polyester gel
chelated with Sr and Ti precursors in order to explain the greater homogeneity of the SrTiO3
prepared by polymer complex route [217]. Fig. 2.8 shows the X-ray diffractograms and
Raman spectra of SrTiO3 intermediate phase and single metal intermediates calcined at 400

°C for 2 h under air. When single metal precursors were fixed in the polyester resin, TiO; and
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SrCO3 were formed after 400 °C heat treatment, whereas these isolated phases were not
observed for the (Sr,Ti) polyester intermediates. In line with previous reports [218,219], the
authors assigned the superior compositional homogeneity of the final SrTiO3 product to the
formation of a heterometallic (Sr,Ti) citrate complex which transforms to a mixed metal
carbonate intermediate upon calcination of the polyester gel and then goes through a single
step decomposition to form the crystalline perovskite oxide. Due to this superior
homogeneity, numerous chemically complex perovskite oxide solid solutions such as,
LaggSro2FeOs [220], BaixSr«TiO3z [221], (Lag.75Sr0.25)0.9sMNOs.5 [222] and BaySraTi1-yFeyOs.
yi2+s [223] were successfully prepared with polymer complex route.
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Figure 2.8: X-ray diffractograms (a) and Raman spectra (b) of the thermal decomposition
products obtained at 400 °C for 2 h in static air atmosphere from standard polymer complex

route with ethylene glycol, citric acid, Sr and Ti precursors. Adapted from [217].

Despite the improved material properties and performance achieved for the products prepared
by the Pechini approach, small amounts of carbonate impurities are usually unavoidable due
to the excessive amount of organics present in the initial polymer gel [215]. Surface areas
around 15 — 20 m? g™ are commonly retained with this route as opposed to 1 — 2 m? g*

observed for perovskites prepared by solid state synthesis [213].

2.4.1.3 Solvothermal Synthesis

Solvothermal synthesis routes can be facilitated to prepare perovskite oxide nanoparticles
with tailored particle size and shape. The method has several advantages; namely, low energy

requirement (reaction temperature between 100 — 200 °C), simplicity, high purity as well as
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effective control of nanostructure and morphology [224,225]. Solvothermal route is typically
based on the simultaneous heat and heat induced pressure treatment of the precursors in a
water (hydrothermal reaction) or solvent based medium. The reaction takes place in a sealed
container, i.e. high-pressure autoclave. Perovskite oxide nanoparticles prepared by
solvothermal route typically show higher catalytic activity than bulk perovskites as a result of
their high surface to bulk ratio, good surface crystallinity and quantum size effects [124].
Moreover, the materials can be tailored by altering the reaction parameters to have the optimal

particle shape and size that is favorable for the target catalytic application [226,227].

Figure 2.9: SEM images of SrTiO3 nanocrystals prepared by solvothermal synthesis varying
the nature and amount of used alcohol surfactants. (a) Ethanol (b) 1,4-Butanediol (c) 1,2-
Propanediol (d) Ethylene glycol (e) Pentaerythritol. | — VI refers to increasing alcohol amount
[228].

Solvothermal process is not suitable for the preparation of some perovskite compositions. For
instance, there are only few reports for the successful synthesis of ferrites in solvothermal
conditions where exceedingly high temperatures (> 250 °C) were needed compared to normal
operation range of standard Teflon liners [229,230]. However, there are numerous reports in
literature on the preparation of size and shape controlled SrTiO3 nanomaterials, such as
spheres [231], dendritic nanostructures [232], nanowires [233], nanofibers [234,235] and
nanocuboids [236,237]. The reactions are all undergone under basic pH to stabilize formation
of SrTiO3 and avoid the growth of single metal oxide phases [227,238]. Since shape-tailored
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synthesis is kinetically controlled, different surfactants can selectively interact and stabilize a
particular crystal facet, leading to well defined morphologies [227]. Dong et al. investigated
the systematic morphology evolution of SrTiOz nanocrystals by using a series of alcohols with
different pK, values (acidity) as surfactants [228]. Change in the nature and amount of the
added alcohol led to SrTiO3; with varying shape and size from nanocuboidal to dodecahedral

morphology (Fig. 2.9).

Moreover, although one-step solvothermal routes are not feasible for the preparation of
complex multicomponent oxides with several cations in their structure, small amounts (< 5
at.%) of Fe- [119], Rh- [107], Mn- [239] and Ba- [240,241] substitution in SrTiO3 lattice were

successfully achieved with this route.

2.4.2 Preparation of nanoporous perovskite oxides

In comparison to bulk and nanoparticulate perovskites, nanoporous counterparts demonstrate
further improvements in catalytic performance as a result of their percolated structure
enabling easy access for reactants as well as enhanced number of active sites for catalytic
reaction and short diffusion path lengths for charge carriers [194]. The preparation strategies

of nanoporous perovskite oxides are mainly based on utilizing soft or hard templating routes.

Soft templating approach mainly refers to the use of sacrificial templates that are structure
directing agents (SDASs) in a wet chemistry route to form the porous oxide [242]. Template
materials are commonly ionic or non-ionic surfactants which are amphiphilic polymers
containing hydrophilic and hydrophobic components. These polymers self-organize into
micelles through weak forces such as hydrogen bonding and van der Waals when their
concentration surpasses CMC (critical micelle concentration) [243]. The geometric
arrangement of the micelles is determined by the nature and concentration of the surfactant in
the solution. Metal oxide precursors organize around the micelles via electrostatic interactions
or hydrogen bonding based on the ionic or nonionic character of the surfactants respectively
[244]. The templating process follows either a cooperative self-assembly or a true liquid
crystal template mechanism depending on the concentration of the surfactant in the solution.
In the former case the inorganic and organic species co-assemble simultaneously to form the
geometric arrangement, whereas in the latter case the concentration of the surfactant is high
enough to form a lyotropic liquid crystalline (LC) phase by itself and the inorganic precursors

can be incorporated into the already organized structure (Fig. 2.10). After a stable inorganic-
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organic hybrid composite is formed, the template is typically removed from the composite by
calcination in air to achieve porosity. Adjustment of the reaction parameters enables effective
tailoring of the final product morphology. However, exact determination of the desired
parameters is challenging due to the complex interactions between the inorganic and organic

species.

Surfactant micelles
in LC phase

Composite Porous oxide

Figure 2.10: Schematic representation of liquid crystal template mechanism leading to porous

oxide with hexagonal pore structure. Adapted from [245].

Ever since the first successful implementation of the soft templating approach by Mobil
researchers in 1992, a wide range of materials with ordered or disordered mesoporosity were
successfully prepared with this route, having tremendous practical implications in industrial
heterogeneous catalysis [246,247]. On the other hand, only few reports are present in
literature concerning successful preparation of mesoporous perovskite oxides by this approach
due to the inadequacy of the wet synthesis routes associated with soft templating for
preparation of multi-metal oxides as well as exceedingly high formation temperature of
perovskite phase [173,248]. Liu et al. used a modified EISA route employing P123 block
copolymer as surfactant to prepare LagsSrosCoosFeosOs With surface areas up to 65 m? g
[249]. However, these surface areas determined for amorphous material dropped down to 0.25
m? g after high temperature treatment to obtain crystalline phase. Lertpanyapornchai et al.
used the same triblock copolymer in a combined citrate gel/combustion route to prepare
SrTiO; with surface areas up to 41.5 m? g™ [250]. Notwithstanding their decent porosity,
SrTiOz materials obtained in this route contained SrCO3; and SrCl, impurities. Suzuki et al.
utilized a soft templated sol-gel route to prepare SrTiO3/BaTiO3 composite films with surface

areas up to ~ 36 m? g [251].
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Hard templating approach refers to the use of templates with rigid framework that remain
non-interactive with the reacting species, i.e. the initial inorganic precursor towards the final
oxide structure. Whereas, soft templating is by definition an endotemplating route in which
the template is added into the reaction mixture with the growing solid particle as an isolated
precursor, hard templating can branched into endo- and exotemplating categories [252].
Exotemplating (commonly called as nanocasting) involves the use of a structure which
provides a scaffold with voids. The precursor solution for the desired product is brought into
the pores of this porous matrix [253]. The matrix is typically a mesoporous silica or carbon
prepared by soft templating route, such as SBA-15 or MCM-48. The crystalline phase is
formed inside the pores of the template upon heat treatment. Subsequently, the template
matrix can be removed by either chemical etching in the case of silica or simply by
calcination in air atmosphere for carbon. The resulting final product is ideally a precise

negative replica of the template material (Fig. 2.11).

Porous matrix Composite Porous replica

Figure 2.11: Schematic representation of typical nanocasting mechanism.

Nanocasting is a suitable route for the preparation of perovskite oxides, since the synthesis
routes associated with this approach are not limited to cooperative assembly or co-
precipitation processes and the template materials are thermally stable to withstand high
temperatures required for perovskite phase formation. However, this route suffers from some
drawbacks as well. Usually several optimized impregnation steps are required to attain a
satisfactory pore filling while avoiding formation of the desired phase outside of the pores.
Moreover, complete removal of the template material by etching is often difficult to achieve.
Kleitz et al. prepared LaMO3 (M = Co, Fe, Mn) through an exotemplating route using KIT-6
[175]. Very high surface areas up to 155 m? g™ were observed for the final materials, along

with substantial residual silica amounts as high as 10 at.%. Similarly, Zhang et al. showed that
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LaFeO; nanocasted within a SBA-15 matrix led to 158 m? g™ along with a residual Si amount
of 5.4 at.% [254].

Inorganic endotemplating can provide a more facile alternative to the nanocasting route, as
well as higher flexibility to the nanostructure and morphology of the final product. In this
pathway, a non-interacting inorganic template goes through cooperative assembly with the
precursor of the desired product. For instance, Liu et al. prepared carbon/silica
nanocomposites by cooperative assembly of resol and tetraethoxy orthosilicate precursors
[255]. Highly porous carbon was then obtained by removing SiO, phase by HF etching,
whereas calcination in air led to porous silica product. The microstructure and porosity of the
final materials could be tailored by adjusting the precursor amounts.

Colloidal crystal template approach can be classified as a hard templating route to prepare
three dimensionally ordered macropored (3DOM) materials. In this method, silica or polymer
spheres form a close-packed monodisperse structure with high periodicity in three
dimensions. The void spaces of this close-packed structure are filled with precursor solution
and the desired phase is formed upon calcination accompanied with the removal of template
spheres. Relatively high calcination temperatures can be used with this route (~800 °C), since
most template materials (polystyrene, poly(methyl methacrylate) (PMMA) spheres) are more
heat resistant in comparison to surfactant based soft templates. Three dimensionally ordered
macroporous SrFeOs.s [172], LageSrosMnO;z [141], LaCoyFe;1.xO3 [173] with surface areas
between 30 — 60 m? g* were successfully prepared by PMMA templating.

2.4.3 Flash sintering of perovskite oxides

Nanostructured and nanoporous perovskite oxides often show significantly superior catalytic
performance than their bulk counterparts. However, these materials commonly possess lower
thermal and mechanical stability, which prevents them from retaining their initial structure
and morphology when exposed to relatively higher temperatures (> 600 °C). Thus, a sintering
process is usually necessary to enhance mechanical and thermal robustness of the ceramic

material as well as to achieve sufficient overall connectivity of the particles.

Although some supplementary techniques such as hot isotactic pressing or microwave
mediated heating were developed to improve the method, the main pathway of conventional
ceramic sintering simply involves a high temperature treatment for several hours to

consolidate and densify the material to a contiguous body. The processing temperature is set
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around two thirds of the material’s melting point in order to activate the mass transport
through diffusion. Accordingly, SrTiO3 based ceramics are typically sintered at temperatures
between 1000 and 1700 °C in various atmospheres [80,162,169,256,257].

Ceramic flash sintering is a novel method first demonstrated by Cologna et al. in 2010, in
which the material is heated in the presence of an electric field [258]. When a critical
temperature is reached at a given electric field, a flash event characterized by a nonlinear
increase in conductivity and power dissipation takes place and rapid consolidation of the
material in a time frame of few seconds is observed [259]. The consolidation temperature in
flash sintering is typically much lower than the temperatures required for conventional
sintering [260], enabling a great reduction in energy and time costs of the process [261].

Although the consolidation phenomenon is initially explained solely by preferential Joule
heating across the grain boundaries as a result of the sharp increase in the conductivity [262],
the moderate temperatures comparable with conventional sintering were insufficient in
explaining such rapid densification [263,264]. Some works suggested the connection of rapid
consolidation with enhanced diffusion and atomic mobility as a result of temperature
gradients formed between the grain boundary and grain core as well as partial reduction of the
material upon the flash event [263,265]. Others pointed to the effect extremely high heating
rates on the scale of 10 K min™ which favors such rapid densification process [266,267]. It is
plausible to consider that multiple processes are simultaneously responsible for observed
densification effect, however further investigations are required to reach conclusive

experimental confirmation for the proposed mechanisms.

The non-equilibrium nature of flash sintering technique can be utilized as an effective strategy
to tailor the nanostructure and defect chemistry of ceramic materials. Several researchers
reported consolidated perovskite oxide particles with nano-sized grains using flash sintering
process (Fig. 2.12) [268,269]. Moreover, presence of electric field during heat treatment can
promote formation of ionic defects, which in turn enhances atomic diffusion and densification
rate of the particle [19,270,271]. Liu et al. recently showed that flash sintering engenders
larger vacancy concentrations at the grain boundaries in comparison to conventionally
sintered counterparts, leading to thinner grain boundary layers [272]. Karakuscu et al.
determined formation of non-stoichiometric Ruddlesden-Popper phases in SrTiO; material
induced by flash sintering treatment [273]. Shomrat et al. successfully consolidated Fe-doped

SrTiO3 particles by flash sintering and found that onset of flash event decreased with
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increasing Fe substitution and oxygen partial pressure [274]. Rheinheimer et al. investigated
the defect chemistry of undoped and acceptor doped SrTiO3; samples [275]. The researchers
reported a gradient of oxygen vacancy concentration between electrodes which led to a
decreasing non-stoichiometry at the grain boundaries of the sintered material towards the

negative electrode.
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Figure 2.12: (a) Rate of coarsening and densification as a function of sample temperature (b)
Shrinkage induced by sintering vs. evolution of grain size for flash sintering of samarium

doped ceria nanoparticles at three different temperatures [19].

2.5 Defect chemistry of SrTiO; based perovskites

As major portion of beneficial properties of SrTiOs-based systems can be described as a
function of their MIEC nature, it is crucial to understand the mechanism of charge movement
over SrTiOs lattice. A well-established model for the defect chemistry of SrTiO; based
perovskite oxides is present in literature thanks to the extensive efforts both experimentally
and theoretically [21,257]. In this section, a brief introduction for the defect chemistry of

SrTiO3 and related perovskites will be given.

2.5.1 Introduction to defects in crystalline solids

It has been established since the beginning of 20" century that inorganic solids exhibit
deviations from the ideal theoretical structure. These deviations can be observed as different
types of defects in the crystal lattice. Defects are not only fundamental in the movement of
charge carrier species in the lattice but also directly affect many physical and chemical

properties of the material. The so-called zero-dimensional or point defects are formed when
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the defect is limited only to a specific lattice site and its immediate vicinity (Fig. 2.13). The
description of defect chemistry of SrTiO3 based perovskites in this work will focus on these
zero-dimensional defects. However, it should be noted that defects of higher dimensions such
as dislocations (1D), grain boundaries (2D) and voids (3D) play a role in the material

properties as well.
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Figure 2.13: Possible point defects in a pure crystal, MX. Vi and Vx correspond to vacancy
of metal and non-metal species, M; and X; are metal and non-metal interstitial sites [38].

Point defects are split into several different categories. The absence of a pair of ions in their
expected lattice position leading to a vacancy on those sites is called a Schottky defect,
whereas if an atom leaves its lattice position and moves to an interstitial site, a Frenkel defect
is formed (Fig. 2.14). Other point defects include electrons and holes. Altogether, these
deviations from the ideal solid can be classified as intrinsic point defects, since they are native

to the crystal and cannot be eliminated.
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Figure 2.14: Schottky (a) and Frenkel (b) defects [276]
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Introduction of foreign atoms to the lattice in small amounts can tailor material’s physical and

chemical properties due to size effects and rearrangement of defect species according to

electroneutrality condition. The foreign atoms are called dopants and they constitute an

example for extrinsic point defects.

Kroger — Vink notation is the most widely employed system to describe defect equilibria

[277,278]. A list of the notable defect species present in SrTiO3; system and the pertaining

symbols according to Kréger — Vink notation are given in Table 2.1.

Table 2.1: Kroger-Vink notation of the species that take part in defect equilibria of SrTiO;

and related perovskites [277].

Description

Kroger-Vink Notation

Fully ionized oxygen vacancy

Fully ionized strontium vacancy

Strontium partial Schottky

Schottky

Lanthanum substituted in strontium sites

Iron substituted in titanium sites

Electrons

Holes

Neutral titanium on regular titanium sites

Neutral strontium on regular strontium sites

Neutral oxygen on regular oxygen sites
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2.5.2 Defect chemistry of nominally undoped SrTiO3;

The defect chemistry of nominally undoped SrTiOg3 is governed by three temperature ranges
which designate the mobility of charge carrier species, namely high temperature regime (T >
1000 °C), intermediate temperature regime (600 °C < T < 1000 °C) and low temperature
regime (T < 400 °C). At temperatures above 1000 °C, the vacancy species in SrTiOs are all
mobile and in equilibrium with the surrounding atmosphere [279]. Since ionic vacancies are
energetically more favorable than interstitials in SrTiOj3 lattice and SrO partial Schottky is
known to be the dominant intrinsic disorder, strontium and oxygen vacancies are the main
ionic defects found in SrTiOs-based systems [280,281]. The equilibrium for SrO partial
Schottky disorder reaction is given as:

Sr&.+ 0 = Vg + Vi +Sr0 (s) (2.5)

SrO in this equilibrium can originate from secondary Ruddlesden-Popper phases in the
interior of the crystal (Fig. 2.3) or from grain terminations [282,283]. Equilibrium constant for

the formation of Schottky defects, K., (T) is given by mass-action law:

Ksen(T) = [Vs] Vo] = Ksoch exp [—AHgcn/kpT] (2.6)

where AH,,, is the enthalpy of formation for SrO partial Schottky. AHs,; values were given
as ~ 3.48 eV by defect chemical modelling, whereas the experimentally determined values are
reported as ~ 1.0 eV smaller [75,257]. The reason of this discrepancy is unknown. The
solution of Eq. (2.6) by using the given enthalpy values predicts the respective oxygen and
strontium vacancy concentrations to be around 10 ppm each at 1200 °C. Nominally undoped
SrTiO3 readily contains acceptor impurities from the earth’s crust, such as Al, Fe and Mg.
These impurities are typically of higher concentrations than of the intrinsic defects and are
almost impossible to eliminate from the crystal, as the earth’s crust is abundant with these
cations with lower valence [284]. Thus, the defect chemistry of SrTiOj3 is generally dictated
by acceptor-type dopants (Accy;) rather than intrinsic defects, i.e. nominally undoped system

practically acts as acceptor doped SrTiOg.

Below 1000 °C (intermediate temperature regime), strontium vacancies don’t show sufficient
mobility and as a result Eq. (2.5) is not active at these conditions. [V,.] can then be considered
as a fixed value and the frozen-in strontium vacancies act effectively as additional acceptor

species. However, the equilibrium between the oxygen in the oxide and oxygen in the
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surrounding atmosphere is still active above ~ 450 °C. The equilibrium reaction can be

written in two forms:
% 0,(9)+Vy = 0f + 2k (2.7a)
0F = % 0,(g9) +V, + 2¢€’ (2.7b)

respectively for the oxidation (2.7a) and reduction (2.7b) of the oxide. The equilibrium
constant Kz.4(T) for the reduction of the oxide to form doubly ionized oxygen vacancies is

given by,
Krea(T) = [Vo][€'1°P5; = Kgeq €xp [~ AHgea/kp T] (2.8)

where, Py, is the oxygen partial pressure. The reduction enthalpies, AHg,4, for the reaction
were given in the range of 5-6 eV in literature [257,285]. The enthalpy of oxygen vacancy
migration, AH,,;4(Vy), was in turn reported between 0.62 and 0.67 eV [286,287].

Below ~ 400 °C (low temperature regime), the oxide is no longer in equilibrium with the
surrounding atmosphere. The most important reaction that is still active at this temperature

range is generation of electrons and electron holes by thermal excitation:
nil = e+ h (2.9)

The equilibrium constant, K, (T), for this reaction can be written in its simplified form as:

Ken(T) = [e'][h] = Kep exp [~ Epg/kp T] (2.10)

where Eg is the bandgap between the valence and conduction bands with a value ~ 3.2 eV
(see Chapter 2.2).

Another important reaction at this temperature range is the ionization of acceptor dopants,

which goes through following equilibrium:
Accy; = Accrp + R (2.11)

The reverse reaction in this equilibrium corresponds to the trapping of electron holes by

acceptor centers. The equilibrium constant for the reaction can be given as:

[Acer][n]
[AccF]

KACC(T) = = Kftl)cc exp [_ AHAcc/kB T] (2-12)
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2.5 Defect chemistry of SrTiO; based perovskites

where enthalpy of ionization for the acceptor species, AHy.., is usually given as > 1 eV
[288,289]. Acceptor dopant cations have deep levels above valence band in the bandgap.
Accordingly, it shouldn’t be overlooked that the acceptor centers can act as traps for electron
holes at oxygen excess regime even at relatively high temperatures above 500 °C through the

reverse reaction on Eq. (2.11), thereby hindering p-type conductivity dramatically [49,290].

In addition to the abovementioned defect species, several other point defects are present in
SrTiO3 lattice: singly charged strontium and oxygen vacancies, hydroxide ions, dopant-
vacancy associates as well as neutral acceptor dopants, neutral oxygen and strontium
vacancies. However, in certain conditions the contribution of these defects are negligible and

the electroneutrality equation above 500 °C in dry conditions can then be written as:
[e'] + [Aceri] + 2 [Vsr] = [R] + 2[Vg] (2.13)

Each value on Eg. (2.13) can be determined precisely by proper design of conductivity
experiments, since determined values from these experiments will be directly dependent on

the concentration and mobility of the charge carriers at given conditions.
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Figure 2.15: Kroger-Vink diagrams for change in mobile point defect concentrations with
temperature in oxidizing conditions (a) point-defect concentrations at ~ 650 °C as a function

of oxygen activity (b) in acceptor-doped SrTiO3 predicted by defect modelling [21].

At temperatures above 500 °C, the conductivity is predominantly electronic, since electronic
defects (electrons and holes) have orders of magnitude higher mobility than ionic vacancies
[291]. Below 300 °C, acceptor dopants and strontium vacancies act as traps to suppress

electron holes and as a result electronic contribution to the total conductivity is dramatically
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reduced. For SrTiOs, in oxidizing conditions major contribution to conductivity was
determined as electron holes above 500 °C and doubly charged oxygen vacancies below 300
°C [21,286]. Using defect mobilities and defect concentrations predicted on Fig. 2.15a, the
partial conductivities, o, in the intermediate temperature regime between 500 < T < 1000 °C

can be calculated with the following equation:
o = up[h] +uy[V5] (2.14)

where, u,- and uy; are mobilities of electron holes and oxygen vacancies respectively at given
temperature.

As mentioned, strontium vacancies act as additional acceptor species below 1000 °C and the
effective acceptor concentration [Accéff] is given as the total of acceptor species and

strontium vacancies. By observing Fig. 2.15b and Eq. (2.13), one can discern that the defect
chemistry at a wide pO, range is dictated by the acceptor species at intermediate temperature

regime by following equation:
[Accr;] + 2 [Vey] = [Accorr] = 2 [V5] (2.15)

Combining Eqg. (2.15) and (2.8), the dependence of electronic conductivity in reducing

conditions can be predicted:

1
CC’ B /2
[e'] = <M> P_ 1/4— (216)

2 )

Eq. (2.16) shows that the electronic conductivity has a P,*/*

2

dependence at reducing
conditions. By applying the same calculation for the hole concentration at oxidizing
conditions, a P012/4 dependence can be deduced. Under exceedingly reducing conditions, the
products of reduction in Eq. (2.8) can surpass the acceptor concentration and the defect
chemistry of SrTiOjs is then dictated intrinsically by the formed oxygen vacancies:

[e'] = 2[V;] (2.17)
Combining Eq (2.17) and (2.8), one can deduce that in these conditions, electronic

conductivity should show a P521/6 dependence. Indeed, the expected conductivity vs. pO,

relationship was demonstrated in experimental works on nominally undoped SrTiO3[284].
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2.5 Defect chemistry of SrTiO; based perovskites

Fig. 2.16 shows the changing trend in conductivity of nominally undoped SrTiO3 with oxygen
activity at three different temperatures. The V-shaped lines correspond to p-type conductivity
at high oxygen activities and n-type conductivity at low oxygen activities. The flattening of
the curve at ~ 680 °C (950 K) evidences the increasing ionic contribution to the total

conductivity.
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Figure 2.16: Evolution of conductivity in nominally undoped SrTiO3 single crystal with

changing oxygen activity [21,292].

2.5.3 Acceptor substitution: Defect chemistry of SrTiyxFexOs.s

While the end member SrFeOs.s lacks in structural stability, intermediate SrTi;.xFexOs.5 (STF)
compositions are stable MIECs with high ionic and electronic conductivity [52,293].
Considering most high-performance MIECs have chemically complex structures with several
cations in framework, the additional complexity introduced to SrTiO3 makes STF a suitable
model system for further studies on charge movement. Although insertion of Fe into SrTiO;
lattice accounts to acceptor-type substitution, the model presented in Chapter 2.5.2 is only
valid for dilute solutions of acceptor dopant (Accy; < 1mol%), where the interactions
between defect centers and change in electronic states can be neglected. For higher amounts
of Fe substitution, the simplified model can no longer predict the concentration of defect
species accurately [294].

Substitution of trivalent Fe ions in the tetravalent Ti sites leads to generation of additional

oxygen vacancies according to the equation:

SrTi 3

0
Fe,0; — 2 Feq; + V,, (2.18)
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Rotschild et al. suggested a defect model for STF which takes Fe as a native component in the
structure and incorporates anionic-Frenkel disorder in the defect equilibria, given that in
intermediate STF compositions, despite the absence of long range ordering of oxygen
vacancies, Ti and Fe sites tend to be mostly 6-fold and 5-fold coordinated respectively
[53,56,294]. It should be noted that interstitial oxygen sites are not favored in perovskite
lattice, and thus, this model presents an approximation of the actual defect structure.

In this pseudo-brownmillerite estimation of STF system, anionic-Frenkel disorder reaction is

formed through following defect equilibrium:
o+ V¥ =Vy+0/ (2.19)
And the corresponding equilibrium constant for anionic-Frenkel reaction, K, (T) is:
Ker(T) = [VG0/] = Kip exp [~ AHop/kp T) (2.20)

where K; value varies with the iron incorporation into the lattice. AH, values were
determined to be around ~ 0.4 eV [53].

The electroneutrality condition in this case becomes:
[e'] + 2[0;'] =[r] + 2[V5] (2.21)

The main premise of this model is the systematic change in enthalpy of formation values in
defect equilibria as a function of varying iron substitution. Electronic structure of end
members SrTiOz and SrFeOs3.; differ significantly, with a change from a non-degenerate
semiconductor to metallic conductor [61]. As Fe concentration increases, the electronic states
derived from Fe starts to overlap and form admixtures with O 2p valence states [295]. The
model’s predictions for charge diffusion behavior over STF have been consistent with
experimental data in literature, yet further investigations may be required to confirm its exact
validity [53,60]. Moreover, the model’s assumptions of non-interacting defect centers and two

different types of oxygen defects in a single oxygen ion sublattice are disputable.

