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Abstract

Strontium titanate (SrTiO3), commonly referred to as STO, exhibits the perovskite crystal struc-
ture and is characterized by the general formula ABO3, featuring both ionic and covalent bonds.
STO is a model material for electronic applications. Deliberate tuning of point defects allows
variation of electrochemical properties and thus enables application in a wide range of tech-
nologies, such as batteries, fuel cells, and more.
In this study, a sol-gel process was employed to produce thin films of STO, as this method offers
a cost-effective alternative to physical vapor deposition, such as pulsed laser deposition (PLD).
Titanium tetrabutoxide and strontium acetate hemihydratewere dissolved in 2-methoxyethanol
and acetic acid, respectively, and then combined to create a 0.2 M solution. The mixture was
stirred for half an hour and aged for 24 hours. Subsequently, STO thin films were deposited
on Yttria-stabilized zirconia (YSZ) and Nb-doped SrTiO3 (Nb:STO) substrates using the spin-
coating process, followed by a heat treatment for drying and pyrolysis on a hot plate.
The STO thin films were subsequently annealed in an air atmosphere at temperatures ranging
from 550 to 850 °C to investigate the crystallization of the perovskite phase. Grazing Incidence
X-Ray Diffraction (GIXRD) measurements confirmed that STO thin films exhibit a perovskite
structure above 650 °C annealing with a crystal parameter of 3.9 Å, validating the effectiveness
of the sol-gel process in reproducing the perovskite structure. Analysis using Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) indicated the presence of Sr va-
cancies in the STO thin films, as the resulting stoichiometry showed a Sr deficiency between
Sr0.8Ti1O3 and Sr0.95Ti1O3.
The STO thin film conductivity and defect chemistry at 500 °C was assessed through electro-
chemical Electrochemical Impedance Spectroscopy (EIS), utilizing a novel sample setup where
STO thin films served as the working electrode on YSZ with GDC/Fe2O3 counter electrodes,
enabling precise control of the oxygen non-stoichiometry through a bias voltage between +1
V and -1 V vs. Fe/FeO, equaling to the wide oxygen partial pressure range of 10−3 bar down
to 10−55 bar. The results indicated a high concentration of oxygen vacancies at low partial
pressures. Measurements to even lower p(O2) were limited only by the increasing electronic
conductivity of the YSZ electrolyte, which prevented further voltage application to increase
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oxygen vacancies concentration in STO.
The electronic conductivity of STO thin films on purely electronic conducting Nb:STO sub-
strates revealed very low conductivity values in air similar to the intrinsic conductivity of
undoped STO (= pseudo-intrinsic). Finally, STO thin films were tested as anodes in oxygen-ion
batteries, demonstrating the material’s potential for such applications.
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Kurzfassung

Strontiumtitanat (SrTiO3), allgemein als STO bezeichnet, weist die Perowskitkristallstruktur
auf und wird durch die allgemeine Formel ABO3 charakterisiert, die sowohl ionische als auch
kovalente Bindungen aufweist. STO ist ein Modellmaterial für elektronische Anwendungen.
Durch gezielte Abstimmung von Punktdefekten kann eine Variation der elektrochemischen
Eigenschaften erreicht werden, was Anwendungen in einer Vielzahl von Technologien wie
Batterien, Brennstoffzellen und mehr ermöglicht.
In dieser Studiewurde ein Sol-Gel-Prozess eingesetzt, umDünnschichten von STOherzustellen,
da diese Methode eine kostengünstige Alternative zur physikalischen Gasphasenabscheidung,
wie gepulster Laserablation (PLD), darstellt.
Titaniumtetrabutoxid und Strontiumacetathemihydrat wurden jeweils in 2- Methoxyethanol
und Essigsäure gelöst und dann kombiniert, um eine 0,2 M Lösung zu erzeugen. Die Mis-
chung wurde eine halbe Stunde gerührt und 24 Stunden gealtert. Anschließend wurden STO-
Dünnschichten auf Yttrium stabilized Zirconia (YSZ) und Nb-doped SrTiO3 (Nb:STO) Sub-
straten mittels des Spin-Coating-Prozesses abgeschieden, gefolgt von einerWärmebehandlung
zum Trocknen und Pyrolyse auf einer Heizplatte.
Die STO-Dünnschichten wurden anschließend in Luftatmosphäre bei Temperaturen von 550
bis 850 °C annealed, um die Kristallisation der Perowskitphase zu untersuchen. GIXRDMessun-
gen bestätigten, dass STO-Dünnschichten oberhalb von 650 °C Annealing eine Perowskitstruk-
tur mit einem Kristallparameter von 3,9 Å aufweisen, was die Bildung der Perowskitstruktur
bestätigt. Die Analyse mittels LA-ICP-MS ergab das Vorhandensein von Sr- Leerstellen in den
STO-Dünnschichten, da die resultierende Stöchiometrie eine Sr-Defizienz zwischen Sr0,8Ti1O3

und Sr0,95Ti1O3 zeigte.
Die Leitfähigkeit und Defektchemie der STO-Dünnschicht wurden durch EIS ermittelt, wobei
ein neuartiger Probenaufbau verwendet wurde, bei dem STO-Dünnschichten als Arbeitselek-
trode auf YSZ mit GDC/Fe2O3 Gegenelektroden dienten, wodurch eine präzise Kontrolle der
Sauerstoff-Nichtstöchiometrie durch eine Bias-Spannung zwischen +1V und -1 V gegen Fe/FeO
ermöglicht wurde, was einem breiten Sauerstoffpartialdruckbereich von 10−3 bar bis hinunter
zu 10−55 bar entspricht. Die Ergebnisse deuteten auf eine hohe Konzentration an Sauerstoffleer-
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stellen bei niedrigen Partialdrücken hin. Messungen bis hinunter zu noch niedrigeren p(O2)
wurden nur durch die zunehmende elektronische Leitfähigkeit des YSZ Elektrolyten begrenzt,
die eine weitere Spannungserhöhung zur Vergrößerung der Sauerstoffleerstellenkonzentration
in STO verhinderte.
Die elektronische Leitfähigkeit von STO-Dünnschichten auf rein elektronisch leitendenNb:STO-
Substraten zeigte in Luft sehr niedrige Leitfähigkeitswerte, die denen der intrinsischen Leit-
fähigkeit von undotiertem STO entsprachen (= pseudo-intrinsisch). Schließlich wurden STO
Dünnschichten als Anoden in Sauerstoffionenbatterien getestet, was das Potenzial des Materi-
als für solche Anwendungen demonstrierte.
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1 Introduction

Strontium titanate (SrTiO3) is extensively studied due to its promising electrochemical and
structural properties. STO finds applications in diverse fields, including Dynamic Random-
Access Memory (DRAM) [1] and photovoltaic cells (PV) [2, 3]. STO can be synthesized us-
ing various methods such as pulsed laser deposition (PLD), aerosol chemical vapor deposition
(ASCVD) [4], and sol-gel processes[5–7]. Synthesizing STO thin films via the sol-gel method
offers several advantages compared to other deposition methods, including reproducibility,
low-temperature production, high purity, and cost-effectiveness.
In this investigation, STO thin films prepared via the sol-gel method were investigated for their
potential as oxygen ion batteries. With the urgent need to address global warming and reduce
CO2 emissions, research on harvesting and storing renewable energy is critical for the near
future. STO thin films hold promise for energy harvesting as a photovoltaic cell [3] and energy
storage material in an oxygen ion battery. This inovatice type of oxygen ion batteries may
represents a significant step in energy storage technology. By taking advantage of the power
of oxygen ions, this novel approach not only promises high efficiency but also underscores
a crucial shift towards sustainable and eco-conscious energy solutions. Through engineering
and cutting-edge research, these batteries offer a hope for a future where energy storage is
both robust and environmentally responsible [8].
The working principle of oxygen ion batteries is rooted in the chemical potential change of
oxygen. Utilizing Mixed Ion Electron Conductors (MIEC), the oxygen stoichiometry can be
tuned, making these materials suitable for oxygen ion batteries. This capability enables the
conduction of ions and the storage of neutral oxygen within their structure. Oxygen insertion
and removal in MIEC occur through oxidation and reduction processes. The potential of the
half-cell oxygen ion battery is determined by the reducibility of the material. Ionic defects
constitute the majority of defects in such materials, so changing their concentaration changes
the chemical potential of the battery. Sealing is required to prevent oxygen uptake from the
atmosphere [9].
In comparison to lithium-ion batteries, where lithium ions serve as charge carriers intercalating
between the anode and cathode based on chemical potential differences, oxygen ion batteries
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Chapter 1: Introduction 2