Fig. 2.17 shows the development of conductivity with changing composition of STF.
Although there are magnitudes of improvement in the conductivity with increasing Fe

amount, conductivity profiles follow similar V-form for each composition. Only at very low
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2.5 Defect chemistry of SrTiO; based perovskites

concentrations of Fe, the defect model for nominally undoped SrTiOg3 holds, since iron centers

are too dilute to interact with each other and form degenerate electronic states.
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Figure 2.17: Electrical conductivities at T= 850 °C as a function of oxygen partial pressure,
p(O,), given for of SrTi;«FexO3.5 with varying Fe substitution from 1 mol% (STF01) to 50
mol% (STF50) [53].

2.5.4 Donor substitution: Defect chemistry of La;.,SryTiOz+5

As discussed on Chapter 2.2.2, donor substituted SrTiO; shows remarkable n-type
conductivity upon thermal treatment in reducing conditions. This conductivity arises from the
formation of additional free electrons as a result of titanium reduction. On the other hand, if
the material is sintered under oxidizing conditions, then it does not undergo Ti reduction and
hence shows insulating behavior. In this work, the focus is given on La-substituted strontium
titanate (LSTO). However, disregarding some alterations due to size effects, same principles

in defect mechanism upholds for substitution with other donors, such as Y and Nb [21,26].

Both for oxygen and cation stoichiometric LSTO, substitution of trivalent La ions in the
divalent Sr sites leads to generation of additional strontium vacancies according to the

equation:

STTiOs
La,03 — 2 Lag, + Vg, (2.22)

As mentioned in Chapter 2.5.2, interstitial oxygen is energetically unfavorable for this densely

packed structure and therefore highly unlikely. Parallel to Eqg. (2.13) given for nominally
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undoped SrTiOs, the simplified electroneutrality condition for La-substituted SrTiO; above
1000 °C can be written as:

[e'l+ 2[Vs,] =[h] + 2 [Vo] + [Lag,] (2.23)

At highly reducing conditions oxygen vacancies exceed the amount of donors and the

simplified electroneutrality condition becomes:
[e'] = 2[V;] (2.24)

In agreement with the trend observed for nominally undoped SrTiO3; at highly reducing
conditions, the same PO_Zl/6 dependence of electronic conductivity is calculated for this regime
by combining Eqg. (2.8) and (2.24).

As the Py, increases oxygen vacancy concentration diminishes and the electronic conductivity

becomes independent of oxygen partial pressure. For a given temperature, the electronic
conductivity in this plateau region is solely dependent on donor concentration, given by:

[e'] = [Lag,] (2.25)

Upon further pO; increase to mildly reducing or oxidizing conditions, the donor species are
mainly counterbalanced by strontium vacancies (Fig. 2.18). Thus, the electroneutrality

condition can be further simplified to:
2 [Vgr] = [Lag,] (2.26)

Combining Eqg. (2.26) with (2.6) and (2.8), it can be deduced that the electronic conductivity
shows a Po‘zl/4 dependence to the oxygen partial pressure at this pO, range. Fig. 2.18 depicts
the n-type conductivity of donor substituted SrTiO3 in the whole pO, range corresponding to
metallic behavior in parallel with above calculations.

It should be noted that Pogl/ * dependence ascribed for relatively high pO, values does not

uphold for A-site deficient LSTO, since in this case the excessive amount of strontium
vacancies cannot be compensated by oxygen vacancies. The change in electronic conductivity

then shows & o Pozl/ ® behavior, in accordance with Eq. (2.8) [296]. Predicted enhancement

of n-type conductivity with increasing donor substitution was confirmed experimentally by

Marina et al. for the range 0.1 <x < 0.4 in LaySr;TiO3.; lattice [80].
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Kroger-Vink diagram
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Figure 2.18: Calculated defect concentrations and evolution of conductivity as a function of
pO, in 1.0 mol% donor substituted SrTiO3zat 1400 °C [282].

At moderate temperatures (500 — 700 °C), strontium vacancies can be considered frozen-in

and defect chemistry is mainly dictated by the effective donor concentration, [De'ff]:

[Déss] = [Las,] — 2 [V4] 2.27)

In this case, only two different conductivity regimes are present in the whole pO, range. At
reducing conditions, the electroneutrality condition given at Eq. (2.24) is preserved and the

characteristic o o« P0;1/6 behavior can be observed, whereas at highly oxidizing conditions a

constant conductivity regime is predicted [282].
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Figure 2.19: Evolution of conductivity as a function of pO, in 0.5 mol% La substituted
SrTiO3z at 850 °C [297]. HT ox and HT red refer to former high temperature treatment

implemented under oxidizing and reducing conditions respectively.
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Fig. 2.19 shows the moderate temperature conductivity profiles of donor doped SrTiO3
samples which have undergone high temperature treatment at reducing and oxidizing
conditions. Both materials show similar behavior, despite their differing absolute values of
conductivity. This difference can be simply explained through the amounts of created
strontium vacancies in the high temperature treatment and resulting effective donor

concentration.

2.5.5 Donor/acceptor co-substitution: La/Fe- co-substituted SrTiO;

Further complexity in the defect chemistry ensues with simultaneous co-substitution of non-
dilute acceptor and donor species in SrTiO3 lattice. Only few works attempted to identify the

charge movement in such chemically complex systems.

Perry et al. investigated the defect model of STF with increasing donor substitution in
oxidizing conditions [298]. Starting from the STF defect model of Rotschild et al. discussed
in Chapter 2.5.3 [53], upon lanthanum substitution the electroneutrality condition expressed in
Eq. (2.21) becomes:

le'] + 2[0;'] + 2[Vsy] = [R] + 2[Vo] + [Lag,] (2.28)

Fig. 2.20 shows the concentration of defect species for (La,Sr)TigesF€03503.5 at 600 °C in
oxidizing conditions given as a function of La substitution predicted for two separate partial
Schottky enthalpies, 2.5 eV and 1.5 eV respectively. For each case, the concentration where
[Lag, ] surpasses Fe amount ([Lag,] = [Fe]), i.e. total oxygen interstitial sites, represents a
transition in the concentration of defect species. For AHs., = 2.5 eV, a significant drop in
hole concentration is expected, which in turn would induce a transition from p-type to n-type
conductivity for the material. However, the conductivity measurements in the work of Perry et
al. showed a better fit with a lower partial Schottky value, 4Hg.;, = 1.5 eV, as no n-type
conductivity was determined experimentally even at high [Lag,] values [298]. Increasing La
substitution suppressed Fe** sites and p-type conductivity, but did not induce n-type behavior.
They concluded that with increasing La-substitution, the donors were compensated with
oxygen interstitial sites accompanied by a decrease in oxygen vacancy and hole concentration
up to [Lag,] = [Fe] and as the filling of oxygen interstitials approach saturation, more
energetically costly cationic vacancies may be formed to compensate the additional charge.
The authors however could not conclusively identify the origin of the defect behavior upon
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2.5 Defect chemistry of SrTiO; based perovskites

changing donor concentration and speculated other factors rather than cationic vacancies,
such as gradual change in reduction enthalpy may be playing a role in the retained p-type
conductivity under oxidizing conditions. Moreover, considering the best fitting model in this
work employed significantly lower AH., than of experimentally determined enthalpies for
partial Schottky formation, further studies are clearly necessary in order to better understand
the defect behavior of chemically complex systems such as (La,Sr)(Ti,Fe)Os.s (LSTF) with
non-dilute substitution. Fig. 2.21 roughly illustrates the trends in concentration of charge
carrier species, stability and chemical expansion properties as a result of variation of La : Sr :

Ti : Fe ratios in the perovskite lattice.
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Figure 2.20: The concentration of defect species for (La,Sr)TipesFeo35035 at 600 °C in
oxidizing conditions given as a function of La substitution in lattice predicted for (a) AHs.p, =

5582, 3764,
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Figure 2.21: Pseudo ternary phase diagram showing evolution of stability and defect

properties with variation of cations in LSTF lattice [83].
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Chapter 3
Physical Methods

In this chapter, the fundamental principles of the analytical methods employed in
characterization of perovskite oxides with regards to their applications in environmental

catalysis are briefly summarized.

3.1 Gas physisorption

Gas physisorption is one of the most widespread used experimental methods for
characterization of porous surfaces. It allows evaluation of porous features in a wide size
range from micropores (below 2 nm) to mesopores (between 2 — 50 nm) and even macropores
up to 100 nm [299,300]. Mesoporous oxides are most commonly characterized by nitrogen
sorption analysis performed at the boiling point of nitrogen (77 K). Nitrogen is widely
employed in physisorption analyses due to its suitable size, abundance and non-reactivity.

In a physisorption experiment, a known quantity of non-reactive gas (adsorptive) is admitted
on the surface of the investigated solid (adsorbent). Due to weak dipole-dipole and van der
Waals forces, physical adsorption on the solid surface takes place and the adsorptive is
removed from the gas phase gradually. The fluid in the adsorbed state is then called the

adsorbate.

By recording the gradual uptake (adsorption) and release (desorption) of gas in equilibrium
conditions a physisorption isotherm can be constructed. The isotherms commonly illustrate
the volume of adsorbed/desorbed gas as a function of relative pressure from vacuum
conditions up to saturation vapor pressure of the adsorptive, i.e. atmospheric pressure when

the experiment takes place at the boiling point of the adsorptive).
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Amount adsorbed —————m—

Relative pressure —————m—

Figure 3.1: Classification of physisorption isotherms [299].

Porous features of the solid can be determined in detail by employing the well-established
adsorption-desorption models on the obtained isotherm. Majority of physisorption isotherms
can be classified in one of the six main types shown on Fig 3.1 according to IUPAC
recommendations [299].

Type | (a) and type | (b) isotherms, which are characterized by adsorbate uptake at very low
relative pressures, are characteristic of microporous solids with relatively small external
surface (e.g. zeolites, metal-organic frameworks). The pore width is typically around ~ 1 nm
in the case of type I(a), whereas type I(b) isotherms are associated with a broader pore size
distribution with possible presence up to ~ 2.5 nm diameter pores. Type Il isotherms, typical
of macroporous or nonporous adsorbents, are described by unrestricted monolayer-multilayer
adsorption. In this isotherm type, an initial sharper slope (up to point B in Fig. 3.1) would be
due to complete monolayer coverage before multilayers are formed. Type Ill and type V
isotherms indicate weakly interacting adsorbate-adsorbent species. The former curve is given
for a macroporous/non-porous sample, whereas the latter is observed for microporous-
mesoporous adsorbents. Such isotherm shape can be physically explained by the clustering of
adsorbed molecules around the relatively more favorable sites on the adsorbent surface. Type

VI isotherms describe a stepwise multilayer adsorption on a uniform non-porous adsorbent.
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The isotherms of mesoporous solids in most cases are characterized as type IV. In this type,
an initial monolayer-multilayer adsorption as observed for type Il isotherms is followed by
capillary condensation in mesopores usually accompanied by a hysteresis. Materials with very
narrow mesopores may not lead to a hysteresis depending also on the adsorbate used as well
as shape of the pores [301,302]. Shape of the hysteresis loops can give insights on the
mesostructured (Fig. 3.2). Hysteresis loop H1 corresponds to a narrow size distribution of
uniform mesopores, whereas H2 is usually given for less defined pore structures (e.g. ink-
bottle pore shape). H3 and H4 hysteresis loops indicate slit-like pores observed in different
material morphologies. H5 type loop is rarely observed and it is associated with a
combination of open and partially blocked mesopores.

H1 H2(a) H2(b)

T ) Y

H3 H4 H5

Amount adsorbed ———=—
~
~

Relative pressure ——————{jmm—

Figure 3.2: Different types of hysteresis loops [299].

Brunauer-Emmet-Teller (BET) method is commonly employed to determine the surface area
of obtained physisorption isotherms [303]. Number of adsorbed gas molecules on the first
monolayer is multiplied by the cross-sectional area of one gas molecule to estimate the BET
surface area. For this purpose, the isotherm is transformed into a BET plot to solve following
equation:

p/p° 1 c-1
n(1-p/p°)  nmC  npC

p/p° (3.1)

where p/p° is the relative pressure, n is the amount of adsorbed gas molecules, C is the BET
constant dependent on adsorbent-adsorbate interactions and n,, is the specific monolayer
capacity. Eq. (2.1) is solved in the linear range of the BET plot which is usually given within

the p/p° values between 0.05 — 0.30 for mesoporous/macroporous materials. Pore filling may
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3.2 X-ray diffraction

be already taking place at these relative pressures for microporous solids and thus further
considerations may be necessary before implementing the method to estimate surface area of

microporous materials [304].

Once the specific monolayer capacity, n,,, is calculated, BET surface area, Sger is given by

the following equation:
SBeT = M A Ny (3.2)

where, N4 is Avogadro constant and a,, is cross-sectional area of the gas molecule. For N, at
77 K, this value is given as 0.176 nm*[299].

The total pore volume, V,, of mesoporous adsorbents can be estimated directly from the
amount of adsorbed gas in plateau region at relative pressures close to unity [300,305]. If the
mesoporous material also contains macropores, such horizontal region is not present and total

pore volume cannot be evaluated directly.

Pore size distribution of mesoporous adsorbents are investigated by analyzing the capillary
condensation at the mesopores, since surface tension of the condensed fluid and curvature of
the liquid meniscus is strongly dependent on pore geometry. Several models were proposed
based on the gas-liquid phase thermodynamics of the adsorbate species. Among them,
NLDFT (Non-local DFT) model is widely used and gives decent estimations of pore size
distribution for a wide range of mesostructures upon proper choice of surface structure and

pore geometry parameters for the applied fit [302,306].

3.2 X-ray diffraction

The interference phenomenon of X-rays passing through a crystalline solid was first
demonstrated by Max von Laue in 1912 at the Bavarian Academy of Science [307]. Shortly
thereafter William Henry and William Lawrence Bragg, father and son, could identify the
theoretical principles underlying the formation of a diffraction pattern by the — now well-
known — Bragg condition [308]. The discovery led to a huge sensation earning Laue and the
Braggs the Nobel Prize in Physics on 1914 and 1915 respectively. Today, X-ray diffraction
(XRD) is one of the most fundamental tools in characterization of long-range ordered solids
(about 95% of all solid materials), since each crystalline substance forms a unique diffraction
pattern [309].
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Crystalline materials are composed of periodically arranged atoms with an interatomic
spacing similar to the wavelength of the X-rays (~ 1 A) [310]. When an incident X-ray beam
impinges on a crystalline solid a constructive or destructive interference occurs. The condition

for constructive interference is given by the Bragg equation [311]:
n A = 2d siné (3.3)

where A is the wavelength and 6 is the angle of the incident radiation, d is the interplanar
spacing and n is an integer representing the order of reflection given for the different crystal
planes. The X-rays impinging on the crystal in a way that fulfills the Bragg condition is
illustrated in Fig. 3.3. When the condition is not met, the interference of the scattering beams
leads to zero overall intensity. By scanning the crystalline specimen over a range of specular

angles, the diffraction pattern specific of the material can be constructed.

Figure 3.3: Schematic representation of X-rays diffracting on crystal planes to create

constructive interference [312].

If the acquisition is done at 20 < 5°, the technique is called small angle X-ray scattering
(SAXS), which can provide information on particle shape, size and porosity. Wide angle X-
ray scattering (WAXS) is collected usually within angles 5° > 26 > 80°. Analysis of peak
positions in WAXS reveals the unit cell geometry and symmetry group of the crystalline
material. Moreover, crystallite size of the specimen can be calculated by using the Scherrer
equation [313,314]:

kA
ﬁhkl cosf

Dpiy = (3.4)

where, Dy, is the crystallite size, k is the so-called shape factor which is generally

approximated to 0.9, A is the wavelength of the X-ray radiation impinging over the crystal,
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Bnri 1S the diffraction broadening obtained by acquiring the full-width at half maximum
(FWHM) value of the investigated XRD signal with Miller indices hkl given in radians, and
finally 6 is the Bragg angle given for the peak position. Miller indices describe the different

planes of atomic order in the lattice.

For solid solutions that involve multiple constituents, Vegard’s law is commonly followed
with regard to lattice parameter determined from XRD analysis. This empirical rule postulates
that lattice parameters vary linearly with composition in a continuous substitutional solid

solution with following equation [315]:
Ay By = (1—x)ay + xag (3.5)

where, a is the lattice parameter of constituents A and B as well as substitutional solid
solution A;_,)B,. Positive and negative deviations from Vegard’s law is common, and this
rule should be considered as an approximation which holds for ideal solid solutions with less

than 5% difference in the lattice parameters of its pure constituents A and B [316].

3.3 Electron Microscopy

Conventional light microscopes are limited in their resolution by the wavelength of the
probing visible radiation. Electron microscopes are analogous to light microscopes in their
working principle while achieving sub-Angstrom level resolutions by probing the specimen

with high-energy electrons.

The wave-like characteristics of electrons were first proposed by de Broglie in 1924 with an

equation that relates the particle momentum to its wavelength:
A=— (3.6)

where, 1 is the so-called de Broglie wavelength, h is Planck’s constant, m is the mass and v is
the speed of the particle. This equation shows that electrons can possess wavelengths well
smaller than of the size of atoms within the specimen if they are sufficiently fast. For
example, an electron source employing a 300 kV accelerating voltage is capable of producing
electrons with ~ 2 pm wavelength [317]. Achievable accelerating voltages are in the range of
100 — 300 kV for most modern TEM instruments [318].
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A V-shaped filament with a tungsten tip is commonly employed to produce the electron beam.
Electrons are accelerated by applying a potential between the cathode filament and the anode
plate while heating the tungsten tip, so that a stream of electrons from the cathode towards the
anode plate is generated. The shape and the trajectory of the electron beam are then controlled
through a series of electromagnetic and electrostatic lens system controlled by lens currents.
Finally, different type and position of detectors can be employed to analyze generated signals

shown in Fig. 3.4 that are characteristic of the material.
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Figure 3.4: Signals generated by the interaction of a high-energy electron beam with the

specimen [317].

3.3.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) makes use of transmitted electrons through a very
thin specimen to form the image. The transmitted beam is further magnified by a series of
electromagnetic lenses and projected on a screen often in real time using a CCD (charge-
coupled device) camera. The amount of transmitted electrons is inversely proportional with
the sample thickness. Thus, thicker portions in the specimen would appear darker in the 2D
projected image. The contrast of the final image is also influenced by coherent diffraction and

the phase contrast as a result of interference between diffracted electrons.
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The image contrast can be better controlled by employing the instrument in STEM (scanning
transmission electron microscopy) mode. In this mode, a highly focused electron beam (< 0.2
nm) is scanned over the sample in a raster form. By appropriate positioning of the high-angle
annular dark field (HAADF) detector, inelastically scattered electrons can be analyzed to form
an image with enhanced mass contrast dependent on atomic number of analyzed species
[318].

The TEM image simultaneously contains information on the elastically scattered electrons by
the specimen. Thus, the electromagnetic lens system can be easily manipulated to project the
image in reciprocal space and produce a diffraction pattern. This so called diffraction mode is
an invaluable tool to obtain information on the crystal phase from a localized area in the

specimen, e.g. a single crystallite [317].

Although TEM is a very powerful tool for characterization of nanoporous materials, its
working principles contain inherent limitations. Firstly, since the information is obtained from
a spatial area of only few nanometers, interpretation of overall material properties should be
only made with supplementation of other bulk characterization tools. Moreover, since
specimen thickness should not surpass few hundred nanometers, sample preparation can be a
complex procedure [319]. Finally, the benefits of using the technique should be justified
considering the tradeoff from the extensive operation costs due to high-vacuum and high-

energy source requirements of the instrument.

3.3.2 Scanning Electron Microscopy

In contrast to TEM, scanning electron microscopy (SEM) analyzes the electrons emitted from
the specimen to construct the image. Similar to STEM, a focused electron beam is scanned
line by line over a rectangular raster pattern of the specimen surface in SEM. The secondary
electrons emitted by the excited atoms as a result of primary electron illumination are
identified by detectors and digitally converted to an image illustrating surface topography.
Since the secondary electrons are low in energy, only electrons emitted from first few

nanometers over the sample surface are detected.

Alternatively, elastically scattered electrons out of the sample surface can be analyzed to
construct an image sensitive to chemical composition. The enhanced mass contrast in this
case is due to heavier elements back-scattering more strongly than light elements, leading to

brighter spots in the final image. The image resolution in SEM is dependent on the size of the
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incident electron beam. SEM electron source commonly operates with an accelerating voltage
between 1 — 30 kV and the maximum achievable spatial resolution is ~ 1 nm [317]. Despite
its relatively low resolution, SEM images can be acquired from large areas enabling better
sampling compared to TEM. Moreover, since SEM does not operate in transmission mode,
the analyzed samples don’t have any thickness requirement, though they should be
sufficiently conductive.

3.3.3 Energy Dispersive X-ray Spectroscopy

Spectroscopic methods commonly accompany electron microscopy through analyzing
different signals that arise from the electron illumination of the specimen. Energy dispersive
X-ray (EDX) spectroscopy can be employed in this respect to obtain information on the
elemental composition of the sample. When a focused electron beam impinges at the
specimen, the atoms within the sample may be excited to emit an electron from their inner
electron shells. In such case, an electron from the outer shell with higher energy fills the inner
shell and its excess energy is released in the form of X-rays with an energy that is

characteristic to the element.
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Figure 3.5: The interaction volume and signals generated from different regions in an SEM

experiment [320].

X-ray detectors based on silicon semiconductors are typically employed to convert the photon
energy to voltage signal. The accuracy of the technique and the spatial resolution depends on

a variety of parameters; such as nature of the specimen, incident beam energy and detector
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sensitivity. In practice, all major elements having atomic numbers 4 to 92 can be successfully
quantified with typically less than 2% error [310]. The penetration depth of which the
elemental composition is investigated commonly varies between a few hundred nanometers to
few microns (Fig. 3.5). Better spatial resolution can be obtained when EDX spectroscopy is
coupled with TEM on a thin specimen, but in this case beam damage by the high energy
electrons should be also considered. Elemental mapping of the investigated samples are

acquired by employing EDX spectroscopy in combination with SEM or STEM [321].

3.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a close relative to the EDX spectroscopy, employed to
investigate the elemental composition and chemical character of the sample surface [318,322].
In contrast to EDX spectroscopy, the signal in XPS is due to the release of electrons from the
material as a result of x-ray photons impinging at the sample. Since the energy of incident
photons from a monochromatic source are known, the binding energy of electrons, Ej,

reaching the detector can be determined based on the equation:
E, =hv— (E,+ &) (3.7)

where hv is the photon energy, Ej is the kinetic energy of the electrons reaching the detector
and @ is the work function required to bring the electron from the material’s Fermi level to
the vacuum. The kinetic energy distribution of emitted electrons is measured by an energy
analyzer to calculate the binding energies given in the spectrum. As the binding energy is
specific to the element as well as its local chemical environment; information on the type of
elements, their oxidation number and the bonding hybridization with the nearest neighbor
atoms can be obtained by XPS. The technique is very surface sensitive with an information
depth of 1 — 10 nm, since only the electrons from the top few atomic layers have enough

energy to escape the material.

3.5 Ultraviolet and Visible Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopic analysis is based on absorption or reflection of
electromagnetic radiation through a specimen from ultraviolet to visible spectral range
[323,324].

Energy of a photon, Ep, is directly proportional to its wavelength, A (frequency, v a %):
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where, ¢ is the velocity of light (2.998 x 108 m s™). A small wavelength range of
approximately 400 — 800 nm constitutes the spectra visible to human eye, whereas higher
energy photons with wavelength between 10 — 400 nm (Fig. 3.6) make up the ultraviolet
radiation range. Absorption of UV-Vis photons can promote electronic transitions in the
atoms and molecules from lower to higher energy levels (Fig. 3.7). Since the energy levels of
the atomic and molecular orbitals are quantized, only a precise amount of photonic energy

will be absorbed to induce an electronic transition.
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Figure 3.6: The electromagnetic radiation spectrum [324].

UV-Vis spectroscopy measures the fraction of absorbed photons passing through a sample as

a function of their wavelength, usually in the form of transmittance, T:

T=1 (3.9)

Iy

where, lp and | are the intensity of incident and transmitted radiation respectively. The
transmittance amount is inversely proportional to the concentration of the substance in the
solution as well as optical path length. Beer-Lambert law describes this relation by employing

absorbance, A [325]:

A=—logT = ¢cl (3.10)

where, ¢ is molar extinction (absorptivity) characteristic of the material (in M™ cm™), ¢ is

concentration in solution (in M) and I is the optical path length (in cm).
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Figure 3.7: Possible electronic transitions induced by UV-Vis radiation [323].

UV-Vis spectroscopy can provide insights on the chemical composition as well as presence of
functional groups and conjugation within the analyzed sample. Moreover, precise quantitative
analysis of UV-Vis active molecules can be employed following Beer-Lambert law.

When UV-Vis radiation impinges on powdered solids, a significant portion of the light is
scattered in different directions due to surface roughness (diffuse reflectance) [326]. In this
case, the absorbance cannot be accurately assessed. In order to overcome this limitation, UV-
Vis spectrometer can be operated in diffuse reflectance mode where the diffuse reflected
beams are simultaneously detected and the reflectance of the sample with respect to a non-
absorbing reference is scanned. Subsequent to data acquisition, the optical properties of the
powdered sample are commonly determined by employing the Kubelka-Munk model [327-
329]. This model assumes infinitely thick sample with particle size smaller or equal to the
wavelength of the incident radiation. The Kubelka-Munk function, F(R) is then given as:

(1-R)?

FR) = 2R

(3.11)

where, R is the measured reflectance. Once the reflectance values are converted to F (R), the
band gap — absorption strength relation given for a direct allowed electronic transition

proposed by Tauc et. al can be exploited to calculate the band gap of the material [330,331]:
ahv = A, (hv — Eg;)°> (3.12)

where, hv is the photon energy, « is the absorption coefficient of the material, E; is the band
gap and A, is a proportionality constant. Since absorption coefficient, «, is proportional to the

Kubelka-Munk function, F (R), Eq. (3.11) can be rewritten as:

IF(R) ho|? = A, (hv — Egg) (3.13)
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where A, is a proportionality constant. The linear region of the curve is extrapolated in the so-

1239.7
A

called Tauc plot which depicts the change of |F(R) hv|? against photon energy (hv =

eV). The band gap value, Eg, is then given for the solution of the linear fit curve where y-
axis approaches zero. This value is a crucial characterization parameter for semiconductor
photocatalysts, since it determines the energy of photons required to activate the

photocatalytic reaction.

3.6 Infrared Spectroscopy

Infrared (IR) spectroscopy investigates the interaction of the matter with electromagnetic
radiation in the infrared spectral region covering the wavelengths between 800 nm to 1000 um
(Fig. 3.6) [332-334]. Infrared photons are not energetic enough to induce electronic
transitions, but they are capable of causing changes in the quantized vibrational and rotational
energy levels of the molecule. These vibrational and rotational modes correspond to different
movement of the molecule, such as bending, stretching, scissoring, rocking and twisting. They
are characteristic to the functional groups present in the sample and thus IR spectroscopy
provides fingerprint information to identify the chemical composition of the material. Fig. 3.8

depicts the common IR modes arising from the characteristic functional groups.

All molecules that are capable of producing a change in their dipole moment when they
vibrate are IR active. The number of vibrational modes in a molecule with n atoms are given
as 3n-6, since the molecule have 3n degrees of freedom in total of which three degrees of
freedom describe the translation and another three describe the rotation of the molecule itself.
For linear molecules the number of vibrational modes is 3n-5 considering in this case only

two degrees of freedom describe the rotation of the molecule.
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Figure 3.8. Common characteristic IR modes and their position in cm™ [335].
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3.7 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful experimental method to analyze
dynamics of electrochemical processes as well as electronic properties of the material that
measures the system response to a perturbation as a function of frequency [336]. The
measurements can be carried out in different atmospheres and temperatures to enable
understanding of complex electrochemical phenomena that are atmosphere and temperature
dependent. Although, the fundamental principles of EIS is known since Nernst’s experimental
work in 1894, complex data processing and analysis requirements prevented its widespread
implementation as a common research tool until early 1990s when computer controlled digital
systems became available [337,338].

In a typical potentiostatic EIS experiment, a small amplitude AC voltage is applied on the
system under study and the induced current is measured as a function of frequency.
Alternatively same experiment can be performed with galvanostatic EIS, in which the voltage
response of the system due to the induced current is measured. Usually AC voltage is applied
on top of a constant DC bias. The response of the electrochemical systems to applied voltage
is intrinsically nonlinear, however by employing small amplitudes of AC voltage, pseudo-
linear response can be obtained. The applied voltage, V(w, t), and induced current I (w, t) as a

function of time and angular frequency, can be described by following equations:
V(w,t) = V+ V sin(wt) (3.14)
I(w,t) = T+ I sin(wt — ¢) (3.15)

where, V and I are DC voltage and current values, V and [ are amplitudes of applied AC
voltage and current, w is the angular frequency (w = 2mf where f is the variable frequency
expressed in Hz units), and ¢ is the phase difference between voltage and current. The phase
difference can be expressed as shown in Fig. 3.9. In the pseudo-linear system, applied

potential induces a current response of the same frequency with shifted phase given by angle

 [339].

The impedance, Z, can be described as the frequency dependent resistance of the system and

given by Ohm’s law which is commonly used in DC circuits:

7 (w,t) = L8 (3.16)

I (w,t)
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By making use of complex number notations, the AC terms in Eq. (3.14) and (3.15) can be

rewritten as:
V(w,t) = Velwt (3.17)
I (w,t) = [el@t=9) (3.18)

where, i is the imaginary unit. Considering these expressions of current and voltage, Eq.

(3.16) can be rewritten in the form:

_ V (w,t) _ z ip _ i
Z(w,t) = Ten 767" |Z] e (3.19a)

where, |Z| is the so-called impedance modulus. This equation can be further reformulated

using Euler’s relation :
Z(w,t) = |Z| e = |Z]| (cos¢p +ising) = Z'(w) + iZ (w) (3.19b)

where Z’ and Z" are respectively the real and imaginary parts of the measured impedance.

In an EIS experiment, obtained impedance data is represented either as a Nyquist or Bode
plot. Nyquist representation plots Z’ as a function of Z', whereas in Bode representation

frequency dependence is clearly shown by plotting log|Z| and ¢ as a function of log f [336].
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Figure 3.9: Current response to applied sinusoidal voltage in a linear system [340].

EIS experiments can be conducted with varying electrode configurations, the simplest being
the two-electrode configuration with a working electrode and a counter electrode. In this case,
the measured impedance would include contributions from both electrode-sample interface

sites. It can be useful to add a third electrode as reference to eliminate contribution from the
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counter electrode. The addition of further electrodes can in general improve the precision of
the measurement at the cost of added complexity. Therefore, experimental setup should be

carefully chosen based on the desired material properties to be analyzed.

In addition to providing linear response to perturbation, measured system should fulfill
causality, stability and finiteness conditions: The response of the system should be only
dependent on applied perturbation, should be constant with time and finite in the whole
frequency range with regard to both real and imaginary parts. The fulfillment of these
conditions can be tested by Kramer-Kronig relations, which enable obtaining real or

imaginary component of the impedance as a function of the other component [341,342].

Interpretation of the data is realized by fitting the obtained spectra to a model circuit with
proper choice of electrical elements that describe the electrochemical phenomena taking place
at the measurement conditions. In order to make a physically meaningful assignment, some
knowledge of sample properties as well as the nature of possible electrochemical processes
would be required.

Most common circuital elements are resistors, capacitors and inductors. Resistor, R, describes

current response in phase with sinusoidal voltage (¢ = 0), so that Eq. (3.19) becomes:

Zp (w,t) = =R (3.20)

Viet) 7
I(wt) 1

In the case of a capacitor with capacitance C, current response is out of phase with respect to

sinusoidal voltage (¢ = —m/2), leading to the relation:

Ze (0,) = — (3.21)

iwC

The capacitor behaves as a pure imaginary component with a phase angle — /2, whereas the

inductor with inductance L, is a purely imaginary component with phase angle /2:
Z; (w,t) = iwlL (3.22)

Other less common circuital elements can be further introduced to the system in order to
describe particular electrochemical phenomena. Once the model is determined, the total
impedance is given by each individual contribution of electrical elements depending on their

combination. In Fig. 3.10, a simple two resistor setup connected in series and in parallel is
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depicted. In the case of serial connection, the total impedance is given by addition of each
element, whereas in parallel connection, inverse of the individual impedance values (i.e.

admittance) is additive for the total.

Z,

Z 4

ZZ

(a) (b)

Figure 3.10: Electrical circuit formed by combination of resistors (a) in series (b) in parallel
[339].

3.8 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a technique that exploits the
characteristic spin interactions of the nuclei in the analyzed material to give information on

the material’s unique structure and chemical environment [343-345].

Atomic nuclei are spinning charged particles with their own magnetic moments. The spins are
in random directions in the absence of an external magnetic field. If the number of neutrons
and protons in the elemental isotope are both even numbers, there is no net spin and thus these

isotopes are NMR-inactive (e.g. °C, '°0).

When a magnetic field is applied the nuclei energy states split and align either in same or
opposite direction to the field with an energy difference that increases with increasing strength
of the external magnetic field. The energy difference between spin states are typically in the

energy range of radio frequency electromagnetic radiation (Fig. 3.6).

In an NMR experiment, an electromagnetic radiation pulse in radio frequency range is sent to
the investigated nuclei within a strong homogeneous external magnetic field. When the
frequency of the radiation matches the energy difference between the lower and higher energy
spin states, a resonance condition occurs where the proton from lower energy spin state
absorbs the radiation and flips to the higher energy spin state. Upon relaxation, the nuclei

return to their original state, thereby emitting electromagnetic signals which are detected to
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record a free-induction decay (FID) plot. Finally, the NMR spectrum showing intensity of the
signals as a function of chemical shift is obtained by converting the FID signal to frequency
domain. The chemical shift value is expressed as the difference in resonance frequency of the

investigated nuclei from a reference standard, usually tetramethylsilane (TMS).

The position and shape of the peaks are dependent on the electron density surrounding the
nuclei as well as the orientation and bonding of the neighboring nuclei. Since electrons also
align in opposite direction to the external magnetic field, they induce a shielding effect on the
nucleus requiring increasing field strength (or decreasing radio wave frequency) to achieve
resonance condition with increasing electron density. Thus nuclei in highly shielding
environment are positioned on the higher field (right) side of the spectrum. The orientation of
the neighboring nuclei on the other hand can cause splitting of the NMR signal as a result of

J-coupling.

In contrast to solution NMR spectra where anisotropic interactions do not affect the spectra
due to rapid random tumbling, in solid state NMR, anisotropic and orientation dependent
interactions can dominate the spectrum. In order to minimize the influence of these

interactions on the resulting NMR spectra several methods were developed.

Magic angle spinning (MAS-NMR) is such a method which is commonly implemented to
analyze solids [345,346]. In this method, the sample is spinned at a high rate (20 — 50 kHz) at
a specific (magic) angle 6,45 = 54.74 with respect to the external magnetic field direction.
In these conditions, the contribution to the NMR signals from the anisotropic nuclear
magnetic interactions can be greatly reduced. Further enhancement of the signal can be
achieved by implementing cross-polarization (CP-MAS NMR Spectroscopy) between
different nuclei in the pulse sequence.

3.9 °’Fe Méssbauer Spectroscopy

Maossbauer Spectroscopy is a versatile method which can provide precise information on the
local chemical environment as well as magnetic properties of the analyzed system [322,347].
The technique is similar to NMR spectroscopy in that the minuscule shifts in the energy levels

of the atomic nuclei in response to excitation are analyzed.

Similar to a gun firing bullets, a free nucleus recoils when it emits or absorbs gamma rays and

nuclear resonance cannot be observed. When the nuclei in a solid matrix absorbs or emits
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gamma rays, the recoil energy is released in the form of phonons. Rudolf Mdssbauer
discovered that a portion of the emission and absorption events can go through without any
loss of momentum when the gamma ray energy is too small to form a phonon. Such recoil-
free event is called the Mdossbauer effect, which is the basic principle of Mossbauer

spectroscopy.

In a Mossbauer spectroscopy experiment, the atomic isotope to be analyzed is impinged with
gamma rays from a source of the same isotope. The source is accelerated in a range of
velocities to induce shifts in the incoming gamma ray energy due to relativistic Doppler effect
and the intensity of transmitted gamma rays as a function of source velocity is plotted. Since
the sample and the source are in different chemical environments, their resonant absorption
energies differ slightly. By finding the velocities in which a dip in the intensity of the gamma

rays takes place, the resonant absorption energies for the analyzed nuclei can be determined.
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Figure 3.12: Isomer shift ranges for given oxidation and spin states of Fe and energy level

diagrams of *’Fe showing the nuclear interactions [348,349]

The position and shape of the peaks in the Mossbauer spectrum depends on three main types
of nuclear interactions. First is the isomer shift (chemical shift) which is related with the
electron charge density in the s orbitals of the nuclei. This value gives information on the

oxidation state of the atoms as well as valence states and electron shielding.
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Second interaction is the quadrupole splitting which arise from the non-spherical charge
distribution of the nuclei with a spin state larger than +1/2. The nuclear energy levels are split
due to the presence of asymmetric charge distribution or ligand arrangements which induces
an asymmetric electric field. Quadrupole interactions also provide information on the

oxidation and spin states of the nuclei as well as local symmetry and chemical environment.

Third type of interaction is the magnetic hyperfine splitting (Zeeman splitting), which arises
from the interaction between the nucleus and the surrounding magnetic fields. In the presence
of these fields, each nuclear energy level I, splits into 21+1 sub-levels. Magnetic properties of
the material can be studied by analyzing the magnetic hyperfine splitting. Fig. 3.12 shows the
typical isomer shift ranges for °’Fe at different oxidation and spin states. and the energy level

diagrams for different nuclear interactions.

While many nuclei are Mossbauer active, suitable gamma ray sources are limited which in
turn limits the application of Mossbauer spectroscopy. °'Fe is the most common element that
is analyzed by this technique, since the decay of *’Co source by electron capture provides an
ideal gamma ray source for analysis. **°Sn and **!Sb are other commonly investigated

elements.

3.10 Electron Spin Resonance Spectroscopy

Electron spin resonance (ESR — or electron paramagnetic resonance, EPR) spectroscopy is
another analogous technique to NMR, in which the energy transitions of unpaired electrons
instead of nuclei in a sample exposed to an external magnetic field is detected. Like protons,
electrons are spinning charged particles with a self-induced magnetic moment. Under an
external magnetic field, the paramagnetic (unpaired) electrons align with or against the the
field due to Zeeman effect [46,324,350]. The electrons aligning parallel to the magnetic field
are at a lower energy state with respect to the electrons with opposite alignment. Upon
microwave irradiation these lower energy electrons can be flipped to the higher energy level.
Electron spin resonance spectroscopy investigates the resonant energy levels of the
paramagnetic electrons by scanning the sample response at a constant frequency microwave
radiation (typically ~ 100 kHz) with varying magnetic field strength, G. Alternatively, the
magnetic field strength can be kept constant while varying the frequency of microwave

radiation as well; however this type of application of the technigue is not as common.
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The magnetic moment of an electron exposed to a given external magnetic field is dependent
on the electron environment described with a g-factor. The g value for a free electron is
2.00232 [351]. When the electrons are confined in a molecular orbital or within an energy
band in the crystal lattice, the confinement condition induces a change in the g-factor similar
to the chemical shift observed in NMR spectroscopy. Other important factor which affects the
spectrum features are the hyperfine interactions as discussed in Chapter 3.9. These
interactions are described as J-coupling for NMR spectroscopy. ESR spectroscopy is an
extremely sensitive method which can provide extensive information on the oxidation states
and defect structures as well as chemical environment and orientation of atoms near the
unpaired electron. Moreover, the change of line shapes in the spectrum can be analyzed to

interpret dynamic processes, such as rate of chemical reactions.

3.11 Thermogravimetric analysis

Thermal analysis methods refer to any technique that studies the physicochemical properties
of materials as a function of temperature [352]. Thermogravimetric analysis (TGA) is a subset
of thermal analysis methods in which the weight change of the sample is measured as a
function of temperature and time. Information on Kkinetic processes over the sample, such as
decomposition, evaporation, oxidation — reduction and adsorption — desorption can be
obtained by employing this method. The experiment can be performed with different gas
composition and flow rate to extract thermal stability and reactivity information in different
atmospheres. TGA instruments can determine precise sample mass changes through a

thermally isolated sensitive balance which can detect changes as low as 0.1 um.

Differential scanning calorimetry (DSC) is often also measured within the appropriately
equipped TGA setup to determine rate of energy change with temperature. In DSC, the
difference between the heat flow of the sample and a reference is simultaneously detected at a
given temperature ramp. DSC can provide additional information about the processes taking

place in the sample environment, such as phase changes and thermally activated reactions.

The TGA setup can be coupled with other instruments for a more comprehensive analysis. For
instance, coupling the setup with a mass spectrometer can give information on the
composition of evolving gas due to physical or chemical processes taking place in the sample

environment.
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3.12 Temperature Programmed Desorption of Oxygen

Temperature programmed methods are sensitive techniques based on probing the material
surface as a function of temperature in a controlled atmosphere [353]. Temperature
programmed desorption (TPD) is particularly relevant for study of catalyst materials, since it
can provide insights on the active sites on catalyst surface as well as mechanism of catalytic
processes. Temperature programmed desorption of oxygen (TPD-O;) is commonly employed
to assess the oxygen mobility in oxide catalysts, which is an important parameter for catalytic

performance.

In a typical TPD-O, run, the catalyst is placed in a reactor, heated in O, atmosphere to
saturate the oxygen vacancy sites and subsequently cooled down. An inert gas such as N or
Ar is then flown through the sample chamber to establish an inert atmosphere. The reactor
temperature is increased with a linear heating rate and the desorption of oxygen from the
sample is monitored. The evolution of desorbed gas with increasing temperature is
quantitatively detected by a thermal conductivity detector (TCD) or a mass spectrometer [5].

3.13 Temperature Programmed Reduction by Hydrogen

Temperature programmed reduction by H, (TPR-H,) can provide quantitative information on
the reducibility of different components on an oxide catalyst [354]. The analysis method is
analogous to TPD-O, with the difference that instead of performing the experiment under
inert atmosphere, a reducing gas with typically 3 to 15% H, content diluted in Ar or N, is
flown through the sample chamber as the temperature is increased at a linear heating rate. The
change in the gas stream is monitored by a TCD or mass spectrometer. H, is consumed when
a reduction takes place in the sample environment. The amounts of consumed H, with
increasing temperature provide a measure of reducibility of the catalyst. Careful evaluation of
the experimental parameters is crucial for interpreting the data, since the heating rate, H,
concentration and flow rate of the gas influences the TPR results.
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Chapter 4

Results & Discussion

4.1 Porosity variation: SrTiO;

Attainment of mesoporous nanoarchitectures with superior surface areas stands as an essential
goal for the preparation of high performance perovskite oxide catalysts. One of the major
shortcomings of perovskite materials preventing their widespread utilization in environmental
catalysis is their sub-optimal morphology and nanostructure [5,14]. Established porous oxide
preparation strategies such as direct co-condensation with soft templates, are usually not
applicable for multi-metal oxides due to differing solubility and reactivity of the metal ions in
the structure as well as high temperatures required for the crystallization of perovskite phase
[14,201]. Thus, synthesis of porous perovskites are mainly achieved by nanocasting routes in
literature, in which perovskite oxide precursors are impregnated into the pores of a host
material, usually an ordered mesoporous silica matrix. However, this approach requires
several optimized impregnation steps to ensure a satisfactory loading of precursor solution in
the pores of the host material while avoiding possible formation of perovskite particles
outside of the pores [355]. Moreover, the confinement of the growing multi-metal oxide phase
in template pores leads to severe impediment of the crystal growth [175]. Thus, simpler and
more flexible routes are needed for the preparation of multi-metal oxides with high porosity.

In this work, an innovative facile method based on a cooperative assembly modification of
polymer complex synthesis was utilized to prepare mesoporous SrTiOs. A pre-hydrolyzed
alkoxysilane solution is added to the initial reaction mixture as inorganic endotemplate. The

intermixing of organic and inorganic constituents at molecular level leads to a well
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4.1 Porosity variation: SrTiO;

interwoven network of the polyester and SiO, upon polymerization reactions. As a result,
after calcination step, in situ formed silica template could be removed from the matrix by

NaOH etching, leading to phase-pure SrTiO3z with extremely high surface areas.

Highly porous structure of materials prepared with this route can be explained not only
through the templating process, but also through the choice of glycerol as polyol precursor in
the reaction instead of commonly used ethylene glycol. Glycerol likely promotes crosslinking
in the initial polyesterification reaction by its additional hydroxide groups, which leads to a
more porous structure upon removal of the entangled polymer gel by calcination. Indeed,
when ethylene glycol was used in SrTiO; synthesis while keeping other conditions
unchanged, the product showed only 20 m? g as opposed to 60 m? g* surface area
determined for the sample synthesized with glycerol (Fig. 4.1). Moreover, perovskites
prepared with glycerol show high phase purity even in the presence of water in the initial

reaction mixture from the template solution.
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Figure 4.1: N, physisorption isotherms of SrTiO; showing the porosity enhancement due to
glycerol use instead of ethylene glycol in its template free polymer complex preparation.

The tuning of porosity and nanostructure is investigated in this sub-chapter by variation of
template load in the preparation process. The influence of these characteristics on the catalytic
performance of the material is studied through a photocatalytic methylene blue dye
degradation test, relevant for wastewater treatment applications. Molar ratios of SrTiO3 : SiO,
were varied between 10 : 1 and 1 : 1 corresponding to a template load between 6 vol.% and 40

vol.% respectively. SrTiO3 samples were labeled as STO_##, where ## refers to vol.%
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4 Results & Discussion

template load from STO_06 (6 vol.% template) to STO_40 (40 vol.% template), whereas
template free material was labeled as STO (Table 6.1). Physicochemical properties and
photocatalytic performance of the materials prepared in this work were benchmarked against
a commercially obtained SrTiO3 powder with nanoparticulate morphology. This
nanoparticulate SrTiO; reference sample was labeled as STO_NP.

4.1.1 Structural Characterization

Thermogravimetric analysis was employed on the polymer gels to determine the optimal final
temperature for the calcination process as well as to study the kinetics of the high temperature
treatment (Fig. 4.2). All gels show similar reaction kinetics with an initial sharp mass loss
around 200 °C followed by a plateau around 350 — 450 °C. Finally, above ~ 560 °C no further
mass loss is detected. Based on these findings, two constant temperature steps of 2 h were
implemented in the heating ramp at the intermediate temperature 350 °C and final

temperature 600 °C.
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Figure 4.2: Thermograms of nanoporous SrTiO3 powders with 0 — 40 vol.% template
loading.

Following the calcination process, resulting SrTiO; : SiO, nanocomposites were characterized
by X-ray diffractometry as depicted on Fig 4.3a. All nanocomposites show well-crystalline
cubic perovskite oxide phase, whereas additional weak reflections were detected in as-
prepared samples at high template loads. These weak reflections were assigned to amorphous

siliceous species (20 =~ 30°) and a SrCO3 impurity phase. After acetic acid (HOAc) and NaOH
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4.1 Porosity variation: SrTiO;

etching treatment to remove carbonates and template respectively, pure-phase cubic

perovskite oxide was observed for all analyzed samples (Fig. 4.3b).
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Figure 4.3: X-ray diffractograms of investigated STO systems (a) as-prepared
nanocomposites. Asterisks refer to SrCOj3; phase, red circles mark the presence of amorphous
siliceous species. (b) pure-phase mesoporous STO oxides after acetic acid and sodium
hydroxide treatment along with commercially obtained nanoparticulate reference SrTiO3
sample (STO_NP).

Crystallite sizes of the SrTiO3z oxides were calculated by applying Scherrer equation (3.4) on
the [110] reflection. Grain sizes decrease progressively with increasing template load from 31
nm for template free STO down to 17 nm for STO_40 (Table 4.1). The decline in crystallite
sizes can be explained by the rising diffusion barrier to mass transport of the perovskite phase
due to the addition of siliceous species.

The effective removal of the carbonates and silica template was characterized by the
disappearance of —CO3; mode at ~ 1460 cm™ and Si-O modes around 800 — 1200 cm™ in the
IR spectra subsequent to the acetic acid and sodium hydroxide etching steps respectively
[324] (Fig 4.4a). In agreement with XRD findings, infrared spectra of the STO samples show
a single broad band around 560 cm™ characteristic of the perovskite phase [356] (Fig 4.4b).

Considering that infrared spectroscopy cannot provide definitive evidence to complete
removal of siliceous species from the system, surface composition of SrTiO; samples were
further investigated by X-ray photoelectron spectroscopy. Peak positions on the XPS spectra
align well with the expected oxidation states of each element (Fig 4.5).
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Figure 4.4: Infrared spectra of investigated STO systems (a) STO-24 sample chosen as
representative system at different treatment steps. (b) Pure-phase mesoporous STO oxides

after acetic acid and sodium hydroxide treatment along with reference STO_NP.
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Figure 4.5: XPS survey spectrum of STO_40 before and after sodium hydroxide treatment.

Peaks observed at the binding energy range between 60 — 10 eV can be attributed to the
different p and s states of Sr (4s, 4p), Ti (3s, 3p) and O (1s) [357]. Calculated elemental
compositions on the surface of as-prepared SrTiOs; samples and the Si amount before and
after etching treatment are summarized on Table 4.1. Determined elemental compositions are
in good agreement with the nominal SrTiO3 stoichiometry for each sample apart from the
slight Sr deficiency detected at high template loads (STO_24, STO_40). The deviations in
Sr/Ti ratio can be partially explained by increased SrCOz; formation at higher template
amounts. Silica enrichment in the matrix may also play a role in the deviations affecting the

distribution of metal atoms on material’s surface [358]. Investigated samples in XPS possess
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4.1 Porosity variation: SrTiO;

relatively high amounts of carbon impurities, which is likely due to surface contamination
from the atmosphere, although carbonate formation during the preparation of the samples may
also have an influence. Efficacy of the silica removal is evidenced by the low residual Si

amounts (Sie) determined subsequent to NaOH etching (Table 4.1).

Table 4.1: Structural and morphological features of investigated STO samples. Specific
surface area (Sget) and pore volume (Vp) determined by nitrogen physisorption; Crystallite
size (@) obtained by XRD; atomic composition of the as-prepared samples along with the
residual amount of silicon after etching procedure (Sie) in at.% units.

SeeT Vp () ) . .
Sample - _ C @) Ti Sr Si Sie
[m"g”] [em g7] [nm]

STO 60 0.22 31 155 553 149 14.2 - -
STO_06 79 0.23 26 9.8 584 15 138 316 1.1
STO 11 114 0.29 23 152 548 138 12.1 41 2.2
STO 24 216 0.36 17 82 618 136 9.5 6.7 1.7
STO 40 239 0.39 15 123 59.3 9.9 7.2 11.2 3
STO_NP 38 - 48 - - - - - -
a) b)
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Figure 4.6: Si CP-MAS NMR spectra of investigated STO systems (a) before NaOH
etching (b) after NaOH etching. Approximate signal positions : Q0 at —78 ppm, Q1 at —85
ppm, Q2 at —90 ppm, Q3 at —100 ppm and Q4 at —110 ppm.
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4 Results & Discussion

The structure of siliceous species in the nanocomposite and their removal process were further
investigated by 2°Si CP-MAS NMR spectroscopy (Fig. 4.6). By analyzing the NMR spectra, it
was determined that the networking of siliceous species in the nanocomposite vary with the
initial prehydrolyzed alkoxysilane amount added to the reaction mixture. For low amounts of
template loading (STO_06, STO_11) only QO0, Q1 and Q2 sites are present, which correspond
to monomeric, dimeric and oligomeric units respectively. At higher template loads between
24 — 40 vol.% (STO_24, STO_40), Q3 and Q4 signals, which can be assigned to pure SiO»,
dominate the spectra.

Evolution of Si amounts was investigated via a semi-quantitative analysis by keeping
acquisition time and sample mass constant in each NMR survey. Subsequent to NaOH
etching, Q3 and Q4 sites were completely removed from each matrix, whereas small residual
amounts of QO and Q1 sites remained for all samples. However, the absolute amounts of the
residual Si didn’t differ significantly for varying template loading. These results indicate that
a minor portion of siliceous species independent of the template amount incorporate into the
matrix in the form of silicates and cannot be removed from the structure. Accordingly, X-ray
diffractograms and IR spectra of as-prepared nanocomposites of STO_24 calcined at higher
temperatures confirm the presence of a growing Sr,TiSi,Og silicate phase (Fig. 4.7). It can be
also mentioned that relative amount of carbonates in the nanocomposites decrease

significantly with higher temperature calcination (Fig. 4.7b).
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Figure 4.7: X-ray diffractograms (a) and infrared spectra (b) of as prepared STO-24

nanocomposites calcined at different temperatures.
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4.1 Porosity variation: SrTiO;

4.1.2 Evaluation of textural properties

Porous features of the SrTiO3 oxides were investigated by nitrogen physisorption analysis.
The physisorption isotherms depicted in Fig. 4.8a can all be categorized as type 1V (a) with
broad hysteresis independent of the template loading [299]. The steep increase of the
adsorbed volume near the saturation pressure of nitrogen can be assigned to interparticle
porosity. Specific surfaces areas calculated from BET model (Sget) and pore volumes (Vp)
increased progressively with increasing template load (Table 4.1) [359]. Template free STO
already showed a surface area of 60 m? g™*, whereas an extremely high surface area of ~ 240
m? g™* was determined for STO_40.

500 0.05
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Figure 4.8: Nitrogen physisorption isotherms (a) and pore size distribution (b) of investigated
STO systems. The isotherms were shifted upwards by 50 cm® g™ relative to each other for
clarity.

A broad distribution of pore diameters between 5 to 30 nm were identified for template free
STO as well samples with low template loading (Fig. 4.8b). Above 24 vol.% template load,
smaller pores down to 3 nm are formed and a progressive pore size narrowing around 6 nm is
observed. The changes in pore size distribution can be described through the findings in 2°Si
NMR spectroscopy. At low template loads, only oligomeric siliceous species are formed
which contribute poorly to the templating process. Thus, pore size distribution does not
change significantly in comparison to template free STO. At higher template amounts, three
dimensional networks of SiO, evolve around the perovskite lattice and effectively form the

pore space. It should be noted that no significant difference was observed between STO_24
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4 Results & Discussion

and STO_40 in terms of pore size distribution and BET surface area. Thus, we can argue that
the additional silica in the STO_40 nanocomposite does not substantially contribute to the

templating action but rather tend to form phase separated SiO, domains.