operate similarly but oxygen is the ion which intercalate in between of anode and cathode. By
applying voltage to the anode and reducing the anode material, oxygen vacancies are gener-
ated. This electrochemical state can then be stored. Analogous to lithium ion battert, the less
reduciale the cation, the more negative is charged anode and larger is the battery voltage.
Lithium is the lightest metal with a high chemical potential in the electrochemical series (-3.05
V vs NHE in nats). However, also T+4 in STO possesses a high electrochemical potential, which
can lead to voltages near 2 V versus 1 bar oxygen. STO exhibits characteristics of MIEC, mak-
ing it suitable for use as an anode in oxygen ion batteries due to its ability to conduct ions and
electronic charge.
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2 Theoretical Background

2.1 Structure of strontium titanate

A crystal structure consists of an infinite three-dimensional arrangement of crystalline units,
often referred to as unit cells. Each unit cell is composed of an array of atoms, and this overall
arrangement can conform to one of the 14 Bravais lattice types discovered by the Frenchmathe-
matician Auguste Bravais in 1850 [10]. Strontium titanate (SrTiO3−𝛿 ) belongs to the perovskite
crystal structure category, characterized by the general formula ABO3. In this formulation, A
represents a larger cation than B, and their combined valence is +6. Specifically, in the case
of SrTiO3−𝛿 , Sr+2 occupies the A site, while Ti4+ resides in the B site. Perovskite crystal struc-
tures, including STO (SrTiO3), exhibit a cubic arrangement at room temperature with space
group Pm3m (schematic illustration of the structure shown in fig. 2.1). However, when the
temperature is below 105 K, a structural phase transition occurs, resulting in the formation of
a tetragonal structure with the I4/mcm symmetry. This shift in crystal symmetry highlights
the dynamic behavior of strontium titanate under varying temperature conditions. STO is a
semiconductor with an indirect band-gap of ca 3.2 eV, with the lattice constant of 3.9 Å. [11, 12].
Figure 2.1 shows a schematic illustration of the unit cell of STO. Moreover, optical properties
of STO can be influenced by impurities or doping.

Figure 2.1: The strontium titanate unit cell with lattice constant of 3.9 Å
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Section 2.2: Defect chemistry 4

2.2 Defect chemistry

The differentiation between ideal crystals and non-ideal crystals is referred to as defects. In
nanomaterials, particularly in thin films, defects play a crucial role. Due to the high surface en-
ergy in these materials, defects are highly prone to occurrence and significantly impact their
properties. Crystals usually consist of defects that can manifest in 0, 1, 2, or 3 dimensions.
Zero-dimensional defects refer to the atomic scale. One-dimensional, or line defects, involve
imperfections in the crystal lattice. Two-dimensional defects are planar, representing irregu-
larities or disruptions in the alignment of atoms or molecules within the crystal lattice. Three-
dimensional, or bulk defects, are related to macroscopic issues affecting the volume of the
material (for examples, see Table 2.1). Point defects have significant implications for emerging
technologies and electroceramic materials. By adjusting the concentration of these defects, we
can fine-tune the properties of STO thin films. This tunability extends to various applications,
including batteries, fuel cells, data storage, computer memories (such as Random-Access Mem-
ory or RAM), and more. This brief introduction provides an overview of the stoichiometry and
non-stoichiometry of point defects in ionic crystal [2, 13, 14].

Table 2.1: Possible defects that can occur in crystalline solids

Geometrical
Dimension

Type of Defect Examples Physical Properties

0 Point defects doping, vacancies,
interstitial

diffusion, conductivity

1 Line defect edge, screw, dislocation ductility, shear modulus
2 Planar defect grain boundaries, twin

boundary, stacking fault
texture, corrosion

3 Bulk defect pores, cracks, voids,
precipitates

porosity

4



Section 2.2: Defect chemistry 5

2.2.1 Kröger-Vink-Notation

The Kröger-Vink-Notation is the international standard for describing defects. This notation
system is used to describe electric charge and position of defects in crystal lattice. It employs the
format M𝐶

𝑆 , where M denotes an atom or defect (e.g.,𝑉 for vacancy). In the case of delocalized
electronic defects, they can also represent electrons (e′) or holes (h•). 𝑆 indicates the lattice
site where the defect is located; ’i’ represents an interstitial, or if it is occupied by an element,
the symbol of that element must be written. 𝐶 represents its effective charge. Positive charges
are denoted by "•", negative charges by "′", and neutral charges by "x" (for more example see
Table 2.2)[2, 15].