Figure 4.9: SEM (a,b) TEM (c) and HRTEM (d) micrographs of STO 24 sample chosen as

representive system. The insets are enlarged viewings of the corresponding micrographs.

Further characterization of the materials’ textural properties was carried out via electron
microscopy. According to the TEM images, all samples display polycrystalline aggregates of
several micrometers with a disordered distribution of well interconnected pores with diameter
between 10 — 20 nm (Fig. 4.9) in agreement with the N, physisorption findings. HR-TEM

investigations revealed crystalline pore walls in accordance with XRD findings (Fig 4.9d).

4.1.3 Influence on catalytic performance: Photocatalyzed dye degradation

The relation of the textural and structural features with material’s photocatalytic properties
were investigated subsequent to the thorough characterization of nanoporous SrTiO3 oxides.
The samples show identical crystalline phase and chemical composition except for minor Sr
deficiencies observed at higher template loads.
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Figure 4.10: Diffuse reflectance UV spectra (a) and pertaining Tauc plots (b) of investigated

STO systems as well as commercially obtained nanoparticulated reference STO_NP.

Since the efficiency of a photocatalyst is strongly dependent on its light absorption properties,
the band gap energies (Egg) of the investigated samples were initially determined by diffuse
reflectance UV (DR-UV) spectroscopy. The band gap energies were calculated from the
linear fit of the modified Kubelka-Munk function in the Tauc plots on Fig 4.10a. The fitting
parameters were given in Table 6.2. Egg of the samples were all found to be around ~3.24 eV
in line with the literature values. Band gap energies increased slightly with increasing
template amount up to 3.27 eV (Fig 4.10b, Table 4.2). This increase can be associated to
higher porosity [360,361] as well as lower crystallite size which may lead to enhanced

quantum size effects and induce band gap widening [17,362].

The catalytic performance of the perovskite oxide samples were studied via a photocatalyzed
methylene blue (MB) dye degradation reaction relevant for wastewater treatment. The extent
of dye degradation was determined by acquiring UV-spectra of the dye solution over each

catalyst at given time increments within 2 h of total irradiation time.

Prior to the irradiation of the dye solutions treated with SrTiO3z photocatalysts, they were
subjected to 1 h dark stirring to reach complete dye adsorption. The saturation of dye
adsorption was ensured by collecting the UV spectra of the solutions after 1 h and 3 h of dark

stirring, which remained identical for all samples (Fig. 4.11a).

Additionally, bare MB solution was irradiated in the absence of photocatalysts for 2 h.
Resulting spectrum after irradiation remained identical with the initial one, confirming that

the degradation in the experiment is a purely catalytic process (Fig. 4.11b).
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Figure 4.11: Dark stirring plots of the dye solution with investigated STO catalysts at 1 h and
3 h (a) spectra of MB dye solution without catalyst before and after 2 h UV irradiation (b).

MB degradation over template free STO sample was already 15% higher than of the
commercially obtained STO_NP showing the enhanced catalytic properties of mesoporous
SrTiO3 aggregates in comparison to nanoparticulated system (Fig. 4.12a). MB dye
degradation increased progressively with increasing template amount of the SrTiO;

photocatalyst, leading to a maximum of ~ 75% degradation for STO_40.
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Figure 4.12: Extent of photocatalyzed dye degradation (a) and plots of In(C/Cy) calculated

from the dye concentration vs. time plots (b).

Kinetics of the dye degradation reaction over STO samples were studied by plotting In(C/C,)
against reaction time (Fig 4.12b). Apparent rate constants of the reaction, Kapp, Were extracted

from the slope of the curves (Table 4.2). Near-straight line observed for each curve points to a
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4.1 Porosity variation: SrTiO;

first order reaction kinetics for each sample. The apparent rate constant values were
normalized by surface area (Knorm = Kapp/Sget) t0 pinpoint the influence of porosity on the
photocatalytic performance. No significant differences between the normalized rate constant
values, K,om, Of the samples indicate a directly proportional relation between catalytic
performance and porosity of the materials. Minor increase of the K,om value given for
STO_40 can be likely assigned to increased contribution of decreasing grain size to the

photocatalytic performance, which can enable quantum effects [363].

Origin of photocatalytic performance was further investigated by determining the dye
adsorption amounts over templated SrTiO3; samples. The stock solution was stirred with each
SrTiO3 sample to reach saturation of dye adsorption. Subsequently, total dye adsorption

values for each sample were assessed by UV spectroscopy (Table 4.2).

Table 4.2: Photocatalytic properties of investigated STO samples: surface areas (Sger)
determined from N, physisorption, Bang-gap energy (Egg) calculated from the Kubelka-
Munk plots of the materials’ UV spectra; MB adsorption determined from UV spectroscopy,
apparent (Kapp) and normalized (Knorm) reaction rate constants for the degradation of MB.

SgeT Esc  MB adsorption Kapp Knorm
Sample
[m*g*]  [eV] [%6] [min™]  [g m?min™]

STO 60 3.20 10 2.1x107 3.5x107
STO 06 79 3.24 26 3.0x10%  3.8x107
STO 11 114 3.4 39 44x10°  3.9x10”
STO 24 216 3.27 61 72x10°  3.3x107
STO 40 239 3.27 58 1.1x10%  4.6x10°
STO NP 38 3.31 3 20x10"  5.3x10°

The adsorption increased progressively with increasing template load up to ~ 6 times with
respect to template free STO. Indeed, introducing a 6 vol.% template load already had an
effect of 1.5 times adsorption enhancement despite the minor increase in the surface area.

The dramatic rise in dye adsorption in this case may be related with surface alkalization as a
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result of NaOH treatment of the templated SrTiO; samples which can lead to stronger

adsorption sites for the dye [361].

Dye adsorption capacities of STO_40 and STO_24 samples remain comparable despite the
differing surface areas of two samples. The higher photocatalytic performance of STO_40 in
this case can be plausibly attributed to the quantum size effects in accordance with the smaller
crystallite size of the STO_40 aggregates, which can lead to superior separation of electron —
hole pairs and enhance the efficiency of the photocatalytic process [364,365]. Thus, enhanced
activity of the templated SrTiO3 photocatalysts prepared by the novel cooperative assembly
approach can be explained by the mutual variation of porosity and microstructure of the

perovskite oxides.

4.1.4 Sub-chapter summary

A facile synthesis route was developed by combining in-situ silica templating with modified
polymer complex synthesis to prepare mesoporous perovskite oxides with nano-sized grains.
Due to well intermixing of the growing silica network and the polyester containing metal
chelate complexes at a molecular level, pure-phase mesoporous SrTiO; with nano-sized
grains, highly interconnected pores and substantial surface areas could be obtained after

calcination and silica template removal via sodium hydroxide etching.

The influence of different template loads on the structure and morphology of the final oxides
were investigated by varying the template amount between 6 — 40 vol.%. CP-MAS NMR
studies on the SiO,/SrTiO; nanocomposites showed that for low template loads (6 — 11 vol.%)
only siliceous species with dimeric and oligomeric domains were observed, whereas
condensed domains which can be assigned to pure SiO, signifying successful templating
action were mainly formed at high template loads (24 — 40 vol.%). Siliceous species were
successfully removed from the matrix by NaOH etching, notwithstanding low amounts of

residual Si remaining in the samples ( < 3 at.%) in silicate form.

The porosity of the SrTiO3 samples was successfully tuned by varying the template load.
Template free sample already showed mesoporous morphology with 60 m? g™ due to the
choice of glycerol as polyol precursor in the initial synthesis, which leads to more porous
product upon calcination. Porosity increased with template load, leading to extremely high
surface areas up to 239 m? g™ for SrTiO; templated with 40 vol.% SiO.. Grain sizes on the

other hand decreased from 31 nm to 15 nm due to the increasing amount of SiO, template
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4.1 Porosity variation: SrTiO;

which acts as a diffusion barrier to mass transport. Moreover, all SrTiO; samples showed
excellent crystallinity and phase-purity with only minor Sr deficiency observed at higher

template loads.

The enhancement of perovskite catalysts’ functional properties by nanostructure and porosity
tuning was investigated through photocatalytic methylene blue dye degradation tests. Dye
conversion progressively increased with increasing porosity & decreasing crystallite size,
showing almost no change in the surface area normalized rate constant. SrTiO; samples
prepared with the facile route developed in this work showed ~ 7 times higher surface area
normalized dye degradation activity than commercially obtained nanoparticulate SrTiO3
reference.
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4.2 Composition variation: LagsSro7Ti;xFexOs.s

Substitution in the native sites of perovskite oxides with foreign cations is an established
strategy to enhance and optimize the catalytic performance of these materials. Achieving co-
substitution of perovskite structures with mesoporous morphology, in particular stands as an
essential design strategy for high performance perovskite catalysts. However, such materials

are challenging to prepare due to the chemical complexity of the system.

In this sub-chapter, the evolution of material properties as a result of co-substitution in a
mesoporous SrTiO3 lattice is investigated by varying the iron substitution in Lag3Sro7Tis-
xFexOs.5 (LSTF) between 0 < x < 0.5. Fe is chosen as B-site substituent due to its high
abundance, complete solubility in SrTiO3 lattice and excellent reactivity it provides to the
perovskite oxide system in thermally activated catalytic reactions [28,29]. Lanthanum, on the
other hand, was chosen due to its stabilizing effect on the perovskite solid solution without
altering the catalytic performance [30-32]. Mesoporous solid solutions were prepared by the
template free modification of established polymer complex route (Chapter 6.1), where
glycerol is used a instead of the commonly utilized ethylene glycol as polyol precursor (Fig.
4.1).

The evolution of material’s structural and functional properties upon varying Fe substitution
was thoroughly characterized. The catalytic performance improvement of the samples with
regard to CH4 and CO oxidation was correlated to the mutual influence of composition and
morphology. Prepared LSTF samples were labeled as LST.##F, where ## refers to mol.% iron
substitution in the Lag3Sro7TiixFexOs:5 composition from LST.00F (Lag3Sro7TiOs45) to
LST.50F (Lag3Sro7TiosF€0503-5).

4.2.1 Structural and textural characterization

Assessment of textural properties by N, physisorption indicates similar type 1V (a) isotherms
for each system corresponding to surface areas of ~ 65 m? g™ and pore volumes of ~ 0.2 cm®
g™ (Fig. 4.13a, Table 4.3). These findings are in line with the textural parameters determined
for template free SrTiO; (STO) (Table 4.1), whereas pore size analysis indicates a narrower
distribution of mesopores between 7 — 17 nm diameter for LSTF solid solutions along with a

small amount of larger mesopores up to 30 nm (Fig 4.13b).
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Figure 4.13: N, physisorption isotherms (a) and pore size distribution (b) of investigated
Lag 3Sro.7 TiixFexOs.s systems. The isotherms were shifted upwards by 50 cm?® g'1 relative to

each other for clarity.
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Figure 4.14: Representative TEM images of investigated Lag 3Sro7Ti1-xFexOs.s solid solutions
() LST.00F (b) LST.10F (c) LST.30F (d) LST.50F.
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Figure 4.15: HR-TEM images of LST.50F chosen as representative system, showing (a) clear
presence of pores with ~ 15 nm diameter (b) phase purity of a single crystallite via FFT

representation given as inset for the area marked with the red square.

Figure 4.16: Elemental distribution over a LST.50F particle chosen as representative system
retrieved by EDX mapping.

Gas sorption findings are confirmed by transmission electron microscopy imaging which
shows for each sample a disordered distribution of ~ 15 nm pores on polycrystalline particle
aggregates of up to several diameters (Fig 4.14 — 4.15). FFT representations of single
crystallites of about 25 nm diameter show a phase-pure crystalline structure (Fig. 4.15b).
Elemental compositions of the solid solutions were analyzed via EDX spectroscopy coupled
with TEM. The atomic ratios were determined to be in good agreement with the
corresponding nominal stoichiometries of each LSTF sample (Table 4.3). Moreover, high
magnification EDX mapping on LSTF perovskites shows a well homogeneous structure over

the particles with no local deficiency or enrichment of a specific element (Fig. 4.16).
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4.2 Composition variation: LagsSro;TiixFe,Os.s

Table 4.3: Crystallite sizes (®) retrieved from XRD, specific surface area (Sget) and pore
volume (Vp) determined by N, physisorption, average atomic composition of elements
determined by EDX (at. % values normalized by total nominal cation amount in Lag3Sro7Tis-
«FexOs:5 molecular formula), and composition of different Fe sites (Fe* site 1, Fe** site 2 and
Fe‘”) retrieved by Maossbauer spectroscopy for investigated LagsSro7Tii-xFexOs.s solid
solutions from 0 (LST.00F) to 50 (LST.50F) mol.% Fe substitution on B-site.

D SgET Vp Fe3+ 1 F63+ 2 Fe4+
Sample La Sr Ti Fe
[nm]  [m*g?]  [cm®g”] [%]  [%]  [%]
LST.00F 22 54 0.21 0.29 0.72 1.00 - - - -
LST.10F 27 63 0.19 029 0.74 084 0.13 59 41 -
LST.30F 25 65 0.20 0.34 0.65 0.67 0.34 60 36 4
LST.50F 22 59 0.23 029 070 055 0.53 60 30 10
a) 5 b) ,
% LST.50F LJ'LJ 3 2,28 % -
E LST.30F I E _I—é’ﬁb?
= |LST.10F JL JLJ = LST.10F
LST.00F | LST.00F
STO A
10 21() 3Il] 410 SI[] f;() 7Il] SI() 90 3 2‘ 1 32‘.4 3217 Bé.()

20 9] 20 []

Figure 4.17: X-ray diffractograms of investigated Lag3Sro7TiixFexOs.5 Systems with 0 < x <
0.5 (a) Magnification of [110] reflection illustrating the contraction and expansion of the

lattice (b). Template free SrTiO3 labeled as STO is included for comparison.

X-ray diffractograms on Fig 4.17a points to a pure-phase cubic perovskite structure with Pm-
3m space group for all samples in accordance with microscopy findings. Crystallite sizes
extracted by applying Scherrer equation (3.4) on the [110] reflection were calculated to have
similar values between 22 — 27 nm (Table 4.3). The influence of substitution on the unit cell
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4 Results & Discussion

parameter of the perovskite oxides were analyzed by evaluating the shift of the [110]
reflection (Fig. 4.17b). When La** (r = 1.36 A) is substituted on the Sr sites (r = 1.44 A), the
unit cell shrinks which is characterized by the shift of the reflection towards higher 26 angles.
Upon iron substitution on Ti*" sites (r = 0.605 A), the reflection initially shifts towards lower
260 and then back to higher 26 angles with increasing iron amount. The pertaining expansion
and contraction of the unit cell were explained by incorporation of Fe* (r = 0.645 A) and Fe**
(r = 0.585 A) ions to the lattice respectively. It is well established for intermediate STF
compositions that at low amounts of iron substitution, only Fe®*" species are present in the
lattice due to higher stability of this oxidation state, whereas Fe*" ions start to form at higher
iron amounts ( > 30 mol%) [60,366].

Maossbauer spectroscopic analysis was performed to precisely investigate the oxidation state
and local chemical environment of the iron species in the perovskite lattice. The spectra show
a similar central absorption for each sample which is typically assigned to paramagnetic iron
nuclei (Fig. 4.18). The type and relative amount of different Fe species were summarized on

Table 4.3, whereas the Mossbauer parameters were given on Table 6.3.

The best fit for LST.10F was given with two octahedral ferric sites separated by their
differing symmetrical environments. The presence of separate symmetrical environments can
be justified by double substitution of Sr and La species on the A-site [366,367]. When the iron
substitution was increased to 30 mol.% (LST.30F), formation of Fe*" sites at the expense of
the octahedral Fe® species (Fe** site 2) was identified. Relative amounts of Fe** species
increased from 4 to 10 % when the iron substitution increased from 30 to 50 mol.%
confirming the lattice contraction determined by XRD (Fig. 4.17b).
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Figure 4.18: Mossbauer spectra and fitting of Fe sites in investigated Lag3Sro7TiixFexOs.s
solid solutions (a) LST.10F (b) LST.30F (c) LST.50F.
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4.2 Composition variation: LagsSro;TiixFe,Os.s

Electrical properties of the LSTF solid solutions with varying Fe amount were assessed by
electrochemical impedance spectroscopy (EIS). The analysis was performed at 600 °C under
4% oxygen atmosphere in order to preserve materials’ structural parameters. The Arrhenius
plots extracted from EIS on Fig. 4.19 show that the conductivity of the systems increases as
expected with increasing iron amount. A substantial drop in the activation energy of charge
transport was determined when the x value in Lag 3Sro7Ti1-xFexOs.s increased from 0.1 to 0.3,
whereas further increase in the iron substitution to 50 mol.% did not engender a further
alteration in EE'S (Table 4.3). The latter case indicates an unchanged transport mechanism for
x > 0.3, where the increasing charge carrier concentration (holes and oxygen vacancies)
accounts for the rising conductivity. The changes in the transport regime between 10 to 30
mol.% Fe substitution can be described by the defect model of LSTF under oxidizing
conditions presented by Perry et al. (See Fig. 2.20) [298]. In the condition where [La] > [Fe],
oxygen vacancy and hole formation are suppressed resulting in the slowed down charge
transport. When [Fe] > [La] condition is fulfilled, further charge carriers are formed creating

the substantial enhancement in the charge transport mobility.

X-ray photoelectron spectroscopy was employed to determine the changes in the chemical
nature of elements on the surface of LSTF solid solutions with varying Fe substitution. All
elements in LSTF lattice were identified on the surface in agreement with the ratios
determined from EDX spectroscopy (Fig. 4.20a). Peaks observed at the binding energy range
between 60 — 10 eV can be attributed to the different p and s states of Sr (4s, 4p), Ti (3s, 3p),
La (5p, 5s) and O (1s) [357].

Temperature [°C]

Figure 4.19: Arrhenius plots of conductivity retrieved by EIS for investigated Lag3Sro7Tis-

«Fex0s.5 solid solutions.
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4 Results & Discussion

Close inspection of oxygen 1s peaks showed that the amount of chemisorbed oxygen which
can be assigned to surface oxygen vacancy sites increased progressively with increasing Fe
amount (Fig. 4.20b). In-depth analysis of different Fe species on the LSTF surface could not
be achieved due to the presence of satellite peaks and close proximity of Fe** and Fe**

binding energies preventing the deconvolution as well as the poor signal to noise ratio.
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Figure 4.20: XPS survey of the surface for investigated Lag3Sro7Ti1-xFexOs.s solid solutions
with 0 <x <0.5 (a) O 1s region of each spectrum (b).
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Figure 4.21: (a) Temperature programmed desorption (TPD-O,) and (b) Temperature
programmed reduction (TPR-H) profiles of Lag3Sro7Ti1-xFexOs.s with 0 <x <0.5. Curves are

shifted by offsets for clarity, dashed lines correspond to the baselines of each curve.

The oxygen mobility and reducibility of the LSTF samples were investigated via temperature
programmed experiments concerning desorption of oxygen (O,-TPD) and reduction by
hydrogen (H,-TPR). TPD-O, and TPR-H, profiles are plotted in Fig 4.21, whereas the

amounts of O, desorption and H, consumption for each sample are given on Table 4.3.

Two separate peaks are commonly found in the TPD-O, profiles of perovskite oxide
materials. The first peak originate from the so-called alpha oxygen (a-0xygen) which is
associated to the desorption of weakly adsorbed oxygen species from the surface at relatively
low temperatures (T < 500 °C). The peak observed above 500 °C is typically associated to the
desorption of tightly bound lattice oxygen, i.e. beta oxygen (S-oxygen) [368,369].

TPD-O, profile of LST.00F (Lag3Sro7TiOs.5) shows an oxygen release only above 600 °C,
which can be attributed to release of p-oxygen (Fig 4.21a). As X in Lag3Sro7Ti1-xFexOsas
increase from 0.1 to 0.5, the onset of S-oxygen evolution shifts towards lower temperatures
down to 400 °C and the intensity of this continuous signal in the investigated temperature
range increases. Moreover, an additional low temperature peak associated with a-oxygen is
present in Fe-substituted samples. The onset temperature for a-oxygen release was reduced
from ~ 400 °C for LST.10F to as low as ~ 250 °C for LST.50F. Interestingly, it was observed
that largest a-oxygen peak was given for LST.30F rather than LST.50F, which will be further
discussed in the evaluation of catalytic performance in LSTF systems. The quantitative

determination of separate contributions of alpha and beta oxygen was not possible due to the
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continuous release of oxygen at each temperature. However, total amounts of oxygen release
per unit mass increases progressively with increasing Fe-substitution. This trend is further
confirmed by XPS, which shows increasing amount of chemically adsorbed oxygen species at
higher Fe amounts (Table 4.4).

The redox features of LSTF perovskites were characterized by H,-TPR (Fig. 4.21b). The H-
TPR profile of LST.00F (Lag3Sro7TiOs4s) Is characterized by a broad single peak appearing
above 650 °C, which can be attributed to reduction of Ti** to Ti**. In contrast to
Lag3Sro7TiOs., Fe-substituted LSTF samples show several reduction steps. The initial peak
observed both for LST.30F and LST.50F around ~260 °C can be assigned to reduction of Fe**
to Fe®" [172,370]. In confirmation to the findings of Méssbauer spectroscopy, this signal was
not observed for LST.10F (10 mol.% Fe), indicating the absence of Fe** sites at this
substitution amount. The three signals observed between 300 °C and 650 °C were attributed
to the gradual reduction of Fe** to Fe?* [172,371]. The final peak appearing after 650 °C may
be attributed to Ti*" reduction following LagsSro-TiOs:s, however reduction of Fe?* to

metallic iron is also possible at this temperature range [172,371].

4.2.2 Influence on catalytic performance: Catalytic CH, and CO oxidation

Percolated pore structure with high surface area, highly crystalline pure phase structure,
presence of mixed oxidation states on the B-site, high reducibility and oxygen mobility
determined for LSTF samples deem these materials promising candidates for oxidation
catalysis [53,370,372]. The performance of LSTF oxides with varying Fe substitution was
investigated via CO and CH, oxidation tests. Since CO and CH,4 oxidation are respectively
low and high-temperature reactions, their combined study enables a comprehensive

understanding of the catalytic properties of Lag3Sro7Tii-xFexOs.s in oxidative catalysis.

Oxidation of methane over reference SrTiO; and Lag3Sro7TiOs.5 perovskites prepared in
same conditions leads to a similar conversion values of about 10 % at 600 °C, whereas carbon
monoxide conversion over these catalysts leads to similar conversion of ~ 5% at 300 °C (Fig.
4.22). These results are in agreement with reports in literature that postulate A-site
substitution does not have a significant influence on the catalytic activity [5]. The slight
performance loss observed for the lanthanum containing sample can be explained through
minor suppression of charge carriers, holes and oxygen vacancies, due to donor substitution in
the system (Fig. 2.20).
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4.2 Composition variation: LagsSrq7Ti1xFe,Os.5

Table 4.4: Activity parameters of LSTF catalysts towards oxidation catalysis. H,-TPR: Hydrogen consumption
obtamed from temperature programmed reduction experiments. O,-TPD: Oxygen desorption obtained from
temperature programmed desorption experiments. EE'S : Activation energy for charge migration obtained by
electrochemical impedance spectroscopy. E$? %, E ME 9% Activation energy for CH4 and CO oxidation reactions over
LSTF catalysts obtained below 10% conversion. m, n: Empirically calculated reaction orders m with respect to CHy
and n with respect to O, obtained below 10% CH, conversion (reaction rate = kPgy "Pp ). SRR: Suprafacial
reaction rate dependent on the contribution of a-oxygen. IRR: Intrafacial reaction rate dependent on the contribution of

f-oxygen. IRR and SRR were obtained at 510 °C with pCH, = 0.002, pO, = 0.03 atm. TRR: Total reaction rate.

H,-TPR  O,-TPD EETS ES0ox. ESHox. SRR IRR TRR
Sample m n
[mmol g'] [umolg'] [kImol’] [kImol’] [kJmol’] [x10%] [x10°] [x107
LST.00F 0.43 1.5 - 92 134 071 039 0806 0.266 1.07
LST.10F 0.72 9.4 150 64 109 0.73 026  4.06 3.30 7.36
LST.30F 1.26 383 74 56 92 068 014 112 43.9 55.1
LST.50F 1.31 108.6 70 66 90 0.76 002 473 73.2 77.9
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Figure 4.22: Steady state conversions obtained for CH,4 oxidation (a) CO oxidation (b) over
SrTiO; (STO) and Lag 3Sro7TiO3+5 (LST.00F).
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Figure 4.23: Steady state conversions obtained for the oxidation reaction of CH, (a) and
oxidation reaction of CO (c) over Lag3Sro;TiixFexOs.s catalysts with 0 < x < 0.5 and
pertaining Arrhenius plots respectively for CH, oxidation (b) and CO oxidation (d).
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4.2 Composition variation: LagsSrq7Ti1xFe,Os.5

Steady state CH,4 conversion plots obtained for Lag3Sro7Tii-xFexOs.s catalysts are illustrated
on Fig 4.23a. Products of CH, oxidation over LSTF catalysts were solely CO, and H,0 in
each test, pointing to a complete oxidation of methane. The conversion increases with
increasing iron substitution in the Lag3Sro7TiixFexOs.s catalyst lattice leading to almost
complete oxidation (~90%) at 600 °C for both x = 0.3 and x = 0.5. In contrast, reaction over
LST.10F leads to only 27% conversion at the same temperature, which further decreases to
8% for iron-free LST.00F. The substantial activity difference induced by increasing Fe
substitution from 10 to 30 mol.% may be explained through the defect chemistry of the LSTF
solid solution as evidenced by electrochemical impedance spectroscopy (Fig. 4.19).

1.0x10° - - - 10°
a) .
—— SRR
——IRR
8.0x107 a - . =
— BN S o =5 . mrb
5 - ‘m
.:E(),Oxlo'?. . . -EE
: - = LST.00F g
- [ | LST.10F =
4.0x107 A :
i ®  LST.30F 5
g = LST.50F g
Q 53
g & 108
2.0x107
g -
107

0.0 0.1 02 03 04 0!0 0‘,1 OTZ 0?3 014 0j5
(p0,)"? x in Lay,Srg,Ti, Fe O,

Figure 4.24: (a) Plots of methane oxidation rate, r, over Lag 3Sro 7 Ti1xFex0Os.s catalysts with 0

< x < 0.5 vs oxygen partial pressure. Data acquired at 510 °C, total pressure is 1 atm. (b)

Change in suprafacial reaction rate (SRR) governed by a-oxygen and intrafacial reaction rate

(IRR) governed by S-oxygen with variations in Fe substitution. TRR corresponds to the total
reaction rate.

The catalytic properties of the LSTF oxides in a low temperature reaction were investigated
by CO oxidation tests. Similar trend with CH, oxidation was observed for the conversion
ratios as well as the activation energy values calculated from pertaining Arrhenius plots (Fig.
4.23c-d). Iron-free catalyst has a large activation barrier of 92 kJ mol™, whereas iron
substituted samples show similar E, values between 56 — 66 ki mol™ (Table 4.4). Thus, in this
case the differing catalytic performance of the Lag3Sro7TiixFexOs.s perovskites with varying

x values can be explained by a compensatory effect [372], which postulates that increasing

94



4 Results & Discussion

conversion ratios at higher Fe substitution are due to the higher number of active sites on
catalyst surface rather than an enhanced reactivity of individual sites.