Table 2.2: Different types of defects, along with examples in Kröger-Vink notation

Defect type Kröger-Vink
notation

Examples

Vacancy V𝑆 Oxygen vacancy (V••
𝑂 )

Interstitials M𝑖 Cation interstitial (Ba••𝑖 )
Foreign Atom L𝑀 lower valance Y3+ taking site of

Zr4+ (Y′
𝑍𝑟 )

To define defects in chemical equations, we require three fundamental principles:

• Conservation of mass:

This rule ensures that the total mass of the reactants equals the total mass of the products in a
chemical reaction. In the context of defect reactions, it emphasizes that the overall mass of the
system should remain constant despite the occurrence of defects.

• Conservation of charge:

This rule focuses on the conservation of electric charge in a chemical reaction. It ensures that
the total positive charge on the reactant side equals the total positive charge on the product
side, and the same for negative charges. In the case of defect reactions, it implies that any
changes in charge associated with defects must be accounted for to maintain overall charge
neutrality.
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Section 2.2: Defect chemistry 6

• Conservation of site ratio (host structure):

This rule is specific to reactions involving defects in the crystal lattice or host structure of a
material. It emphasizes the conservation of the ratio of different sites (positions) in the host
structure. In other words, the arrangement of atoms or ions in the host lattice should remain
consistent before and after the occurrence of defects [16].

2.2.2 Thermodynamic of point defects in ionic crystal structure

The formation of defects in a crystal becomes thermodynamically favorable as temperature
increases. At absolute zero (0 K), an ideal crystal exists with minimal energy, but with higher
temperatures, the Gibbs free energy decreases, making defect formation more feasible. This
is because the creation of defects involves an enthalpy (∆H) change, representing the energy
cost associated with breaking and forming bonds. The interplay between enthalpy (∆H) and
temperature (T) in the Gibbs free energy Equation (2.1) leads to an increase in defect concen-
tration as the temperature rises. However, while increasing temperature can elevate defect
concentrations in a crystal, it’s important to note that this increase is not infinite. Instead, de-
fect concentrations can reach a critical point where further temperature elevation can lead to
structural instability, potentially causing the crystal to collapse [14, 17, 18].

Δ𝐺 = Δ𝐻 −𝑇Δ𝑆 (2.1)

The relationship between Gibbs free energy, entropy, and enthalpy is illustrated in Figure 2.2.
The minimum of Gibbs free energy corresponds to a non-zero defect concentration, which
represents the equilibrium concentration of defects in the crystal lattice [19].
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ΔH

TΔS
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Figure 2.2: The interplay between Gibbs free energy, entropy, and enthalpy in thermodynam-
ics for defect formation

Stoichiometric defects in ionic crystal structure

Two common stoichiometric types of defects in ionic crystals are due to Schottky and Frenkel
disorders. In the case of Schottky disorder, an equal number of cations and anions are miss-
ing from their respective positions, leading to the formation of vacancy pairs. This maintains
charge balance within the crystal lattice (see Equation (2.2)). This type of disorder is more
likely in ionic crystals with closely packed ions. Figure 2.3 schematically illustrates the Schot-
tky disorder in the crystal structure.

𝑛𝑖𝑙 → V′′
𝑀 + V••

𝑀 (2.2)

7



Section 2.2: Defect chemistry 8

Anion

Cation 

Anion Vacancy 

Cation Vacancy 

Figure 2.3: Schematic illustration of Schottky disorder in crystal structure

Frenkel type of point defects in crystalline solids results if an ion moves within the lattice,
creating a vacancy plus an interstitial pair of atoms (see Equation (2.3)). It’s called a Frenkel
disorder if an anion moves and an anti-Frenkel disorder if a cation moves. These defects are
more common in ionic crystals, where cations and anions have different sizes [20]. Figure 2.4
schematically illustrates the Frenkel and anti-Frenkel disorders in the crystal structure.