In light of the catalytic performance studies combined with the structural characterization of
the Lag 3Sro7 Tii-xFexOs.s catalysts, it can be concluded that the Fe species directly provide the
active sites for the oxidation reaction. The dependence of the reaction on the reacting oxygen
and methane species were determined via kinetic studies (Table 4.4). The empirical rate

equation for methane oxidation can be expressed as:
r = k Pcy, Po, (4.1)

where 7 is the reaction rate, k is the rate constant, P¢y, and Py, are partial pressure of the
gases methane and oxygen with reaction orders of m and n respectively. The value, m, was
determined as ~ 0.7 for all LSTF oxides independent of Fe substitution. Methane oxidation
over oxide catalysts typically leads to first order rate with respect to CH, indicating an
insufficient methane supply for the surface reaction. This can be associated to the high energy
barrier regarding dissociative adsorption of methane on catalyst surface. On the other hand,
the reaction order, n, determined for oxygen decreases from 0.46 to ~ 0 with increasing Fe-
substitution. The independence of the reaction from oxygen partial pressure at higher Fe-
loading indicates that Fe-sites promote the oxygen activity on the catalyst surface. As
discussed in Chapter 2.3.2, a previously developed kinetic model based on Mars and von
Krevelen (MvK) mechanism which identifies two simultaneously occurring processes can be

employed to describe the change in kinetics of CH,4 oxidation over LSTF oxides [10,141]:
r = ksPcy, (Kozpoz)l/2 + kiPcy, (4.2)

where k, and k; are rate constants for suprafacial and intrafacial reactions respectively,
whereas K, is the equilibrium constant for oxygen adsorption. The term describing the
suprafacial reaction; (kSPCH4(K02P02)1/2) is an equilibrium process which is dependent on
oxygen partial pressure and therefore loosely bound a-oxygen is mainly associated to this
term. As methane oxidation is a high-temperature catalytic reaction, bulk of the catalyst can

also actively take part in the reaction. The intrafacial reaction term (k;Pcy,) describes the bulk

contribution from the tightly bound lattice oxygen (f-oxygen) to the reaction and is

independent of oxygen partial pressure. In this case, the oxygen from oxide lattice is
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consumed and subsequently replenished in the reaction process [138,139]. The variation in
the reaction order, n, of LSTF catalysts with respect to oxygen can therefore be explained by

the simultaneous contributions of suprafacial and intrafacial processes [10,373] .

Separate contributions of alpha and beta oxygen species were successfully identified using the
kinetic model expressed in Eq. (4.2). Measured reaction rates are in very good agreement with

the Kkinetic model. Fig 4.24a plots the reaction rate of LSTF catalysts against (Poz)m.

Contribution of intrafacial mechanism is given as the intercept of the dotted lines. By
subtracting this value from the total reaction rate, the contributions of suprafacial mechanism
which are dependent on f-oxygen were determined. Fig 4.24b illustrates the evolution of
suprafacial (SRR) and intrafacial reaction rate (IRR) as well as the total reaction rate as a
function of Fe-substitution in LSTF catalysts. The participation of S-oxygen to the reaction
increases progressively with increasing Fe-loading of the LSTF catalyst, exceeding the
intrafacial contribution at Fe-substitution higher than 30 mol.%. Contrarily, the intrafacial
reaction rate (IRR) increases up to 30 mol.% Fe-substitution followed by a slight decrease at
higher Fe-loading. This phenomenon, also characterized by the a-oxygen amounts in TPD-
O, profiles of the catalysts (Fig. 4.21a), may be explained by a dilution effect. The intrafacial
reaction can be promoted by the dilution of Fe sites on the surface, since the reactivity of the
individual sites with oxygen bound to isolated Fe atoms are enhanced in comparison to sites
with oxygen bound to several Fe atoms [12]. The existence of dilution effect is also supported
by the activation energy lowering observed for CO oxidation over the catalyst with 30 mol.%

Fe substitution.

The kinetic studies show that the catalyst performance can be increased progressively with
increasing Fe-load particularly due to the enhanced contributions of f-oxygen species.
However, the structural instability of the perovskite oxide engendered by increasing Fe-
substitution should not be overlooked (Fig 2.21). Thus, LST.30F composition may be
regarded to provide an optimal compromise between performance and stability by

maximizing the dilution effect.

Although, state-of-art Pd-based catalysts for methane oxidation show at least about a
magnitude higher performance than oxides, they suffer from deactivation in the presence of
water vapor [177,374]. The influence of water vapor on the catalytic activity of LSTF

catalysts was investigated by flowing 1.2 vol.% H,0 in the feed gas for 1 h at temperatures
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between 450 and 550 °C. Figure 4.25 shows that regardless of Fe substitution, all catalysts
showed a minor reduction in their reaction rate which becomes more pronounced at lower
temperatures. The effect was fully reversible and reaction rates went back to their former
values when flow of water vapor was stopped. These results are in line with previous works
and indicate that inhibition of reaction rate is due to competitive adsorption of O, and H,O on
the catalyst surface [10,141].

Thermal stability of the LSTF materials was studied by exposing the samples to heat
treatment under oxidizing and reducing atmospheres. All samples retained their crystalline
phase, microstructure and textural features as shown by XRD (Fig. 4.26) and nitrogen
physisorption analysis (Fig. 4.27) subsequent to the heat treatment. Retained crystallite size
and surface areas of the samples after heat treatment under reducing atmosphere are reported
on Table 4.5.
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Figure 4.25: Influence of H,O vapor (1.2 vol.%) on CH,4 oxidation over Lag3Sro7Ti1xFexOs.s

catalysts (a) LST.00F (b) LST.10F (c) LST.30F (d) LST.50F.
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Figure 4.26: X-ray diffractograms of LSTF catalysts before and after heat treatment at 600 °C
under reducing atmosphere.
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Figure 4.27: Nitrogen physisorption isotherms of (a) LST.10F (b) LST.30F and (c) LST.50F

before and after heat treatment at 600 °C under reducing atmosphere.

Table 4.5: Crystallite sizes (®) retrieved from XRD, specific surface area (Sget) determined

by N physisorption before (@, Sgr) and after (®f, SB’;T) heat treatment of LSTF systems at

600 °C under reducing atmosphere.

o @  Sfy st
Sample

[nm] [nm] [m*g?] [m?g?]
LST.10F 27 27 63 66
LST.30F 25 25 65 65
LST50F 20 20 59 56
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4 Results & Discussion

The catalytic performance of highly performing LST.30F and LST.50F oxides were compared
with bulk and porous ferrite-based perovskite catalysts reported in literature. In order to
account for different reaction conditions and catalysts employed in each work, a turnover
frequency (TOF) value was calculated for each catalyst with following equation:

(converted CH, amount) (4 3)
(time)x(Amount of Fe active sites in catalyst) )

TOF(s™1) =

Molar amount of Fe species in each sample was calculated using the catalyst stoichiometry
and total mass of catalyst used in the test. The conversion ratios were extracted at 560 °C and
300 °C for CH4 and CO oxidation respectively. In the case of TOF calculation for
LaCogeFe.403 [170], LagesSro.34Nig2FeggOs-s [158], LapesSro34C002Fe0803-5 [158], Ni and
Co species in the B-site of perovskite were included to the active site calculation. The

resulting TOF values for each ferrite-based perovskite catalyst were summarized on Fig. 4.28.

a) b)

La, s, Fe, 5,0, [Ref 170] La, ooFe, o0, [Ref 170]

LaCo, sFe, ,0; [Ref 170] LaFeO; [Ref 157]
La, ¢Sr,,FeO, [Ref 157
LaFeO, [Ref 12] 055752 Fe0; | I
LaFeO, [Ref 12]

Catalysts
Catalysts

LST.30F (this work) LST.30F (this work)
LST.50F (this work) LST.50F (this work)
10 107 102 10" 10 107 10 107!
TOF [mol(CO,) mol(Fe)™ 5| TOF [mol(CO,) mol(Fe) 5]

Figure 4.28: Turnover frequencies (See Eq. 4.3) of LST.30F and LST.50F compared with
reported values for Fe-based perovskite catalysts in literature [12,157,158,170,171] (a) CH4
oxidation at T = 560 °C (b) CO oxidation at T =300 °C.

The results indicate that LST.30F and LST.50F catalysts attain significantly higher activity in
CO and CHj4 oxidation with up to 90 times performance improvement in comparison to the
catalyts reported in literature. The substantial catalytic performance of the LSTF samples
prepared in this work can be explained by the unique textural and structural properties of our
materials. The percolated mesoporous structure embedded on catalyst particles of up to

micrometer scale guarantees effective solid-gas contact and short diffusion pathways for the
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4.2 Composition variation: LagsSro;TiixFe,Os.s

mobile oxygen species. Moreover, high porosity of the LSTF materials in this work is
reinforced by excellent crystallinity, phase-purity and stability, which can further promote the

catalytic activity and is rarely achieved for complex multi-metal oxides reported in literature.

4.2.3 Sub-chapter summary

Mesoporous solid solutions with Lag3Sro7Tii-xFexOss (0 < x < 0.5) were successfully
prepared by a simple variation of the polymer complex synthesis. The evolution of catalytic
properties of the materials upon changing amount of co-substitution was investigated through
CO and CH, oxidation tests.

LSTF samples showed excellent crystallinity and phase purity as well as precise agreement to
their respective nominal stoichiometries. Mesoporous morphology with a specific surface area
of ~ 65 m? g was determined for each solid solution, despite the differing Fe substitution
amounts. Increasing iron amounts in the LSTF solid solutions led to gradual enhancement of
charge carrier activity due to the creation of electron holes and oxygen vacancies in the
lattice. In accordance with the change in charge transport properties, low temperature
reducibility and oxygen release of the samples were greatly enhanced at higher Fe
substitution.

Carbon monoxide and methane oxidation tests indicated excellent catalytic activity for LSTF
samples with increasing iron content, leading to a maximum of over 90% conversion of CH,4
and CO at 600 and 300 °C respectively for 50% Fe substituted sample, LST.50F. Through
kinetic studies of CH, oxidation over LSTF catalysts, suprafacial and intrafacial contributions
to the total reaction rate were successfully identified. The findings indicate that suprafacial
reaction rate over LST.30F is maximized, since the number of highly reactive isolated iron
sites is highest at 30% Fe substitution. As a result, LST.30F shows optimal catalytic
properties with minimal compromise between performance and stability. Co-substituted
mesoporous LSTF samples in this work showed substantially higher performance (up to 90
times) than similar Fe-containing perovskite catalysts reported in literature.

The superior catalytic properties stem from the combined effects of morphology and
composition. Fe-substitution triggers the reactivity of the catalyst by providing active reaction
sites, enhanced redox properties and increased number of ionic and electronic charge carriers.
Nanoporous morphology of the material with well interconnected pores, on the other hand,
enables short diffusion pathways for ionic and electronic charge carriers, enhanced contact of

reactants and higher number and reactivity of active sites for the reaction [14].
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4 Results & Discussion

4.3 Design of highly porous (La,Sr)(Ti,Fe)Oz 5 perovskites as active support

for oxidation catalysis

The attractive catalytic properties of (La,Sr)(Ti,Fe)Oss (LSTF) solid solutions discussed on
Chapter 4.2 indicate great application potential in catalysis upon further optimization of

material characteristics.

Development of highly porous perovskite oxide systems with high chemical and textural
complexity is not only desirable for their stand-alone catalytic performance, but also for their
potential application as active supports for industry-standard supported noble metal catalysts.
Recently, mesoporous MIEC oxides like CeO, are being widely employed as support
material, thanks to their excellent oxygen supply to the active phase as well as high chemical
stability and excellent dispersion of metal nanoparticles due to the highly porous structure
[6,16,183,196]. Highly porous LSTF perovskites can provide a promising alternative to CeO,
supported noble metal catalysts due to the greater relative abundance of its constituent

elements and excellent stand-alone catalytic performance.

With this motivation, the influence of systematic porosity enhancement on the catalytic
properties of the co-substituted LSTF oxide with nominal composition Lag3Sro7TipsF€0503-5
(LST.50F) is investigated in this sub-chapter, which showed highest absolute performance in

oxidation catalysis.

LSTF samples were prepared by the cooperative assembly synthesis route that was previously
implemented to prepare highly porous SrTiO3 aggregates. The influence of templating process
and etching treatment on the catalytic performance of the LSTF materials was investigated by
methane oxidation tests. Finally, the application potential of LSTF oxides with
Lag3Sro7TipsFeps03.5 nominal stoichiometry as active support was studied by depositing Pt
nanoparticles on the highly porous LST.50F 40, followed by CO and CH, oxidation tests
over LST.50F 40 supported Pt.

Porosity was varied by setting perovskite product to template molar ratio LSTF : SiO,
between 5 : 1 (11 vol.%) to 1 : 1 (40 vol.%), similar to the range followed for SrTiO3 in
Chapter 4.1. Samples with Lag3Sro7TipsFeos035 nominal stoichiometry were labeled as
LST.50F_##, where ## refers to vol.% template load from LST.50F 11 (11 vol.%) to
LST.50F 40 (40 vol.%). Identical to Chapter 4.2, template free Lag3Sro7TipsFeps0s-5 iS
named LST.50F.
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4.3 Design of (La,Sr)(Ti,Fe)O3 5 as active support for oxidation catalysis

4.3.1 Characterization of (La,Sr)(Ti,Fe)Os.; with tailored porosity

XRD investigations indicated that a cubic perovskite oxide single phase with space group Pm-
3m was retained for all LSTF samples with varying template amounts (Fig. 4.29). Average
crystallite sizes calculated with Scherrer equation (3.4) from the [110] reflection remained
essentially unchanged with a slight decrease from 22 nm to 18 nm with increasing template
amount (Table 4.6). The decrease in grain sizes can be related with the diffusion barrier to

mass transport induced by the introduction of siliceous template.
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Figure 4.29: X-ray diffractograms of investigated LST.50F samples (a) as-prepared
nanocomposites. Red circles indicate amorphous siliceous species. (b) pure-phase mesoporous

LSTF oxides after acetic acid and sodium hydroxide treatment.

Effectivity of etching process of the siliceous template from the nanocomposite was analyzed
by IR spectroscopy. Fig 4.30a shows that the carbonate impurities and siliceous species were
almost completely removed from the system as a result of acetic acid and sodium hydroxide
etching treatment, in line with the results for STO (Fig 4.4 — 4.6). EDX spectroscopy was
employed to further analyze the elemental composition and homogeneity of the LSTF
samples at local level subsequent to the etching treatment. Clear quantification of residual Si
amounts could not be achieved due to the overlap of Si and Sr peaks. However, the samples
showed progressively increased deviations from the nominal composition

Lao3Sro7TipsFeos03-5 With increasing template loads.

The relative amounts of cations in the LSTF lattice for each sample show an increasing

deficiency in Fe and Sr with higher template loads (Table 4.7). Observed deficiencies may be
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4 Results & Discussion

a result of siliceous species bonding near Fe and Sr sites preferentially and being jointly
removed as a result of etching treatment. Considering that the X-ray diffractograms display a
crystalline pure cubic phase for all samples and the material has highly porous aggregate
morphology, majority of the deficiency may be likely arising from the surface etching of the
oxide materials. However, overall deviation from nominal stoichiometry in the bulk of the
material is apparent as well in the EDX findings. High resolution TEM/EDX mapping over
LSTF samples also show highly homogeneous distribution of elements over the particles with

no phase-segregation (Fig. 4.31).
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Figure 4.30: (a) Infrared spectra of LST.50F 40 chosen as representative system acquired
before and after etching treatment. (b — d) Mdossbauer spectra of the templated LST.50F
samples (b) LST.50F_11 (c) LST.50F_20 (d) LST.50F_40.

Mossbauer spectra of the templated LST.50F samples all show similar characteristics (Fig.
4.30b — d). The best fitting is achieved by using a 4 component model: one doublet is assigned
to Fe*" and the other three to Fe®" sites (Table 4.7, Table 6.4). The increasing of the SiO;
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4.3 Design of (La,Sr)(Ti,Fe)Os_; as active support for oxidation catalysis

template load do not modify the amount of Fe**. With regard to the three Fe** sites, site 1 and
2 can be assigned to octahedral Fe** differing in their symmetrical environments due to
double substitution of Sr and La species, in accordance with the spectrum of template free
LST.50F (Table 4.3) [366,367]. The third Fe*" site, which is only present for templated
samples, can be assigned to octahedral ferric cations that are within a symmetrical
environment associated with silicates in structure. The relative concentration of these sites

increases substantially with increasing template load from 16 to 38 % at the expense of Fe**

site 1.
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Figure 4.31: HR-TEM/EDX mapping over a LST.50F_40 particle chosen as representative

system.
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Figure 4.32: Nitrogen physisorption isotherms (a) and pore size distribution plots (b) of
investigated LST.50F samples. The isotherms were shifted by 20 cm® g™ offset for clarity.
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4 Results & Discussion

Table 4.6: Initial crystallite sizes (@) retrieved from XRD, specific surface areas (Sggr) and
pore volumes (Vp) determined by N, physisorption, as well as final crystallite size (®f) and

specific surface areas (SBfET) and pore volumes (VPf ) after heat treatment at 600 °C under

reducing atmosphere for investigated LST.50F samples.

D Sghr Vi @of st v/
Sample

[hm]  [m*g™] ©em’g’] [m] [m’g?] em®g?]
LST.50F 22 60 0.24 : - -
LST.50F 11 20 98 0.29 20 98 0.31

LST.50F_20 19 125 0.34 - - -

LST.50F_40 18 201 0.41 18 168 0.41

WO,
R T

Figure 4.33: HR-TEM images of (a, b) LST.50F_11 (c, d) LST.50F 20 (e, f) LST.50F_40.

The porous features were investigated by nitrogen physisorption analysis. All were identified
as Type IV(a) with increasing surface area and pore volume up to ~ 200 m? g** and 0.411 cm?®

g* respectively (Fig. 4.32a) [299]. The specific surface area and pore volumes of the
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4.3 Design of (La,Sr)(Ti,Fe)O3 5 as active support for oxidation catalysis

investigated samples were summarized on Table 4.6. Contrary to STO aggregates
characterized in Chapter 4.1, no significant pore size narrowing was observed for LST.50F
samples with increasing template amount, but additional contributions from smaller
mesopores appeared with smallest pore diameter shifting from 7 nm for template free sample
to ~ 4 nm for the sample with 40 vol.% template load (Fig. 4.32b). Transmission electron
microscopy investigations were in agreement with rest of the characterization methods,
illustrating for each sample polycrystalline particle aggregates of several micrometers with
crystalline pore walls (Fig. 4.33). All samples have a disordered distribution of pores of about

10 nm diameter over the particles.
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Figure 4.34: X-ray diffractograms of porous LST.50F samples before and after heat treatment

at 600 °C under reducing atmosphere.
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Figure 4.35: Nitrogen physisorption isotherms (a) and pore size distribution (b) of porous

LST.50F samples before and after heat treatment at 600 °C under reducing atmosphere.
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4 Results & Discussion

Table 4.7: Average atomic composition of elements determined by EDX (at. % values
normalized by total nominal cation amount in Lag3Sro7TigsFegs03.s molecular formula) and

relative amounts of different Fe sites retrieved by Mdssbauer spectroscopy for investigated

LST.50F samples.

Sample La Sr Ti Fe Fe (1) Fe” @ FTE) Fe”
[%0] [%6] [%6] [%6]
LST.50F 0.27 064 050 0.48 60 30 - 10
LST.50F_11 0.24 051 0.50 045 33 41 19 7
LST.50F_ 20 0.17 0.38 050 0.34 33 46 16 B
LST.50F_ 40 0.16 0.25 0.50 0.29 23 32 38 7

Highly porous LST.50F samples were exposed to 1 h heat treatment under oxidizing and
reducing atmospheres in order to assess the thermal stability of the material. XRD analyses
after heat treatments showed no change in phase purity or microstructure of the material (Fig.
4.34). Porosity was largely retained as well except for some minor loss (~ 15%) for the highly
porous sample LST.50F_40 treated under reducing conditions, which can be likely assigned
to relatively lower crystallinity of the sample leading to reduced thermal stability (Fig. 4.35,
Table 4.6). Pore volume of LST.50F 40 after heat treatment was retained, which points to

minor rearrangement of pore structure at the expense of small pores (Fig. 4.35b).

4.3.2 Influence of templating approach to the catalytic performance

The catalytic performance of LST.50F samples was examined via methane oxidation tests as
shown on Fig. 4.36. Templated samples showed poorer performance than the template free
LST.50F catalyst. The loss of performance observed for LST.50F 11 despite its higher
surface areas and retained composition can be ascribed to NaOH treatment which causes
surface deactivation on the sample. Indeed, when the template free sample LST.50F is
exposed to sodium hydroxide treatment, its initial 90% methane conversion at 600 °C drops to
67%, in accordance to the activity of LST.50F_11 catalyst with 11 vol.% template load. The

comparable amounts of methane conversion of the samples despite differing porosity may
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4.3 Design of (La,Sr)(Ti,Fe)Os_; as active support for oxidation catalysis

indicate a limit to activity enhancement by increasing surface area as reported in previous
works [375,376]. When the template load was increased to 40 vol.% (LST.50F_40) a further
drop in the conversion rate was observed. Since Fe species form the active sites for the
catalysis of methane oxidation, this impediment of performance may be attributed to the

increase in Fe deficiency on the LST.50F_40 surface as shown by EDX analysis (Table 4.7).
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Figure 4.36: Steady state conversions obtained for CH, oxidation over investigated LST.50F
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systems evidencing the effect of surface modification on catalytic performance.

4.3.3 Performance of (La,Sr)(Ti,Fe)Os.; as active support in oxidation catalysis

Despite the reduction in catalytic performance in highly porous LST.50F_40 due to sodium
hydroxide treatment, such modifications on surface structure can induce interesting functional
properties. A high number of defect species on surface which can provide ideal sites for
reactant adsorption as well as bonding sites for Pt nanoparticles (NPs) were reported for non-
stoichiometric support systems, such as CeO,, leading to attractive catalytic performance
[185,188,377-379]. In parallel to these observations, LST.50F_40 perovskite’s high
crystallinity along with superior textural properties deems it an intriguing system for potential

application as active support in oxidation catalysis.

In order to investigate the material’s performance in this application, 1 wt.% Pt nanoparticles
of ~ 8 nm diameter size were deposited on the oxide through a simple reduction route. The
successful dispersion of the Pt nanoparticles is evidenced by transmission electron
microscopy and EDX mapping (Fig. 4.37). Determination of surface coverage was
unfortunately not possible due to presence of some local inhomogeneities in the size
distribution of Pt NPs (Fig. 4.37c-d).
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Figure 4.37: HR-TEM (a, b) and HAADF-STEM (c, d) HR-TEM/EDX-mapping (e) images
of Pt nanoparticles deposited on LST.50F_40 oxide.

The feasibility of LSTF as active support was studied via proof-of-concept CH, and CO
oxidation tests over the Pt/LST.50F_40 supported metal system and compared with catalytic
performance of bare oxide catalysts, template free LST.50F and highly porous templated
LST.50F_40. Products of CH4 oxidation over Pt/LST.50F_40 were solely CO, and HO,
pointing to a complete oxidation of methane. Fig. 4.38a shows that the reaction over
Pt/LST.50F 40 catalyst is significantly enhanced in comparison to bare LST.50F 40, leading

to complete conversion of methane at ~ 565 °C with a Tsgy value of ~ 510 °C. Activation

barrier for methane oxidation reaction over different catalysts (EtfH4 °*) goes through a

gradual decrease from 108 to 84 kJ mol™ in the order LST.50F 40 > LST.50F >
Pt/LST.50F 40 (Fig. 4.38b, Table 4.8). Since the presence of reducible cations like Fe
promotes the methane oxidation reaction, higher activation barrier given for LST.50F_40

relative to template free LST.50F may be due to the iron deficiency of this material (Table
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4.8) [380]. On the other hand, the drop in the apparent activation energy for Pt/LST.50F_ 40
may be explained through the roles of oxide and metal constituents in the system. Pt
nanoparticles, in this case, facilitate the adsorption of methane and oxygen species, whereas
LST.50F 40 acts as an oxygen supplier for the reaction and provides additional active sites
for CH,4 adsorption. The reaction orders determined via kinetic studies on the Pt/LST.50F_40
system were given as 0.34 with respect to methane and ~ 0 with respect to oxygen (See Eqg.
4.1 for rate equation, Table 4.8). Reaction over Pt supported with inert oxides such as Al,O;
leads to a reaction order close to unity with respect to methane [381]. Compared to this
reference system, lowering of the reaction dependence to methane may indicate the active
participation of LSTF sites (metal-support interface as well as oxide surface) to catalysis.

Zero reaction order with respect to oxygen points to excellent oxygen supply from the LSTF
support for the reaction.
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Figure 4.38: Steady state conversions obtained for the oxidation reaction of CH, (a) and
oxidation reaction of CO (c) over investigated samples and pertaining Arrhenius plots
respectively for CH4 oxidation (b) and CO oxidation (d).
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For the low temperature carbon monoxide oxidation reaction, the trend of catalytic activity
remains similar (Fig 4.38c). Pt/LST.50F_40 shows remarkably high catalytic performance.
The reaction is already initiated at 55 °C over Pt/LST.50F 40 catalyst and complete
conversion (~99%) of carbon monoxide is attained at ~ 175 °C. The superior performance of
the Pt/LST.50F_40 system can be related to the excellent oxygen supply to the Pt phase from
the support. Moreover, partial confinement of the metal nanoparticles in the mesopores of the
porous LSTF oxide may be playing a role in superior activity, which was demonstrated in
literature to engender enhanced oxygen mobility and reactivity of the support material near
the metal sites [16].

The activation barrier for CO oxidation (ESC °*) was given between from 65 to 91 kJ mol™
with the order Pt/LST.50F_40 > LST.50F =~ LST.50F 40 (Table 4.8, Fig 4.38d). In contrast to
the trend for methane oxidation, the relatively unchanged ESC °* value observed for highly
porous LST.50F 40 with respect to LST.50F indicates that similar CO oxidation mechanism
is followed for the bare LSTF samples with differing porosity. Superior overall carbon
monoxide conversion over template free LST.50F compared to LST.50F 40 notwithstanding
equal ESC °* values can be explained through the higher number of active sites the catalyst
possesses as a result of its precise stoichiometry (Table 4.7). Determined ES? °* increased to
91 kJ mol™ over PY/LST.50F_40 sample. This value is in the same range with activation
energies reported for CeO, supported Pt catalysts in literature [136]. In such systems, reaction
mechanism is mainly governed by metal and metal/support interface sites in the CO oxidation
over Pt/LST.50F_40, whereas oxide surface does not provide active sites for reaction. The
inactivity of bare LST.50F_40 catalyst below 200 °C confirms this interpretation (Fig. 4.38c).

The dependence of the reaction on the reacting oxygen and carbon monoxide species were
determined via Kkinetic studies (Table 4.8). The empirical rate equation for carbon monoxide

oxidation can be expressed as:
rate = k P,iPg, (4.4)

where k is the rate constant, P.{ and Py, are partial pressure of the gases carbon monoxide
and oxygen with reaction orders of g and r respectively. The reaction over Pt/LST.50F 40
yielded a slightly negative order with respect to carbon monoxide (g = —0.35), whereas the

rate was independent of oxygen (r ~ 0). Reaction order being zero with respect to oxygen
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indicates the condition in which oxygen is supplied sufficiently from the MIEC material to the
reaction sites. Negative reaction order for LST.50F_40 supported system indicates that CO
oxidation takes place on Pt surface. Noble metals deposited on inert supports such as SiO, are
typically deactivated by increase of CO partial pressure in atmosphere (@ = —1), since
carbon monoxide preferentially adsorbs on metal surface preventing oxygen adsorption
necessary for the reaction to take place [136,137]. Since the reaction over Pt/LST.50F 40 is
less dependent on CO species, it can be concluded that carbon monoxide oxidation also

occurs actively at oxide — metal interface sites [187].

Despite the decent methane oxidation activity observed for Pt/LST.50F_40 (Tsgy = 510 °C),
performance of this system does not significantly surpass common alumina supported
catalysts (Pt/Al,O3) reported under similar conditions (Sl‘;’ézTO3 =200m?g~1, Tsoq =
520 °C) [382,383]. This result can be explained through the Fe deficiency of LST.50F 40
support due to synthesis conditions, as well as surface deactivation of the oxide due to etching
treatment. Hence, further optimization of the synthesis route is required in order to benefit

from the excellent application potential of the material as active support for CH,4 oxidation.
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Figure 4.39: Steady state conversions obtained for the CO oxidation over LST.50F_40 and

CeO; supported Pt nanoparticles.

On the other hand, a substantial improvement in the CO oxidation performance could be
observed over Pt/LST.50F 40, since the role of the support is less dependent on the presence
of Fe sites in this reaction. Hence, the CO oxidation performance of Pt/LST.50F_40 catalyst

was compared with a commonly employed Pt/CeO, system (Sger (CeO,) = ~ 75 m? g?).
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Complete conversion of carbon monoxide over Pt/CeO, was attained at 220 °C, pointing to
the superior performance of Pt/LST.50F_40 which reached complete oxidation at 195 °C (Fig.
4.39).

Table 4.8: Activity parameters of investigated catalysts. 55”4 o%  ES0°%: Activation energy

for CO and CH, oxidation reactions over investigated catalysts obtained below 10%
conversion. q, r: Empirically calculated reaction orders g with respect to CO and r with

respect to O, obtained below 10% conversion for CO oxidation (rate = k PC?,PO’”Z).

CH4 ox. CO ox.
ES ES

Sample q r
[kdmol?]  [kJ mol™]

LST.50F 90 66 +0.80 0
LST.50F_40 108 65 +0.98 0
Pt/ LST.50F_40 84 91 —-0.37 0

4.3.4 Sub-chapter summary

Cooperative assembly route, which was developed to prepare highly porous SrTiO3; powders,
was expanded to enhance the porosity of chemically complex (La,Sr)(Ti,Fe)Os.+s solid
solutions. Phase pure LSTF solid solutions with Lag 3Sro7TiosFeo 5035 nominal stoichiometry
and substantial surface areas were successfully prepared. Porosity of the samples was tailored
by varying the template amount between 11 — 40 vol.%. With increasing template load
average pore diameter decreased from 15 to 8 nm, whereas surface areas increased from 60 to
201 m? g*. Along with the enhancement of textural characteristics, significant Fe and Sr

deficiency was observed on the solid solutions prepared with high template loads.

Stand-alone catalytic performance of highly porous LSTF oxides was assessed by CH,
oxidation tests. The samples all showed reduced catalytic activity in comparison to template
free LST.50F sample. For moderate template loads (11. vol%, LST.50F 11) activity loss was
mainly attributed to the surface deactivation due to sodium hydroxide etching treatment.
Further performance loss observed at high template loads (40 vol.%, LST.50F_40) was
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attributed to the deficiency of Fe species on the catalyst, which provides the active sites for
the oxidation reaction.

The feasibility of highly porous LSTF oxides as active support in oxidation catalysis was
assessed by depositing Pt nanoparticles on the perovskite surface and studying the catalytic
properties of Pt/LST.50F_40 supported metal systems via proof-of-concept CH, and CO
oxidation tests. LST.50F_40 supported catalysts yielded complete conversion of CH,4 at ~565
°C and CO at 195 °C. Although, significant enhancement of activity from bare LSTF oxide
catalysts was observed with respect to both reactions, CH, oxidation activity did not
substantially surpass the values reported for Al,O3; supported Pt catalysts in literature. This
result was explained by the notable Fe deficiency of the LST.50F_40 oxide, which leads to
considerable performance impediment, since presence of Fe active sites are crucial for the

methane oxidation reaction.

Contrarily, since oxidation of carbon monoxide is less dependent on the presence of Fe sites
on the support surface, substantial CO oxidation over LST.50F_40 supported catalyst could
be achieved, leading to superior performance than commonly employed Pt/CeO, catalysts.
Remarkable performance of the Pt/LST.50F_40 was assigned to the excellent oxygen supply
capability of the LSTF oxides to the active phase, as well as to possible partial
nanoconfinement effects which can increase the reactivity on the metal/support interface sites.
Moreover, highly porous LSTF oxides show very good thermal stability, with only minor loss

of porosity (~15%) after heat treatment at 600 °C under reducing conditions.

Notwithstanding the failure in attaining the nominal stoichiometry; excellent porosity and
stability of LST.50F_40 along with its outstanding performance as support in CO and CHy,
oxidation catalysis point to a strong application potential of the material upon further

optimization of these parameters.
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4.4 Modification of defect structure: Lag 1SrggT1O0345

Cationic substitution on the A-sites does not typically affect the catalytic properties of
perovskite oxides [5] and hence donor substituted SrTiO3 show insulating characteristics and
poor activity towards thermally activated oxidation reactions [384]. However, pre-treatment
of perovskite oxides can engender significant alterations of material’s functional properties.
For instance, defect structure and resulting charge transport properties of donor substituted
SrTiO3 systems are significantly modified depending on the atmospheric conditions of the
heat treatment they undergo [26]. Flash sintering is a novel technique that is extensively
investigated in recent years to enhance the thermal stability of ceramics at lower energy and
time costs while retaining material’s nano-sized grains [19]. Although, the mechanism of this
technology is not yet fully understood, simultaneous heat treatment and electric field exposure
employed in this process can lead to altered charge transport properties as a result of
modification of the material’s defect structure [271]. Application of this technique as a means
to trigger the reactivity of initially inactive perovskite oxide catalyst by modification of

material’s functional properties is investigated in this sub-chapter.

As prepared LagiSrTiOs;4s (LSTO) nanoparticles prepared by a modified solvothermal
synthesis route were subjected to heat treatment under air atmosphere at two different electric
field strengths; 300 and 600 V cm™. The alterations in material properties due to flash
sintering process were investigated with reference to a conventionally sintered counterpart.
The catalytic performance of each sample was assessed by CH, oxidation tests and observed
activities were correlated with the morphology and charge transport properties of the

materials.

Samples were labeled based on the treatment that they have gone through. As prepared LSTO
nanoparticles were labeled as AP. Conventionally sintered sample was named CS, whereas
flash sintered samples were labeled as FS-300 and FS-600 for electric field exposure

respectively at 300 V cm™ and 600 VV cm™.

4.4.1 Structural characterization of as prepared nanoparticles

X-ray diffractograms of the as-prepared (AP) Lag1SrooTiOs4+5 and SrTiO3 nanoparticles point
to a highly pure and crystalline cubic perovskite phase with Pm-3m space group (Fig 4.40a).

The contraction of the unit cell characterized by the shift of [110] reflection towards higher 26
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upon La substitution implies successful incorporation of smaller La*" cations (r = 1.36 A) on
Sr?* sites (r = 1.44 A) in the perovskite lattice. Crystallite sizes calculated from [110]
reflection with the Scherrer equation determined a grain diameter of 40 nm (Table 4.9).
Electron microscopy investigations concur with the XRD results, showing nanocuboids of
approximately 40 nm size with decent homogeneity regarding particle shape and size (Fig.
4.40b). The compliance of the elemental composition to the nominal stoichiometry of
Lag1SrooTiOss as well as the local elemental homogeneity was analyzed by EDX
spectroscopy (Fig. 4.40c). The average elemental ratio between cations La : Sr : Ti was
identified as 0.10 : 0.93 : 0.97. The elemental ratios on several survey points were found to be
between 0.07 to 0.15 for La and between 0.85 to 1.05 for Sr respectively, confirming the
nominal La doping of 10 mol.% (Table 4.10). Nitrogen physisorption analysis of as prepared
(AP) LSTO particles determined a specific surface area of 24 m? g™ (Fig 4.42a, Table 4.9).

a §C| 9
5| ] = =
S, an 2
2 5
: 8
8
=

L20,Sres 105 l i J .

SrTiO, I A H I I

———t e/

-

10 20 30 40 50 60 70 8 90
20[] Energy [keV]
Figure 4.40: (a) X-ray diffraction patterns of as-prepared (AP) SrTiOz and Lag1Sro9TiO3
(LSTO) nanoparticles. The shift of [110] reflection due to La-substitution is presented in the
inset. (b) SEM micrograph of AP LSTO (c) EDX spectrum of AP LSTO (Position 1 on Table
8.1). Cu peak on Fig. 4.40c is due to the copper grid on the experimental setup.

4.4.2 Variation of sintering conditions

Conventional sintering was implemented with the firing program depicted on Fig. 4.41a
employing a maximum temperature of 1150 °C. The initial contraction and expansion

observed in the ceramic body below 200 °C is due to processes involving the removal of the
binder material.
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Flash sintering of LSTO pellets was achieved via simultaneous heating and electric field
exposure with field strength 300 (FS-300) and 600 V cm™ (FS-600) at an implemented
current limit of 2.5 mA mm™. The flash event, characterized by the spontaneous electrical
power dissipation within the ceramic material was observed at 1190 °C for 300 V c¢cm™ and
980 °C for 600 V cm™ field (Fig. 4.41b). FS-300 sample showed a power dissipation of 75
mW mm, which increased two-fold to ~ 150 mW mm™ when the electric field strength was
600 V cm™. The flash event accompanies sudden consolidation of material in a matter of few
seconds with characteristics correlating to the observed power dissipation [385,386]. The
power peaks reported in literature that accompanies total densification of sintered bodies is
typically about one order magnitude higher than the values observed in this work [385,387].
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Figure 4.41: (a) Temperature program and relative shrinkage of LSTO by conventional
sintering (b) power dissipation plots for flash sintering of LSTO.

4.4.3 Characterization of sintered materials

All samples showed about 55% relative density subsequent to the sinter processing at
different conditions (Table 4.9, See Chapter 6.4 for density calculation). Such values are
representative of initial stages of sintering in which interparticle necks are formed, but total
densification of the material is not yet achieved [388]. Accordingly, only a moderate decrease
in material’s surface area was determined subsequent to the sintering process. Flash sintered
materials both display a 9 m? g Sger, whereas conventional sintering led to a 5 m* g™

specific surface area (Fig. 4.42a, Table 4.9).
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Table 4.9: Physical and catalytic parameters for Lag1SrogTiOs:+5 (LSTO) systems. Relative
density (p), crystallite size (®) and lattice parameters (a), specific surface areas (Sger),
TEM/EDX derived average atomic compositions of investigated LSTO systems acquired at
several survey positions normalized to nominal stoichiometric amounts in Lag1SrogTiOsz+s

formula (La, Sr, Ti), activation energies for the migration of charge carriers (E £') under air,

surface area normalized activation energies (E,fH4 %Y and the temperature for 50% of CH,

conversion (Tsgo)-

p @® a  Seer EES  E(H4O% Ty
Sample La Sr Ti
[%] [hm] [A] [m*g”] [eV]  [kImol™] [°C]
AP - 39 3902 24 010 0.93 0.97 - - -
1.079 124.1
CS 56 57 3.908 5 0.12 094 0.94 787
(£0.007) (£2.8)
0.942 101.3
FS-300 51 56 3.907 9 0.11 1.03 0.86 674
(+0.008) (+3.4)
0.971 103.9
FS-600 55 53 3911 9 0.12 0.96 0.92 664

(£0.004) (+2.4)
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Figure 4.42: N, physisorption isotherms (a) and X-ray diffractograms (inset showing the shift
of [110] reflex) (b) of investigated LSTO systems.
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XRD analysis over investigated systems shows that cubic phase is retained with a modest
grain growth of almost equal extent for each sample (Fig 4.42b, Table 4.9). This phenomenon
is commonly observed on donor substituted SrTiO3; and is ascribed to the formation of SrO
rich phases which inhibits the grain growth [26]. SrO formation in the sintering process of
donor doped SrTiOs; accompanied by inhibition of grain growth was reported by several
works in literature [282,389-391]. Furthermore, the shift of reflections to higher 20 angles
upon material pre-treatment indicates that sintering promotes expansion of the lattice unit cell.
The shift is more pronounced in flash sintered samples, likely due to the enhancement in

concentration of intrinsic point defects induced by the field assisted treatment [392].

Figure 4.43: SEM micrographs of LSTO systems (a) AP (b) FS-600 (c) CS.

Formation of cuboidal agglomerates with smoothened edges was observed in scanning
electron microscopy analysis, in accordance with the predicted morphology for the calculated
relative density values (Fig 4.43). HR-TEM investigations revealed the presence of local high
contrast phases on the grain surface which gets more conspicuous for flash sintered samples
(Fig 4.44). These local phases were ascribed to SrO. Sintering of SrTiOz under oxidizing
conditions promotes formation of partial Schottky pairs, Vs, and V, in accordance to (Eq.
2.5). Segregated strontium cations are then accommodated mainly on strontium-rich sites at
grain terminations or as local Ruddlesden-Popper phases in the lattice (Fig. 2.3) [282,283].

SrO segregation is enhanced in donor substituted SrTiO3; due to a further SrO formation
mechanism (Eq. 2.22) [390]. Additional charge introduced by donor cations in these systems
is mainly compensated by formation of free electrons. Oxygen from atmosphere can get
reduced by these additional free electrons during heat treatment under oxidizing conditions.

Reduced oxygen can then react further with strontium sites on the surface to form SrO phase.
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As a result, higher number of strontium vacancies are generated in the system in comparison

to oxygen vacancies [257,279].

Figure 4.44: SEM and TEM micrographs of (a-c) FS-600 (b-d) CS LSTO systems.

The increase in the thickness of SrO rich layers observed for flash sintered samples can be
explained by presence of higher number of strontium vacancies in accordance to the lattice
relaxation observed in XRD (Fig. 4.42b inset). The composition of observed higher contrast
surface layer of FS-600 was confirmed to be solely SrO by EDX analysis, whereas only
moderate Sr enrichment could be identified for the conventionally sintered counterpart (Fig.
4.45). Further enhancement of SrO layer and strontium vacancy concentration in flash
sintering is likely due to the supply of additional electrons to the system induced by the
applied current, which in turn leads to enhanced oxygen reduction from the atmosphere.

ESR spectroscopy was performed on CS and FS-600 samples in order to investigate the effect
of sintering treatment on the state of charge of the ionic species in the materials. Both systems
displayed a complex spectrum with a broad anisotropic signal at g = 2.003 superimposed of
different O~ centers (Fig. 4.46). This signal is of higher intensity for FS-600 and its
deconvolution by simulation studies yielded five components with different g values (Table

4.11). The decrease in g, value of different O™ centers corresponds to the strengthening of
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metal-oxygen interactions. In light of this correlation, the major signal component given for
gL =2.055 (O ;) was assigned to oxygen centers adsorbed on SrO [153,393]. The remaining
components (O iy, Oy and O pvy) likely arise from oxygen centers adsorbed on Ti** sites
with differing chemical environments. Finally, almost isotropic peaks centered around g =
1.979 can be assigned to Ti** centers. Other minor features were also identified on the
complex ESR spectra, which may be assigned to Mn*" impurities. These signals denoted with
asterisks are slightly more conspicuous for conventionally sintered sample, CS. Such acceptor
impurities can be readily observed for nominally undoped SrTiO3 and are almost impossible
to eliminate due to relative abundance of cations of lower valence in earth’s crust [284]. The
larger concentration and stability of O™ centers in FS-600 can be explained by the increased
amount of strontium vacancies in this system [394]. Strontium vacancies which modify the
state of charge are mainly located at surface and sub-surface region where they become
available to react at the interface sites upon temperature activation. These paramagnetic
defects may be arising from the current exposure in flash sintering or due to charge
compensation mechanisms related with cationic vacancies. However, clear discernment of the

specific contribution of these mechanisms was unfortunately not possible.
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Figure 4.45: Atomic compositions acquired from TEM/EDX over the circular area of
investigated LSTO samples (a) FS-600 (b) CS.
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Figure 4.46: (a) ESR spectra of differently processed LSTO samples at 130 K in vacuum
with the asterisks denoting the Mn®* defects. (b) Magnification and simulation of the
resonance occurring in FS-600: experimental (exp.) and simulated (sim.) spectra;

deconvolution of ESR signal into different paramagnetic species.

Table 4.10: g tensor values of the paramagnetic defects detected over FS-600 sample,
determined by simulation of the ESR features. The relative contributions of the O~ and Ti**

species (calculated as % of the total signal intensity) are also reported.

Species g-values Contribution [%0]
O 9+=20550, gj=1.9950 45
Oy gL=2.0030, g = 1.9990 22
Oy gL=2.0190, g = 1.9970 12
O vy 9+=2.0350, g =2.0030 6
Ti%* g =1.979 15

The oxygen mobility and reactivity were investigated further by TPD-O, studies (Fig. 4.47).
All LSTO samples showed similarly negligible desorption, in accordance with the established
defect chemistry relations that estimate very low oxygen vacancy concentrations for LSTO
samples sintered at oxidizing conditions [384,390].
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Figure 4.47: Temperature programmed desorption (TPD-O;) profiles of LSTO systems

sintered at different conditions.

As discussed in Chapter 2.5.4, preparation route and pretreatment of the material have a
strong influence to the defect chemistry of donor substituted strontium titanate. Considering
the concentration of electrons are always substantially larger than holes ([e’'] > [h]) in donor
substituted SrTiO3 at the whole pO, range [390], the electroneutrality condition above 1000
°C given on Eq. (2.23) with the Kroger-Vink notation [278] can be written as:

2[Vo] + [Lag,] = 2[Vsr] + [€'] (4.5)

where V;, and Vs, are doubly charged oxygen and strontium vacancies respectively, Lag, is

lanthanum donor species substituted on strontium sites, and e’ are the electrons [390].

LSTO materials show substantially high n-type conductivity upon sintering in reducing
atmospheres through formation of oxygen vacancies which are compensated by free electrons
in the system [65,257,395]. In oxidizing conditions, the concentration of oxygen vacancies
decreases and as the partial pressure of oxygen increases the donor species get mainly
counterbalanced by electrons and strontium vacancies respectively according to equations
(2.25) and (2.26). At this regime, the ceramic material then shows insulating behavior. The
concentration of strontium vacancies is mainly governed by material’s synthesis and sintering
conditions [390]. At intermediate temperature range (below 1000 °C), the strontium vacancies

can be considered as fixed in since they are not mobile enough to equilibrate with atmosphere.

Fig. 4.48a shows the conductivity of materials sintered at different conditions as a function of

oxygen partial pressure at the intermediate temperature range up to 700 °C determined by
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electrochemical impedance spectroscopy. In accordance with the abovementioned defect
chemistry behavior and reports in literature (Fig. 2.19) [282,297], the materials all showed
constant conductivity independent of oxygen partial pressure at this intermediate pO, regime.
It should be noted that the low relative densities of the materials might have led to decreased
grain contact which can affect the outcome of conductivity measurements. For instance, a
slight p-type conductivity could be assigned to FS-600 sample on Fig. 4.48a (slope = + 0.04),
which is confirmed by the relatively high hole concentration of the material as evidenced by

ESR analysis.

Lower conductivity of the flash sintered samples in comparison to their CS counterpart can be
ascribed to the higher concentration of strontium vacancies, which are fixed in to the lattice in
the intermediate temperature regime (700 °C). The effective donor dopant concentration is
determined by these fixed in species, which in turn governs the concentration of the mobile

charge carriers.
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Figure 4.48: (a) Specific conductivity of LSTO systems sintered at different conditions as a
function of oxygen partial pressure at 700 °C determined by electrochemical impedance
spectroscopy (b) Calculated activation energies for charge migration from the Arrhenius-type

conductivity plots of EIS.

The influence of flash sintering on the charge transport properties are also evident in the
evolution observed in activation energies of charge migration, E E'S (Fig 4.48b, Table 4.9).
Conventionally sintered LSTO, shows an E ES value of 1.08 eV under air atmosphere and the

activation barrier is lowered when oxygen partial pressure is decreased. The decrease in E EIS
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in this case may be due to additional contributions from newly formed charge carriers such as
oxygen vacancies. However, the activation energy lowering does not accompany an evident
increase in the conductivity, probably due to minuscule oxygen vacancy amounts as shown by

TPD-0O, measurements, lacking grain contact or a combination of both effects.

Flash sintered samples on the other hand, show unchanging activation energy for charge
migration at the investigated pO, range. FS-300 and FS-600 samples both show similar E,
with a magnitude about 0.1 eV lower than CS counterpart, due to the higher [Vg,] in their
lattice. The charge carrier mobility can be promoted by A-site deficiency in LSTO, since the
excess strontium vacancies push the equilibrium Eq. (2.7b), which describes reduction of the
oxide, to the direction of products and facilitate formation of free electrons [396-398].

Mesoscopic size effects may also be playing a role in the enhanced charge transport of flash
sintered LSTO ceramics. These effects refer to the condition in which grains and space charge
zones induced by the grain boundaries are of similar dimensions, so that unperturbed bulk
behavior is not observed within the particles [399,400]. In such cases, overlap of Schottky
barriers at grain boundaries lead to substantial decrease in space charge potentials and
significantly alter the material’s electrical properties [401-403]. Although the grains of
conventional and flash sintered materials are of similar dimensions, FS samples may possess a
much larger space charge region due to the significantly higher number of strontium
vacancies engendered by the electric field exposure, which can in turn lead to grain depletion
effects and facilitate charge transport. Unfortunately, determination of space charge widths at
the grain boundaries via electrochemical impedance analysis was not possible due to
insufficient densification of LSTO samples.

4.4.4 Influence of sintering on catalytic properties

The influence of the modified defect configuration to catalytic properties of the LSTO
systems upon high temperature treatment under electric field exposure were investigated via
activity tests of model high temperature catalytic reaction, CH, oxidation. Reaction products
have been carbon dioxide and water over each catalyst, pointing to full oxidation of methane.
The steady state conversions over LSTO catalysts in Fig. 4.49a show that the catalytic
performances of flash sintered samples are significantly higher in comparison to
conventionally sintered counterpart. Methane oxidation over FS catalysts is already initiated

at 500 °C and almost complete oxidation is observed at 800 °C. CS sample on the other hand
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only attains 58% conversion at this temperature. Accordingly, Tso, Values given for FS
samples are about 100 °C lower than of CS (Table 4.9).
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Figure 4.49: (a) Steady state conversions obtained for CH, oxidation over LSTO systems
sintered at different conditions. (b) Pertaining Arrhenius-type plots. Reaction rates are

normalized by surface area of each sample.

Arrhenius plots determined from the Kinetic investigations also indicate a higher activation

barrier for methane oxidation for conventionally sintered LSTO in comparison to flash

sintered counterparts (Fig. 4.49b, Table 4.9). The ECfH‘* % values for methane oxidation are in
good agreement with the trend observed for the activation barrier determined of charge carrier
migration by electrochemical impedance spectroscopy. These findings indicate a correlation

between improved catalytic activity and enhanced concentration of charge carrier species in

FS samples. Furthermore, similar E-™ °* values determined for flash sintered samples with

varying applied potential during electric field treatment indicate that methane oxidation over

these samples involves similar reaction mechanism.

The large disparity between the catalytic performance of conventional and flash sintered
LSTO is intriguing, in particular considering the identical chemical environment and
microstructure. The phenomenon can be partially explained by the higher surface area of FS
samples (Table 4.9), but cannot account for it completely since surface area normalized

reaction rates still indicate a superior catalytic activity for FS samples (Table 4.11).

Considering the defect structure analysis and reports in literature, the enhancement of

catalytic activity in flash sintered LSTO is mainly ascribed to the larger concentration of O™
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centers in these systems [153,404]. Typical oxide catalysts for chemical oxidation of methane
as well as LSTO sintered in reducing atmospheres accommodate a sizable amount of oxygen
vacancies, which can provide sites for oxygen to react with the dissociatively adsorbed
methane molecules [370,373,405,406]. Considering the insignificant amount of oxygen
vacancies present in LSTO sintered in oxidizing conditions (Fig. 4.47), we can plausibly
argue that the active O™ species that react with methane on these oxides are the ones stabilized
around cationic centers. Although oxygen species near Ti** centers are considered as the main
active sites in these systems [153], recently Staykov et al, demonstrated that O~ sites
stabilized around Sr** cations of surface SrO can also promote the oxidation reaction [407].
The significant enrichment of O— sites near Ti** and Sr** for flash sintered samples as
determined in ESR measurements (Fig. 4.46a) can therefore account for the catalytic
performance improvement. Enhanced charge carrier mobility as a result of increased A-site
deficiency in the flash sintered systems may also be considered as a further contributor for the
superior performance [396,397].

Table 4.11: Comparison of reaction rates over LSTO systems presented in this work and
reported values in literature for similar Sro9Gdo1TiO3 system treated in oxidizing conditions
[408] along with MIEC perovskites, such as LaFeO3[12], LaggsSro.34C002Fe0s03[158] and

LaCoo sFep403[170]. All values were retrieved at T = 600 °C and normalized by surface area.

Material Reaction rate [107 mol s m™]
Lag1SrogTiO345/ CS [this work] 0.54
Lag.1SrooTiO3/ FS-300 [this work] 1.51
Lag1Sro9TiO3 / FS-600 [this work] 1.55
SrooGdo1TiOs [408] 0.24
LaFeOs [12] 451
Lao.66Sr0.34C00.2F€0.803 [158] 6.5
LaCogsFep 403 [170] 0.27
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4.4 Modification of defect structure: Lag1SrogTiO345

The reaction rates over investigated LSTO catalysts in this work were compared to other
donor substituted SrTiOs insulators sintered in oxidizing conditions as well as MIEC
perovskites with known methane oxidation activity (Table 4.11). The surface area normalized
reaction rates indicate that flash sintered LSTO shows over 6 times higher activity in
comparison to donor substituted SrooGdy1TiO3 system [408], demonstrating the significant
performance improvement achieved by the defect structure modification. Although,
determined rates are of same order of magnitude with the values reported for MIEC
perovskites such as LaggsSro.34C002Fe0803 [158] and LaFeOs [12] in literature; comparable
performance could not be attained by the defect structure modification of Lag1SrogTiOs4s
oxides via flash sintering treatment. This result is not unexpected considering the substantially
superior oxygen mobility and redox characteristics of MIEC systems, which promotes the

oxidation reaction.

4.4.5 Sub-chapter summary

Catalytic property improvement through defect structure modification of Lag1SrogTiOz+s
(LSTO) insulator system was investigated via flash sintering approach, which is a novel
technique mainly employed to enhance thermal stability of ceramics at lowered energy and
time costs. Flash sintering of LSTO nanoparticles under oxidizing conditions engendered
larger concentration of strontium vacancies in comparison to conventionally sintered
counterpart. On the other hand, alteration of electric field strength did not induce significant
difference in material characteristics. The difference likely stems from the additional electrons
introduced to the system by the induced current, which can reduce the oxygen from
atmosphere and lead to the reaction of reduced oxygen species with strontium sites on the
surface. HR-TEM/EDX investigations confirmed the enhancement of strontium segregation
on the surface of flash sintered (FS) samples in the form of SrO sites. In accordance with
enhanced concentration of Vg, sites, activation energies for charge migration determined by
EIS were determined to be 0.1 eV lower for FS samples compared to CS counterpart.
Moreover, ESR studies showed significant enrichment of O™ centers near Ti** and Sr** for FS
samples. Enhancement of catalytic properties by modified defect structure was demonstrated
by model high temperature reaction, CH, oxidation. Flash sintered samples showed
significantly improved methane oxidation performance than conventionally sintered
counterpart as well as similar donor substituted SrTiO3 oxides reported in literature, thanks to

their altered functional properties.
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Chapter 5

Conclusions & Outlook

In this work, a comprehensive design approach towards high performance perovskite oxide
catalysts was presented. Variation of porosity, composition and defect structure were
investigated over a SrTiO3 based perovskite system and the structure — function relationships

were identified via catalytic tests of model reactions relevant for environmental catalysis.

A facile route was developed to prepare perovskite oxides with tailored mesoporous
nanostructure. In this novel process, polycondensation of metal chelate complexes and
alkoxysilanes leads to an interpenetrating network through cooperative assembly of inorganic
and organic constituents. Close intertwinement of networks enables effective removal of in
situ formed silica template from the perovskite/silica nanocomposite obtained through
calcination. Porosity enhancement of SrTiOz basis composition was investigated by varying
the template load between 6 — 40 vol.% in this cooperative assembly route.

The chemical nature of the siliceous species in as-prepared nanocomposites was assessed by
°Si NMR spectroscopic analysis, which showed only monomeric, dimeric and oligomeric
units at low template loads, whereas above 11 vol.% condensed silica species dominated,
indicating successful templating action. Excluding a minor fraction of residual silicate species
that incorporated into perovskite lattice, siliceous species were completely removed from each
sample by sodium hydroxide etching. Subsequent to the etching treatment, pure-phase
polycrystalline SrTiO; powders with highly interconnected mesopores and were obtained.
Increasing template load led to gradually increasing specific surface areas between 60 — 240
m? g accompanied by decreasing grain sizes from 31 to 15 nm. Shrinkage of grains was

ascribed to the rising diffusion barrier to mass transport with increasing template load.
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Although, minor Sr deficiency was present in highly porous samples, band gap energies
remained relatively unaffected since these sites do not participate in the electronic band

structure of SrTiOs.

The activity enhancement of the highly porous materials was demonstrated via photocatalyzed
methylene blue degradation tests that have practical relevance for wastewater treatment
applications. Mesoporous SrTiO; photocatalysts yielded significantly enhanced dye
conversion in comparison to the reference nanoparticulate SrTiO3, showing ~ 7 times higher
degradation rate after surface area normalization. The superior photocatalytic properties of the
mesoporous SrTiO3 samples can be explained through their excellent crystallinity within a
three-dimensional mesoporous network with well interconnected pores which leads to
enhanced utilization of incoming light as a result of multi-reflections within pores and quick
charge transport kinetics due to short diffusion path lengths and lower amount of
recombination centers for electronic charge carriers on the solid [124]. Moreover, dye
degradation activity was enhanced almost linearly with growing porosity and decreasing
crystallite size of the mesoporous SrTiO3 catalysts. Increasing surface area leads to additional
active sites accessible to the reactants, whereas down-sizing of grains can enable quantum

effects that leads to enhanced charge transport, thereby improving catalytic activity [363].

Favorable photocatalytic activity of SrTiOz under UV irradiation stems largely from the
electronic band structure and photocorrosion resistance of the material [409]. On the other
hand, thermally activated catalytic reactions depend strongly on the dynamic chemical
interaction between the catalyst and reactants. Highly performing catalysts in these reactions
are by definition chemically instable materials and thus cannot remain effective for long
periods of time without deactivation, whereas chemically stable materials such as SrTiOs, do
not show appreciable activity. The design principle for an optimum perovskite catalyst for
these reactions, thus, requires a carefully tailored compromise between activity and stability.
Adjustment of this compromise was investigated by modification of SrTiO; composition
through La- and Fe- co-substitution. Mesoporous Lag 3Sro7TiixFexOs.s (LSTF) solid solutions
with varying Fe-substitution between 0 < x < 0.5 were prepared by a simple variation of the
template-free polymer complex route. Highly crystalline pure-phase cubic perovskite oxides
with ~ 65 m? g* specific surface area were obtained. The materials all showed excellent phase
and thermal stability up to 600 °C under oxidizing and reducing conditions. This result can be

ascribed to excellent crystallinity and phase purity of the prepared solid solutions as well as to
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5 Conclusions & Outlook

the presence of stabilizing La cations on the A-sites as previously reported for similar systems
[30-32]. Charge transport properties, oxygen mobility and reducibility of the materials
enhanced with increasing Fe substitution up to 50 mol.%. Catalytic activity towards model
reactions, CO and CH, oxidation, followed similar trend leading to increasing conversion
with higher Fe-substitution of the LSTF catalyst. Moreover, a drastic shift in catalytic
characteristics was observed when the iron substitution in LSTF catalysts was increased from
10 to 30 mol.%. This shift was ascribed to the change in charge transport mechanism of the
material from insulator characteristics with n-type conductivity ([Fe] < [La]) towards a p-type
conductor with enhanced charge carrier mobility ([Fe] > [La]). Moreover, easily reducible
Fe** species that promote catalysis started being formed above 10 mol.% Fe substitution.

Yielding almost complete conversion of CO and CH,4 at 300 and 600 °C respectively, 30 and
50 mol.% Fe substituted samples showed similarly excellent oxidation performance, superior
than of reported Fe-based perovskite catalysts in literature with up to 90 times higher activity.
The superior performance was ascribed to the incorporation of chemically complex LSTF
composition in a mesoporous bulk system with nano-sized grains, which enabled further
enhancement of material’s functional properties such as oxygen mobility and reducibility.
Two separate reaction mechanisms for CH, oxidation were identified by kinetic studies over
LSTF samples. These coexisting reaction mechanisms were ascribed to suprafacial and
intrafacial processes and the contribution of each mechanism to total reaction rate was
determined. At 50 mol.% Fe substitution, intrafacial reaction mechanism becomes prominent,
whereas suprafacial mechanism is maximized at 30 mol.% Fe substitution. Considering the
enhanced stability provided by the additional Ti sites on the Lag 3Sro7Tip7Fe 303 system, 30
mol.% Fe substitution can be deemed to provide the optimum performance/stability

compromise for stand-alone oxidation catalysis.

Simultaneous incorporation of chemical and textural complexity to the catalyst system design
was investigated by employing cooperative assembly synthesis route to prepare highly porous
LSTF solid solutions with Lag 3Sro7TigsFeo 5035 nominal stoichiometry. Influence of siliceous
template to the porosity and other material properties was investigated by setting the template
load between 11 — 40 vol.%. Pure-phase highly crystalline mesoporous aggregates with
specific surface areas up to 201 m? g™* were successfully obtained. Moreover, highly porous
LSTF showed decent thermal stability with only minor porosity loss (~15%) after heat

treatment at 600 °C under reducing conditions. However, despite their higher surface areas,
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porous LSTF oxides showed inferior catalytic performance in CH, oxidation. This
contradictory finding can be explained by the stoichiometry deviation observed on the
templated materials. Fe deficiency which becomes more prominent at higher template loads,
likely plays a central role in performance loss, since iron centers provide the active sites for
the methane oxidation in LSTF system. Another contribution to the performance loss was
identified as the surface deactivation of the material due to sodium hydroxide etching
treatment for template removal. Despite their sub-optimal functional properties, highly porous
LSTF oxides showed promise as support material in oxidation catalysis. Pt nanoparticles
supported by highly porous LSTF oxides attained higher performance than commonly
employed CeO, supported Pt catalysts in CO oxidation. This result can be explained by the
excellent oxygen supply capability of LSTF oxides to the Pt active phase, as well as possible
nanoconfinement effects and interactions between metal and perovskite that enhance the

reactivity at metal — oxide interface sites.

A-site substitution in perovskite oxides usually does not incur significant changes in catalytic
performance [5]. In fact, donor substitution in SrTiO; based system can lead to minor
performance losses due to suppression of charge carriers, as discussed for the
Lag3Sro7TipoFe10s.s system. However, complexity of the charge transport mechanism in
substituted perovskite oxides can be potentially exploited through tailoring the concentration
of ionic and electronic charge carriers and thereby the catalytic activity of the material. The
application of this strategy was investigated by implementing the novel flash sintering
technology on Lag1SrogTiOs:s (LSTO) nanoparticles, which is mainly investigated in
literature as a time and energy effective consolidation technique to obtain ceramics with high
thermal stability. Simultaneous heat treatment and electric field exposure in flash sintering of
LSTO samples led to enhanced concentration of Sr vacancies and O~ sites along with
markedly lower activation energy for charge migration in comparison to the conventionally
sintered counterpart. Moreover, flash sintered samples retained two-fold higher surface area.
Combination of these improved properties enabled flash sintered LSTO to show significantly

superior catalytic performance than similar donor substituted SrTiO3 systems in literature.

Complexity and flexibility of perovskite oxide systems present many opportunities and
challenges towards development of high performance functional systems in environmental
catalysis. Variation of perovskite oxide composition, either by doping with small amount of

foreign atoms or by devising single phase substitutional solid solutions with several
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5 Conclusions & Outlook

constituents is an effective strategy to precisely tailor the material for the desired functional
properties. On top of that, design of mesoporous nanoarchitectures which are readily
accessible to reactant molecules is crucial to maximize the number of active sites on catalyst
surface as well as to attain unique surface properties and catalyst — reactant interactions that
are enabled by the nanostructuring of the material. As demonstrated in this work through
mesoporous SrTiO3 and Lag 3Sro 7 TiixFexOs.5 Systems, such designs indeed induce significant

enhancement of catalytic activity.

Thus, preparation of highly porous perovskite nanostructures within a chemically complex
composition stands as a crucial design goal towards high performance perovskite catalysts.
For instance, band gap engineering of highly porous SrTiOz nanostructures through ionic
doping to enable visible radiation absorption can be a promising strategy towards superior

photocatalysts in wastewater treatment and solar water splitting [117].

On the other hand, attaining highly porous structure and precise stoichiometry simultaneously
is a challenging task as demonstrated through LSTF solid solutions prepared by the
cooperative assembly route. Better optimization of synthesis and template removal parameters
in this route to prepare LSTF solid solutions with precise stoichiometry may enable desired
activity enhancement. Moreover, heat treatment of the material in different conditions can be
utilized in attempt to re-activate the catalyst surface.

During last two decades significant efforts have been made to prepare nanoporous perovskite
oxides by implementing the synthetic protocols developed in the broader nanotechnology
field. However, perovskite oxides prepared by these routes are in most cases still fairly
limited to non-substituted systems with mediocre surface areas (~50 m? g) [14]. Moreover,
prepared materials commonly show sub-optimal structural and functional properties. Thus,
further development of these routes is crucial in order to attain highly porous complex
perovskite nanostructures with well-defined functional characteristics that can have

commercial utilization.

A potentially fruitful application of these systems that has not yet found sufficient attention in
perovskite catalysis research is their utilization as active support in combination with noble
metal catalysts. Perovskite oxides with optimized textural properties can plausibly provide a
superior alternative to currently used supports by benefiting from the unique interactions
between the oxide and metal, as well as by providing additional active sites for the reaction

and improving the life span of the catalyst system [410,411]. This application can be utilized,
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not only in thermally activated reactions, but also in photocatalyzed processes such as
photocatalytic water-gas shift reaction over supported noble metal catalysts [412,413]. Once
porous perovskite nanostructures with decent stand-alone catalytic activity are obtained,
research in this area should focus on improving the weak resistance of perovskite oxides

towards poisons such as sulfur dioxide and exploiting the metal — perovskite interactions [5].

Furthermore, recently there is growing interest in in-situ exsolution of metal nanoparticles
from the perovskite lattice through reductive heat treatment [414]. Retainment of the porous
structure during the harsh conditions of the high temperature process should be further

investigated to achieve active bifunctional systems through exsolution process [14].

Despite the large body of work that is accumulated over years which identifies the structure —
function relationships in perovskite oxide catalysts and provides models to describe the
mechanisms of catalytic reactions, a physical theory of the catalytic processes with knowledge
of their atomic details is far from being achieved [144]. A major challenge in understanding
these interactions stems from the fact that catalysts are often characterized in their static state,
whereas electronic and geometric structure are modified in every catalytic cycle dependent on
the dynamic interactions between the catalyst and reactants. Hence, in-situ analytical methods
to characterize the active sites during reaction conditions should be extensively utilized and
further developed if necessary for rational design of catalyst materials [143,415]. Moreover,
guantum mechanics calculations can be implemented to determine the favorable conditions

for the catalytic sites of particular processes [416] .

Notwithstanding the great achievements in perovskite catalyst research in recent decades,
significant progress in material development is still required for commercial utilization of
perovskite oxides in catalysis. In this respect, effective incorporation of the nanotechnology
derived strategies to prepare chemically complex mesoporous perovskite oxide nanostructures
can be deemed as the most immediate design challenge. The present work provides insights
towards the preparation of such complex systems through precise tuning of composition,

nanoarchitecture and defect structure.

134



Chapter 6

Experimental

6.1 Material preparation

In this section, the preparation procedures of SrTiO3; and related perovskites investigated in
this work are described. The precise amounts of precursor materials used in the syntheses are

reported on Table 6.1.

Template-free preparation of SrTiO3 and Lag3Sro7TiixFexOs.s mesoporous powders

Metal — citrate Metal cations fixed in Crystalline
complex polyester gel perovskite

Figure 6.1: Synthesis scheme for template free polymer complex route.

An optimized polymer complex route was employed for the template free preparation of
SrTiO3 (STO) and LagsSro7TirxFexOss (LSTF). In a typical synthesis, titanium (IV)
isopropoxide (Ti[OCH(CHs).]4, TTIP) was initially introduced to 11.9 mL glycerol (15.0 g,

135



6.1 Material preparation

0.162 mol) and stirred for 30 min at room temperature. Then, 40.7 mmol citric acid (CA, 7.82
g) were added and the solution was heated to 60 °C. After further 30 min stirring,
stoichiometric amounts of Sr(NOs),, La(NO3);6H,0O and Fe(NO3)39H,0O were added one
after another at 30 min intervals (See Table 6.1). When the addition of precursors were
completed, the solution was stirred vigorously further for 2 h and then heated to 130 °C. The
polycondensation reaction between the glycerol and citric acid at this temperature resulted in
a polymer gel, which was then calcined in air to obtain desired perovskite oxides (Fig. 6.1). A
2 °C min™ heating ramp was used in the calcination process with 2 h temperature hold steps at
an intermediate temperature and the final temperature of 600 °C. The intermediate
temperature was set at 350 °C for SrTiO3z and 400 °C for Lag3Sro7Ti1-xFexOs.s compositions.
Obtained perovskite powders (~700 mg) were treated with 100 mL acetic acid (1.0 M) for 1 h
to remove carbonate impurities [125] and subsequently washed with deionized water

thoroughly to attain pH neutrality.

Preparation of Prehydrolyzed Alkoxysilane Solution

61 ml ethanol and 61 ml TEOS were mixed and 6.9 ml HCI (0.02 M) was added dropwise on
this solution. The mixture was stirred at 60 °C for 1.5 h and stored at 4 °C [417].
Prehydrolyzed TEOS solution is labeled p_TEOS on Table 6.1.

Cooperative assembly synthesis of mesoporous perovskites with enhanced porosity

A facile cooperative assembly route based on polymer complex process was developed for the
preparation of highly porous perovskite powders with nominal stoichiometries of SrTiOz and
Lag3Sro7TipsFeos03-5 (Fig. 6.2). In this modified route, subsequent to addition of cationic
precursors and 1 h stirring, the prehydrolyzed alkoxysilane solution (p_TEOS) was added in
varying amounts to the reaction mixture as an inorganic endotemplate. After 2 h further
stirring the temperature was raised to 130 °C leading intimately growing polyester and silica
chains to form into a well interwoven network. The resulting gel was then calcined under air
to obtain an interpenetrating perovskite — silica nanocomposite. Obtained powders were
initially subjected to the same acetic acid treatment described for template free samples.
Subsequently, the nanocomposites (in 350 mg portions) were treated with 25 mL NaOH (2.0

M) at 90 °C for 24 h to remove the silica template. Finally, the acetic acid treatment was
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repeated. After each step, the powders were washed thoroughly with deionized water to

ensure pH neutrality.

o_o Tetraethoxy

l;«-\ o 0 .
—: HOT ok Glycerol orthosilicate

—_— —_—

NaOH + AcOH
etching

o \ 4.  cooperative

| .. calcination
polymerization

~ 0 N
B O

Reaction Gel Perovskite : SiO, Nanoporous
mixture nanocomposite perovskite oxide

Figure 6.2: Synthesis scheme for cooperative assembly synthesis of perovskite oxides with

tunable porosity. Red chains on the scheme represent formation of SiO, network..

Synthesis and deposition of Pt nanoparticles on highly porous LSTF

Synthesis and deposition of Pt nanoparticles were performed by Siwon Lee as part of

collaboration with the research group of Prof. WooChul Jung at KAIST.

An aqueous solution was prepared by dissolving 12.5 mL alkyltrimethylammonium bromide,
C1sTAB, (0.4 M) and 5 mL potassium tetrachloroplatinate(ll), K,PtCl,, (0.01 M) in 29.5 mL
deionized water under continuous stirring. Temperature was raised to 55 °C and the solution
was further stirred for 25 min. Subsequently, 3 mL of an ice-cooled agueous sodium
borohydride (NaBH,) solution (0.5 M) was added as reducing agent. Evolving hydrogen gas
were released from the flask through a needle for 20 min. Reaction mixture under continuous
stirring was maintained at 55 °C for 15 h. 10 mL ethanol was added to the resulting brown sol
and the mixture was centrifuged at 12,000 rpm for 1 h. The supernatant solution was removed
and then the centrifugation was repeated. Final precipitate comprised of Pt nanoparticles

(NPs) was collected and redispersed in 5 mL deionized water.

The deposition of as prepared Pt NPs on the highly porous LSTF (LST.50F_40) was initiated
by dispersing the oxide powder in a mildly basic (pH ~ 8) aqueous solution to induce negative

surface charge. The colloidal Pt solution with positively charged Pt NPs was then added in a
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6.1 Material preparation

suitable amount to give 1 wt.% of the total catalyst weight. The mixture was stirred for 10 min
and the resulting suspension was centrifuged at 8000 rpm for 10 min. The precipitate was then

collected, dried in an oven and annealed at 350 °C for 5 h under air.

Solvothermal Synthesis of Lag1SrogTiOs45

The initial as-prepared Lag1SrooTiO3 (AP LSTO) particles with high purity and well-defined
morphology in Chapter 4.4 were prepared by a modification of the solvothermal synthesis
route described by Ouyang et al. (Fig. 6.3) [130].

Mixing & evaporation of Hydrothermal LSTO
solvents treatment nanoparticles
Sr Ti+
precursor precursor @@

in HOAc | ol [ in EtOH

1M NaOH
T=170°C

Figure 6.3: Synthesis scheme for solvothermal synthesis of Lag 1SrooTiOs.+5 nanoparticles.

In this approach, 5.0 mmol titanium (IV) isopropoxide (TTIP, 1.47 g) and 0.5 mmol
lanthanum nitrate hexahydrate (LaNO36H,0, 0.217 g) were respectively dissolved in 30 mL
ethanol. A second solution was prepared by dissolving 4.5 mmol strontium acetate
hemihydrate (Sr(OOCCHjs),0.5H,0, 0.99 g) in 20 mL glacial acetic acid. This second
solution was added dropwise on the ethanol based solution. Resulting mixture was stirred for
1 h at room temperature to ensure acetic acid chelation and then heated to 75 °C under
continuous stirring until complete solvent evaporation (~ 48 h). Subsequently obtained gelatin
was ground to a white powder and further dried at ~ 80 °C overnight. 700 mg of this powder
was placed in a 10 mL Teflon liner, which was then filled to 80% of its total volume with a 1
M NaOH solution. The Teflon liner was sealed in a stainless steel autoclave and
solvothermally treated in an oven under autogeneous pressure at 170 °C for 24 h. After
cooling down, the precipitate was extracted from the Teflon liner and washed thoroughly with
deionized water to ensure pH neutrality. Finally, the filter cake comprised of Lag1SrooTiO3

nanocuboids was dried at 80 °C overnight.
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6.2 Instrumental characterization

6.2 Instrumental characterization

N, physisorption The nitrogen sorption isotherms were obtained at
77 K using a Quadrasorb SI-MP by Quantachrome. Outgassing was performed with a
Masterprep Degasser (Quantachrome Corp.) at 120 °C for 12 h. Specific surface areas were
determined with the Brunauer—-Emmett—Teller (BET) method [418] at p/po = 0.07 — 0.3. Pore
size distribution was determined with the NLDFT method [306] applying the model for
cylindrical pores on the adsorption branch by using the Quantachrome ASiQWin software.

X-ray diffraction XRD analyses were carried out with an X’Pert
Pro diffractometer (PANalytical Corp.) with 1.5406 A Ni-filtered Cu-Ka radiation, operating
at 45 kV and 40 mA. The mean crystallite sizes were calculated from the full width at half
maximum (FWHM) of the most intense reflection (110) using the Scherrer equation (3.4).

Electron microscopy Transmission electron microscopy measurements
were carried out on a JEOL JEM 2200 FS operating at 200 kV equipped with two CEOS Cs
correctors (CETCOR, CESCOR), a JEOL JED-2300 Si(Li) EDX (energy dispersive X-ray
spectroscopy) detector, a Gatan 4K UltraScan 1000 camera and a HAADF (high angle
annular dark field) detector. The sample was grinded into a fine powder, which was
suspended in toluene by sonication and dropped on a carbon coated 400 mesh TEM grid. The

excess of solvent was removed with a filter paper and by drying the grid under air.

Energy dispersive X-ray spectra and mapping were acquired using 256x256 pixels
(pixel size of 0.7 nm) and a dwell time of 0.5 ms pixel™ (corrected for dead time) with 30
cycles. Additionally, EDX measurements were repeated at least on three positions for each

sample and less than 1.0 at. % disparity was observed for surveyed cations at each point.

Scanning electron microscopy images were obtained on a LEO1550 with a spatial
resolution of = 1 nm. The powder was fixed on a standard carbon conductive tab and was

investigated without further conductive coating.

X-ray photoelectron spectroscopy XPS spectra of mesoporous SrTiO3z aggregates
(Chapter 4.1) were acquired by using a Perkin-Elmer 5600ci spectrometer using standard Al

radiation (1486.6 eV) working at 250 W. The working pressure in the analysis chamber was <
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5 . 10 Pa. The spectrometer was calibrated by assuming the binding energy (BE) of the
Au4f;, line at 83.9 eV with respect to the Fermi level. The standard deviation for the BE
values was 0.15 eV. The reported BE were corrected for the charging effects, assigning to the
C1s line of adventitious carbon the BE value of 284.6 eV [357,419].

Survey scans (187.85 pass energy, 1 eV/step, 25 ms per step) were obtained in the 0-
1350 eV range. Detailed scans (29.35 eV pass energy, 0.1 eV/step, 100-150 ms per step) were
recorded for the C1s, O1s, Ti2p, Sr3d, Si2p, TILMM regions. The atomic composition of the
powders, after a Shirley type background subtraction [420] was evaluated using sensitivity
factors supplied by Perkin-Elmer[357]. The assignments of the peaks was carried out by using

the values reported in the reference handbook [357].

XPS spectra of Lag3Sro7TiixFexOs.5 (Chapter 4.2) were acquired using a Sigma probe
(Thermo Scientific, USA) under ultrahigh vacuum environment with a 400 pm-diameter beam

of monochromatic X-ray source, Al Ko (hv = 1486.6 eV) radiation.

Ultraviolet and visible spectroscopy UV/Vis spectra of the methylene blue solutions
and of the porous SrTiO3 samples (Chapter 4.1) were recorded with a Cary 5000 UV/Vis-NIR
spectrophotometer of Varian. The powder measurements were implemented with the help of
Praying Mantis Diffuse Reflection Accessory by Harrick. Obtained reflectance spectra were
converted to absorbance mode with Cary WinUV software. The linearization parameters of

the Tauc plots on Fig. 4.10 are reported on Table 6.2.

Infrared spectroscopy Infrared spectra were obtained in the region 400 —

4000 cm™ in transmission mode with a Bruker Vertex 70 FTIR spectrophotometer.

Electrochemical impedance spectroscopy Impedance measurements were performed
using a Novocontrol Alpha A impedance analyzer connected to a NorECs Probostat® sample
chamber. A Novocontrol-HT controller connected to a type S thermocouple mounted next to
the sample was employed for temperature control. A colloidal silver paste (Pelco®™) was
applied on both sides of the analyzed pellets to ensure contact to the Pt net electrodes.
Frequencies in the range of 102 Hz to 10" Hz were employed with an amplitude of 100 MV,

for all measurements.
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Novocontrol WiInFIT was used for data evaluation and equivalent circuit fitting. An
equivalent circuit consisting of three RQ elements usually ascribed to grain boundary, bulk
and electrode interface contributions was employed to fit the experimental data. The oxygen
partial pressure was set by mixing Ar 5.0 with air using MKS MF-1 mass flow controllers.
Partial pressures were monitored using a NorECs miniature oxygen sensor electrode with a

sealed internal metal/metal oxide reference and a Rigol DM-3058 multimeter.

A constant gas flow of 19 sccm was employed for all measurements in Chapter 4.4
with the gas supply tube ending in close proximity to the sample. All samples were
equilibrated for 13 hours at the desired partial pressure. Each temperature was held for 3
hours before a measurement was performed. Temperature was varied between 700 — 400 °C

with whereas pO, was varied between 0.21 — 10™ bar by adjusting the air/Ar atmosphere.

Lag 3Sro7TiixFexOs.s powders in Chapter 4.2 were uniaxially pressed into disks with
13 mm in diameter and 1 mm thickness at 222 MPa. The samples were subsequently heated to
600 °C for 2 h, resulting in stable disks. Frequencies between 10?Hz and 10’ Hz were
employed with an amplitude of 10 mVns for all measurements. Novocontrol WinFIT was
used for data evaluation and equivalent circuit fitting. The sample resistance was obtained
from the (RQ) elements not corresponding to the electrode response. Due to the porous
structure of the samples no further analysis regarding grain boundary and bulk contributions
was carried out. The oxygen partial pressure (4% oxygen atmosphere) was set by mixing Ar
5.0 with synthetic air using MKS MF-1 mass flow controllers. The oxygen partial pressure
was verified using a NorECs miniature oxygen sensor electrode with a sealed internal
metal/metal oxide reference and a Rigol DM-3058 multimeter. All samples were first
equilibrated overnight at 500 °C at the desired partial pressure. Each temperature was held for
2 h before a measurement was performed. Each temperature was held for 2 h before a

measurement was performed.

Nuclear magnetic resonance spectroscopy 2%Sj cross polarization magic angle
spinning nuclear magnetic resonance (CP/MAS NMR) experiments were performed at an
operating frequency of 79.52 MHz on a Bruker Avancell 400 spectrometer equipped with a 4
mm double resonance probe. *H 90°pulse length of 4.4 us, contact time of 2 ms, and recycle
delay of 5 s were used. All measurements were performed at room temperature and with the

MAS frequency of 5 kHz. Continuous wave decoupling was used during the acquisition.
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16000 transients were acquired for all the samples and the spectra were plotted in a calibrated
intensity scale, taking into account the analyzed sample mass.

*"Fe Mossbauer Spectroscopy Room Temperature Mossbauer spectroscopy was
performed on a conventional constant acceleration spectrometer mounting a Rh matrix >’Co
source, nominal strength 1850 MBq. The hyperfine parameters are compiled on Table 6.3 and
6.4. The spectra were fitted to Lorentzian line shapes with the minimum number of

components. § is quoted relative to standard o-Fe foil.

Electron Spin Resonance Spectroscopy The  Electron  Spin  Resonance  (ESR)
investigations were performed by using a Bruker EMX spectrometer operating at the X-band
frequency and equipped with an Oxford cryostat working in the temperature range of 4-298
K. The samples were inserted in quartz glass tubes connected to a high-vacuum pumping
system. Spectra were recorded under in vacuo conditions (p < 10 mbar) at 130 K. The g
values were calculated by standardization with a,a’-diphenyl-f-picryl hydrazyl (DPPH). Care
was taken to always keep the most sensitive part of the ESR cavity (1 cm length) filled.

Spectra simulations and fits were performed using the SIM 32 program [421].

Thermogravimetric analysis Thermal characterization was carried out using a
NETZSCH STA 449F3 coupled with Aeolos QMS403C (TG - MS) with 10 °C/min heating

rate in an Ar/O; stream (volume ratio 78/22).

Temperature Programmed Desorption of Oxygen Temperature-programmed
desorption of oxygen (O,-TPD) profiles were retrieved by a Micromeritics AutoChem 2920
analyzer. Before TPD, each sample (~250 mg) was pretreated under 5% O, balanced in He
(50 mL min™) at 550 °C for 2 h. After cooling to 50 °C, the TPD operation was carried out
under a He carrier gas (30 mL min™) from 50 °C to 900 °C at a heating rate of 10 °C min™.
The amount of oxygen desorbed was monitored by a thermal conductivity detector (TCD).

Temperature Programmed Reduction by Hydrogen Temperature-programmed

reduction measurements under a H; environment (H-TPR) were performed with a
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6.2 Instrumental characterization

Micromeritics AutoChem 2920 analyzer. The catalyst (~100 mg) was pretreated under 5% O,
stream balanced in He (50 mL min™) at 550 °C for 2h. After the sample cooled to 150 °C, a
flow of 5% H, in He gas (50 mL min™) was introduced into the samples at a flow rate of 50
mL min™, and the temperature was increased to 650 °C at a ramping rate of 10 °C min™. The

amount of consumed H, was measured using a thermal conductivity detector (TCD).

Table 6.2: Linearization parameters of the fits in the Tauc plots.

Sample  Adj. R-Square Pearson'sr Intercept Slope Egc

STO 0.9995 0.9998 -10.140 3.166 3.20
STO_06 0.9997 0.9998 -15.648 4830 3.24
STO_11 0.9997 0.9999 -13.751 4243 3.24
STO_24 0.9999 0.9995 -16.413 5.024 3.27
STO_40 0.9999 0.9999 -12.604 3.854 3.27
STO_NP 0.9994 0.9997 -10.966 3313 331

Table 6.3: Room temperature Mossbauer parameters of template free prepared LSTF

perovskites (Chapter 4.2).

F A r A
Sample x*>  Attribution
[mms?]  [mms?Y  [mms?]  [%]
0.03+0.01  0.38+0.03  0.24+0.05 1043 Fe**
LST.50F 0.30+0.01 0.39+0.01 0.34+0.02 60+3 = 1.08 Fe¥*site 1
0.34+0.01  0.68£0.01  0.36+0.03 3043 Fe3*site 2
0.07+0.01  0.60+0.02  0.25+0.04 443 Fe**
LST.30F 0.35+0.01 0.48+0.01 0.39+0.02 6043 1.25 Fe3*site 1
0.3540.01  0.91+0.03  0.44+0.02 3643 Fe¥*site 2
0.36£0.01  0.56+£0.04 0.37+0.05 5943 Fe3*site 1
LST.10F 1.09 .
0.35£0.01  1.03£0.01  0.46+0.03 4143 Fe*site 2

144



6 Experimental

Table 6.4: Room temperature Mossbauer parameters of highly porous LSTF perovskites
prepared by cooperative assembly (Chapter 4.3).

0 A r A
Sample x° Attribution
[mms?]  [mms?Y [mms'] [%]

0.05+0.04 0.88+0.01 0.39+0.06 7+3 Fet*
0.38+0.01 0.47+0.03 0.31+0.03 23+3 Fesite 1
LST.50F_40 1.16
0.37£0.01 0.79+0.02 0.34+0.09 32+3 Fesite 2
0.37£0.01 1.17+0.07 0.38+0.05 3843 Fe3*site 3
0.02+0.06 0.88+0.04 0.36+0.08 5+3 Fe*t
0.37£0.01 0.46+0.03 0.30+0.04 3343 Fe*site 1
LST.50F 20 0.7
0.37£0.01 0.81£0.03 0.36+0.09 46+3 Fe3*site 2
0.37+0.01 1.27+0.05 0.35+0.07 16+3 Fe3*site 3
0.04+0.01 0.77+0.02 0.39+0.05 743 Fe*t
0.37+£0.03 0.38+0.04 0.27+0.05 33+3 Fe3*site 1
LST.50F 11 0.95
0.38+0.01 0.68+0.04 0.3240.09 41+3 Fe3*site 2
0.3740.01 1.03+£0.08 0.47+0.03 1943 Fe3*site 3

The hyperfine parameters isomer shift (5), quadrupole splitting (A), full linewidth at half
maximum (") were expressed in mm s}, while internal relative areas (A) in % were obtained

by means of standard least-squares minimization techniques.
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6.3 Catalytic Tests

Photocatalytic dye degradation

Photocatalytic performances of nanoporous SrTiO3; powders (Chapter 4.1) were assessed via a
photocatalytic methylene blue decomposition reaction. A house-made photoreactor equipped
with a 125 W high-pressure mercury vapor lamp (Philips HPK-125W) as UV-radiation source
was employed for the catalytic tests. The UV-source was encased in a quartz glass water
circulation apparatus for effective cooling. The irradiation spectrum of the high-pressure

mercury lamp was given on Fig. 6.4.

The lamp provides maximum energy at 365 nm, with substantial radiation also at 435, 313,
253 and 404 nm. In addition, there is a continuum from 200 to 600 nm, peaking at 260 nm
with approximately 20 % of the maximum energy measured in the line spectrum 50 ml of 50
mg 1"t methylene-blue solution treated with 50 mg SrTiO3 powder was placed directly below
the light source with a source to reactor distance of 10 cm. Based on the irradiance intensities
given for source-to-reactor distance of 30 cm in Fig. 6.4, an effective irradiance of 29.25 W
m2 nm™ at the reactor surface was calculated taking 365 nm as the highest lamp emission

wavelength as reference and considering the source-to-reactor distance of 10 cm.

Saturation of dye adsorption was reached after 1 h of dark stirring. Methylene blue samples
were investigated via UV-Vis spectroscopy after 0 min, 20 min, 60 min and 120 min of
irradiation. Each sample (1 mL) was diluted with H,O to 10 mL and centrifuged at 20000 rpm
for 30 min to eliminate possibly suspended SrTiO3 particles.
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Figure 6.4: Spectral irradiance of the UV-source employed in the photocatalytic tests

(msscientific Chromatographie-Handel Gmbh).
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CH, and CO oxidation

The catalytic activities for CH4 and CO oxidation were measured in a fixed-bed quartz flow
micro-reactor with an internal diameter of 4 mm. For all the measurement, we used 100 mg
catalyst mixed with 100 mg quartz sand and loaded in-between two plugs of quartz wool for
preventing displacement of the catalyst. The feed of methane oxidation (composed of 2 vol%
CHya, 4 vol% O in Ar) and carbon monoxide oxidation (composed of 1 vol% CO, 4 vol% O,
in Ar) was flowed into the reactor. To investigate water vapor effect on methane oxidation
activity, we flowed 2 vol% of CHy, 1.2 vol% H,0, 4 vol% O, balanced in Ar. The total flow
rate was adjusted for both oxidation reactions to 50 mL min™. The gas hourly space velocity
(GHSV) was 12,000 h™* and the weight hourly space velocity (WHSV) was 30,000 mL g h™*
in this experiment. The reactant and product gases were monitored in real time with a
quadrupole mass spectrometer (PFEIFFER Vacuum GSD320) connected to the reactor outlet.
The light-off curve was measured with a ramping rate at 3 °C min™, after activating the
catalysts in the reaction atmosphere up to 600 °C for methane oxidation and 300 °C for CO
oxidation. The CH,4 and CO conversion ratio (%) were defined as 100 x (mol cu4, in — Mol cpg,
out)/MOIl chg, in. @and 100 x (Mol co, in — MOl co, out)/MOl co. in, respectively. In order to determine
the reaction order for CH4 and O, we investigated the reaction rate by varying the partial
pressure of methane (from 2 x 10° to 6 x 10 atm) while keeping the partial pressure of
oxygen constant (5 x 10 atm). In the same way, we observed the reaction rate according to
the partial pressure change of oxygen (from 1 x 10 to 5 x 102 atm) while keeping the partial
pressure of methane (2 x 10 atm) the same. The signal of CH, was detected by the m/z = 15
peak instead of the 16 peak (the major peak of methane) to avoid the contribution caused by
the cracking fragment of carbon monoxide (0.9%), water (1.1%), carbon dioxide (8.5%), and
oxygen (11%). The signal of CO was corrected for the contribution from the cracking

fragment of CO, (11.4%) with mass concentration determination mode.
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6.4 Flash sintering

Cylindrical pellets (diameter = 8 mm, thickness ~ 3 mm) were shaped by uniaxial pressing at
350 MPa. The two flat surfaces of the green components were painted using a carbon-based
conductive cement (Plano GmbH) and then subjected to flash sintering. The process was
carried out into a modified dilatometer (Linseis L75) using a heating rate of 20 °C min™. The
samples were placed between two platinum disks (diameter = 9 mm, thickness ~ 3 mm),
which were connected to a DC power supply (Glassman EW 5 kV, 120 mA) and to a
multimeter (Keithley 2100). The electrical parameters (current and voltage), the furnace
temperature and the displacement of the dilatometric piston were recorded at 1 Hz. The flash
sintering experiments were carried out using electric fields of 300 (FS-300) and 600 V cm™
(FS-600) and a current limit of 2.5 mA mm%; once the current limit was reached upon flash
experiments, the current was let flow through the ceramic components for 30 s, and then the
power supply and the dilatometer furnace were switched off. Conventionally sintered (CS)
bodies were manufactured with the following firing program: from room temperature to 900
°C with a 5 °C min™ ramp, from 900 °C to 1150 °C with a 0.5 °C min™ ramp, holding at 1150

°C for 4 h and free cooling in the furnace.

The bulk densities of the samples were measured as the ration between the weight and the
volume (determined by a digital caliper). The relative density (p) was calculated in % using a

value of 5.26 g cm™ for fully dense Lag1SrooTiOs3.
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Chapter 8
Appendix

8.1 Additional Data to ‘Results and Discussion’

In this section supplementary information to the presented work in Chapter 4 is given.

8.1.1 Optimization of Calcination Program in the Polymer Complex Synthesis
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Figure 8.1: Infrared spectra of SrTiO; samples calcined with different intermediate
temperature steps (a) template free STO (b) STO with 20 vol.% prehydrolyzed TEOS

template.

The infrared spectroscopic analyses on SrTiO; samples prepared with different calcination
programs indicate that perovskite oxides prepared with a 400 °C intermediate temperature

step show the highest phase purity.
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8.1 Additional data

8.1.2 Choice of Precursor Strontium Salts in Polymer complex synthesis

Infrared spectra of SrTiO3 obtained with different strontium precursor salts were depicted on
Fig. 8.2. Both with ethylene glycol and glycerol, SrCl, engendered least amount of carbonates
in polymer complex synthesis, whereas most carbonates were formed when SrCOs; was
employed as strontium precursor. Preparation of perovskites with high porosity were not
possible with SrCl, precursor salt, since upon addition of prehydrolyzed TEOS template

crystalline perovskite phase could not be obtained (Fig. 8.3b).

a) b)
“'\\I‘
- VY -
g \/ S
L : )
-] -5
< <9
g g
£ Sr(NO;), £
g SrCO, g
= =
£ — SrCl, g
= =
""""" SrAc
T T T T T T T T T T T T T T
2000 1800 1600 1400 1200 1000 800 600 400 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber [cm"] Wavenumber [cm"]

Figure 8.2: Infrared spectroscopic analysis by variation of strontium precursor in template

free polymer complex synthesis with (a) ethylene glycol (b) glycerol.
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Figure 8.3: XRD analysis of perovskite oxide phase prepared with SrCl, precursor (a)
template free polymer complex synthesis (b) cooperative assembly synthesis with glycerol

employing 11 vol.% template.
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8 Appendix

8.1.3 Additional catalytic tests

Although cationic substitution on the A-site does not affect the performance of perovskite
oxide catalysts significantly, catalytic methane oxidation tests showed minor performance loss

with increasing La substitution in the investigated (La, Sr)(Ti, Fe)Os.; catalysts (Fig.7.4).
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Figure 8.4: Steady state conversions obtained for the oxidation reaction of CH,4 over (La,
Sr)(Ti,Fe)Os.;s catalysts prepared by cooperative assembly synthesis route with a 40 vol.%

template load. Samples show similar surface area between 230 — 250 m? g*.

8.1.4 Infrared spectra of LSTO nanoparticles prepared by solvothermal synthesis

Solvothermal
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Figue 8.5: Infrared spectra of investigated LSTO (Lag1SrooTiOs+5) prepared by polymer

complex and solvothermal synthesis routes
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8.1 Additional data

The IR spectra of LSTO nanoparticles prepared by solvothermal synthesis work show
significantly higher purity with no apparent carbonate ( ~ 1460 cm™) and other organic
impurities (~ 870 cm™). On the other hand, LSTO powders prepared by template free polymer

complex synthesis show these impurities.

Table 8.1: TEM/EDX derived local and average (avg) atomic compositions of investigated

LSTO systems (Table 4.9) acquired at several survey positions normalized to nominal

stoichiometric amounts in Lag 1Srg9TiO3 formula.

Sample La Sr Ti
Position 1 0.10 1.05 0.85
Position 2 0.15 0.98 0.87
AP Position 3 0.07 0.85 1.09
Position 4 0.09 0.85 1.06
AP avg 0.10 0.93 0.97
Position 1 0.12 1.02 0.85
£5.300 Pos?t?on 2 0.13 0.99 0.88
Position 3 0.09 1.07 0.85
FS-300 avg 0.11 1.03 0.86
Position 1 0.13 0.89 0.98
Position 2 0.12 1.04 0.84

FS-600 -

Position 3 0.11 0.96 0.92
FS-600 avg 0.12 0.96 0.92
Position 1 0.13 0.93 0.93
Position 2 0.14 0.91 0.95
s Position 3 0.09 0.98 0.93
CS avg 0.12 0.94 0.94

190



8 Appendix

8.2 Preparation of pristine and La-substituted SrTiO; via methacrylic acid

chelating

The excessive amount of organics containing carboxyl and hydroxyl groups in the Pechini
synthesis unavoidably leads to formation of carbonate impurities in the final perovskite
product. Although, these impurities can be easily removed from the final product by a mild
acetic acid etching treatment, the deviations from the nominal stoichiometry that carbonates
engender cannot be fully eliminated in this synthesis approach. With regard to these issues, a
synthesis route based on methacrylic acid (MAA) chelating was developed to prepare pristine
and La-substituted SrTiO3 based perovskite oxide aggregates. In this approach, the metal
cations are chelated by methacrylic acid and fixed in the polymer gel upon self-
polymerization reaction of methacrylic acid to form poly(methacrylic acid) (PMAA). Finally
after calcination in air, highly crystalline, pure-phase SrTiO3z and Lag1SrooTiO3 samples were

prepared.

100 - — 1000
Thermal Initiator !
—— UV Initiator
----- Heating Ramp

90 1
80 - 800
70 1

’
60 - ! 600
50 1

Mass %

401 \rom-mnv : L 400

Temperature [°C]

30
204 + 200

T T T T T T T
100 200 300 400 500 600 700

Time [min]

Figure 8.6: Thermograms for SrTiO3 calcination by methacrylic acid chelating route

In a typical MAA chelating synthesis of SrTiOs, 9.5 mL methacrylic acid (C4HgsO,, 9.72 g,
113 mmol) and 1.5 mL titanium (IV) isopropoxide (TTIP, C12H2504Ti, 1.47 g, 5.0 mmol) was
respectively added into 7.0 mL ethanol (C,HO, EtOH) under continuous stirring. A second
mixture was prepared by dissolving 1.06 g strontium nitrate (Sr(NO3),, 5.0 mmol) to 3.3 mL
ammonia solution (NHz, 25 % w/w). After 30 min stirring under air atmosphere, ammonia
based solution was added dropwise to the first solution and the resulting mixture was further

stirred for 45 min. Finally, either benzoyl peroxide (Ci4H100s, 0.04 @) or 1-
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hydroxycyclohexyl phenyl ketone (C13H160-, 0.05 g) was added to the mixture as thermal and
photo-induced initiator respectively. Thermal polymerization was undergone by heating the
mixture to 90 °C under continuous stirring for 1 h. For UV-initiated polymerization, the
solution was poured onto a petri dish which was then irradiated with a high-pressure mercury
vapor lamp (Philips HPK-125W, spectra of the UV-source is given on Fig. 6.4) and kept at 50
°C simultaneously for solvent evaporation for 1 h. After drying overnight at ~ 60 °C, the
polymers were grinded and obtained powders were calcined under air employing a 2 °C min™
heating ramp with 2 h hold times at intermediate temperature 400 °C and final temperature
650 °C respectively. The choice of 650 °C as final temperature was due to thermogravimetric
analysis of the polymers, which showed no further mass loss above this temperature (Fig.

8.6). Fig. 8.7 summarizes the synthesis scheme for methacrylic acid chelating synthesis route.

Lag1SrooTiOs.s was prepared by modifying the stoichiometric amount of strontium nitrate
precursor (0.95 g, 4.5 mmol) and dissolving 0.22 g lanthanum nitrate hexahydrate
(La(NO3)36H20, 0.5 mmol) in an additional step, right after the two initial solutions were
added together.

TTIP Sl‘(NO3)2
[ |
EtOH + MAA NH, (25%)
|
:
Chelation at RT
|
v v
BePe/90°C Irgacure/ UV

| |
I

Polymerization & Overnight Drying

h 4

Calcination at 650 °C 2h

A 4

SrTiO;

Figure 8.7: Synthesis scheme of SrTiO3 by methacrylic acid (MAA) chelating route.

In this MAA chelating approach, methacrylic acid to SrTiO3 product ratio, MAA : STO was
set at 11.3 : 1, whereas in a typical Pechini synthesis the organics (glycerol, citric acid) to
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SrTiO3 product ratio, Gly+CA : STO was employed as 17 : 1. Moreover, considering the
compositions of the respective monomer molecules, it is apparent that polyol and
polycarboxylic acids associated with the Pechini approach have substantially higher amounts
of oxygen in their structures which contribute to the formation of carbonates. Indeed, the X-
ray diffractograms of the as-prepared SrTiO; and Lag1SrooTiOs+5 aggregates prepared with
MAA chelating route show substantially high crystallinity and phase-purity without any
carbonate phases (Fig. 8.7a). Crystallite sizes were calculated from [110] reflection
employing Scherrer equation (3.4) and were summarized on Table 8.2. Grain sizes were
between 37 — 51 nm with lowest crystallite size assigned to SrTiOs; prepared with UV-

polymerization.

Table 8.2: Crystallite sizes (®) retrieved from XRD, specific surface area (Sget) determined
by N. physisorption, average atomic composition of elements determined by EDX (at. %
values normalized by total nominal cation amount in SrTiO3 (STO) and Lag1SrogTiOs34s

(LSTO) molecular formulas) for investigated samples prepared by MAA-chelating route.

P SgeT .
Sample , 4. La Sr Ti
[nm] [m°g7]
UVISTO 37 16 - 082 1.00
Thermal/STO 51 13 - 0.88 1.00

Thermal/LSTO 43 19 0.11 093 1.00

a) D) |bechini with EG - STO
s Pechini with Gly - STO
. \
< H
g s |UVMAA-STO
dg Thermal initiator - STO g [Thermal MAA -STO
Z £
g h h | E Thermal MAA - LSTO
= 4;_J £ 1460 cm”!
UYV initiator - STO 1630 cm! €0,
H,0 ‘ ~580 cm’!
J A SITiO,
T T T T T T T T T T T T T T
20 3 40 50 60 70 80 2000 1800 1600 1400 1200 1000 800 600 400

20 [9] Wavenumber [cm™|
Figure 8.7: (a) X-ray diffractograms of SrTiO3 and Lag1SrooTiOs4+5 aggregates prepared by
MAA chelating. (b) Infrared spectra of perovskites prepared by MAA route in comparison
standard polymer complex synthesis with ethylene glycol (EG) and glycerol (Gly).
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The infrared spectra of the perovskites prepared by this route also indicate superior purity in
comparison to SrTiOz prepared by the standard polymer complex (Pechini) synthesis (Fig.
8.7b). Elemental ratios of the cations in the prepared samples determined by EDX
spectroscopy were in good agreement with the nominal values (Table 8.2), whereas SEM
images displayed uniformly bulk aggregates of several micrometers with only textural
porosity for all investigated samples independent of the polymerization route and composition
(Fig. 8.8). In accordance to the textural features observed by SEM, specific surface areas were

determined by N, physisorption analysis to be between 13 — 19 m? g™ (Table 8.2).

Figure 8.8: SEM images of investigated samples prepared by MAA-chelating route (a-b)

Thermal/STO (c) Thermal/LSTO (d) UV/STO

The parameters in MAA chelating synthesis of SrTiO; were optimized by varying the
precursor amounts and resulting perovskite oxides were assessed by X-ray diffractometry
(Fig. 8.9). The phase purity of the materials was largely dependent on the initial NH3
concentration in the mixture, which likely indicates the pH dependence of the chelation
process. For the typical synthesis with MAA : STO molar ratio of 11.3 : 1, NH3 addition
between 3.3 — 4.4 mL led to phase pure perovskites, whereas outside of this range impurity
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phases started to grow (Fig. 7.5a). Pure-phase perovskite could be successfully prepared,

when the MAA : STO molar ratio was decreased to 5.8 : 1 by setting NH; and ethanol

amounts at 2.2 and 3.8 mL respectively (Fig. 8.9c). Upon further lowering MAA : STO molar

ratio to 3.5 : 1 pure phase SrTiO3 could not be prepared (Fig. 8.9d).
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Figure 8.9: Influence of precursor amounts on phase-purity of SrTiO3 samples prepared with
(@) 9.5 mL MAA, 7.0 mL ethanol (EtOH) (b) 4.5 mL MAA, 7.0 mL EtOH (c) 4.5 mL MAA
(d) 3.0 mL MAA.. Asterisks indicate presence of impurity phase.
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8.3 List of Chemicals with Safety Information

Table 8.3: Overview of used chemicals in this work with their pertaining safety information

according to GHS.

Substance GHS code H statements P statements
.. : 226, 303, 312, 314, 261, 280, 305+351+338,
Acetic acid, glacial 02, 05
317, 331, 402 310
Alkyltrimethlyammonium
_ 05 314 280, 305+351+338, 310
bromide (C1sTAB)
260, 303+361+353,
Ammonia (25% wi/w) 05, 07, 09 314, 318, 335,400  305+351+338, 310, 405,
501
Benzoyl peroxide (wet 210, 220, 234, 280, 305,
_ 02, 07, 09 242,317, 319, 410
with 25% water) 351, 338+370, 378
e 264, 280, 305+351+338,
Citric acid, anhydrous 07 319
337+313
210, 240, 305+351+338,
Ethanol 02, 07 225, 319
403+233
Glycerol not listed not listed not listed
260, 280, 303+361+353,
Hydrochloric acid 05, 07 290, 314, 335 304+340+310,
305+351+338
Iron (111) nitrate
07 315, 319 302+352, 305+351+338
nonahydrate
264, 280, 302+352,
1-Hydroxycyclohexyl
07 315, 319 305+351+338, 321,

phenyl ketone

332+313, 337+313,362
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Methacrylic acid

o . 280, 301+330+331,
(stabilized with 302+332, 311, 314,
. 05, 06 302+352, 305+351+338,
hydroquinone 335
308+310

momomethyl ether)

201, 280, 301+330+331,
. . 360FD, 260, 301,
Sodium borohydride 02, 05, 06, 08 314 305+351+338, 308+310,
402+404

Strontium acetate

. not listed not listed not listed
hemihydrate

Strontium chloride

05 318 280, 305+351+338
hexahydrate

Titanium (1V) 210, 305+351+338,
) ) 02, 07 226, 319, 336
isopropoxide 370+378

No CMR substances were used in this work.
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List of hazard pictograms ascribed to the GHS codes

GHSO01 Explosive GHS04 Compressed Gas GHS07 Harmful

GHS02 Flammable GHSO05 Corrosive GHSO08 Health Hazard

®

GHS03 Oxidizing GHS06 Toxic GHS09 Environmental Hazard
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List of abbreviations

STO
LSTO
STF
LSTF
HOMO
LUMO
VB

CB
EISA
MIEC
SOFC
IT-SOFC
TPB
NHE
MvK
VvOoC
SDA
CMC
BET
DFT
NLDFT
XRD
WAXS
SAXS
FWHM
SEM
TEM
HR-TEM

SrTiO3

LaySr1.yTiOs.5

SrTiixFex0s.5

LaySri.yTi1xFexOszs

highest occupied molecular orbital
lowest unoccupied molecular orbital
valence band

conduction band
evaporation-induced self-assembly
mixed ionic electronic conductor
solid oxide fuel cell

intermediate temperature solid oxide fuel cell
triple phase boundary

normal hydrogen electrode

Mars and von Krevelen

volatile organic compound
structure directing agents

critical micelle concentration
Brauner-Emmet-Teller

density functional theory

non-local density functional theory
X-ray diffraction

wide-angle X-ray scattering
small-angle X-ray scattering

full width at half maximum
scanning electron microscopy
transmission electron microscopy

high resolution transmission electron microscopy

203



STEM
CCD
HAADF
EDX
XPS
UV-Vis
DR-UV
EIS
NMR
CP-MAS
ESR
TGA
TPD -0,
TPR —H;
SRR

IRR
TRR
TEOS
MB

TOF

FS

CS
3DOM
MAA
MB

scanning transmission electron microscopy
charge-coupled device

high-angle annular dark field

energy dispersive X-ray spectroscopy
X-ray photoelectron spectroscopy
ultraviolet and visible

diffuse reflectance ultraviolet and visible
electrochemical impedance spectroscopy
nuclear magnetic resonance

cross polarization — magic angle spinning
electron spin resonance

thermogravimetric analysis

temperature programmed desorption of oxygen
temperature programmed reduction by hydrogen
suprafacial reaction rate

intrafacial reaction rate

total reaction rate

tetraethoxy orthosilicate

methylene blue

turnover frequency

flash sintering

conventional sintering

three-dimensionally ordered

Methacrylic acid

Methylene blue
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List of symbols

Vp pore volume

SgeT specific surface area

A wavelength

h Planck’s constant

Egc Band gap energy

Y frequency

EEIS activation energy for charge migration obtained by electrochemical

impedance spectroscopy

ESO ox. activation energy for CO oxidation

ESH‘* ox activation energy for CH, oxidation

m reaction order with respect to oxidizing fuel
n reaction order with respect to oxygen

D crystallite size

Pcy, methane partial pressure

Py, oxygen partial pressure

T temperature

€ dielectric permittivity
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