M𝑋
𝑀 → M••

𝑖 + V′′
𝑀 (2.3)

Cation Vacancy Anion

Cation Interstitial Cation

(a) Frenkel disorder

Anion

Cation 

Anion Vacancy

Interstitial Anion

(b) anti-Frenkel disorder

Figure 2.4: Schematic illustration of Frenkel disorder in the crystal structure
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Section 2.2: Defect chemistry 9

Non-stoichiometric defects in ionic crystal structure

Non-stoichiometry refers to a deviation from the ideal stoichiometric ratio caused by changes
in external conditions, such as alterations in the atmosphere or the presence of impurities.
In non-stoichiometric crystals, an excess or deficit of cations or anions leads to charged de-
fects, which are compensated by electronic or ionic defects to maintain charge balance. Ex-
trinsic non-stoichiometry involves undesired impurities or the intentional addition of dopants
to modify the material’s characteristic behavior. Based on electronic contribution, dopants can
be categorized as acceptors or donors.
Intrinsic nonstoichiometry is known as an ionic solid undergoes partial oxidation or reduction
reactions due to changes in oxygen partial pressure (𝑝𝑂2), leading to shifts in defect equilib-
rium and the generation of oxygen vacancies, electron holes, or other defects [15, 21].
The Brouwer diagram serves to approximate defect concentrations in dependence on the oxy-
gen partial pressure. In simplified and generated terms, it can be divided into three regions (2.5
shows the schematic illustration of these regions):

• Region I: In this zone, metal oxides undergo reduction, resulting in oxygen vacancies be-
coming the primary ionic charge carriers, known as the n-type region. The electroneu-
trality equation can be expressed as:

𝑂𝑥
𝑂 → 𝑉 ••

𝑂 + 𝑒′ + 1
2𝑂2(𝑔) (2.4)

[𝑒′] = 2[𝑉 ••
𝑂 ] (2.5)

The slope of the Brouwer diagram for the oxygen vacancies concentration [𝑉 ••
𝑂 ] is − 1

6 ,
whereas for the metal vacancies concentration [𝑉 ′′

𝑀 ], it is 1
6 . For the electron concentra-

tion [𝑒′], the slope is − 1
6 , and

1
6 for hole concentrations [ℎ•].

• Region II: This region has a stoichiometric point, where the dominant disorder type
(Schottky, Frenkel, or intrinsic) determines the electroneutrality equation. For the Schot-
tky defect, it can be represented as:

[𝑉 ′′
𝑀 ] = [𝑉 ••

𝑂 ] (2.6)

Near the stoichiometric point at lower partial pressure, oxygen vacancies are favored,
while at higher partial pressure, cation vacancies are favored. The slope for the hole
concentration [ℎ•] versus 𝑝𝑂2 is 1

4 , whereas for [𝑒′], it is − 1
4 .

9



Section 2.2: Defect chemistry 10

• Region III: In this area, metal oxidation occurs due to high oxygen partial pressure, and
metal vacancies become the predominant ionic charge carriers. The electroneutrality
equation is given by:

1
2𝑂2(𝑔) → 𝑂𝑥

𝑂 + 2ℎ• +𝑉 ′′
𝑀 (2.7)

2[𝑉 ′′
𝑀 ] = [ℎ•] (2.8)

The slope of the Brouwer diagram for the oxygen vacancies concentration [𝑉 ••
𝑂 ] is − 1

6 ,
while for the metal vacancy’s concentration [𝑉 ′′

𝑀 ], it is 1
6 and − 1

6 for electron concentra-
tion [𝑒′], 1

6 is for hole concentrations [ℎ•] [14, 20, 22].

The Brouwer diagram can be calculated for various temperatures and different materials.

ln (oxygen partial pressure 𝑝𝑂2)

ln
 (d

ef
ec

t c
on

ce
nt

ra
tio

n)

Stoichiometric point

[𝑒′] = [h•]

[VM] = [VO]′′ •• [h•] = 2 [VM]′′••[𝑒′] = 2 [VX]

 [VX]

 [h•]

••

′′ [VM] •• [VX]

[𝑒′]

 [VM]
[𝑒′] ∝ 𝑝𝑂2  [h•] ∝ 𝑝𝑂2  

1
6

1
6-

′′

Region I Region II Region III

Figure 2.5: Schematic illustration of Brouwer diagram
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Section 2.3: Defects in STO 11

2.3 Defects in STO

Defects in strontium titanate have been well investigated. STO is considered a model material.
Due to its closely packed perovskite structure, Frenkel disorder are hardly presented, because of
their higher formation energies compared to Schottky disorder. Three Schottky disorders with
similar formation energy are present in STO. Equation (2.9), Equation (2.10), and Equation (2.11)
provide reaction equations about how these defects can be formed.

𝑆𝑟𝑥𝑆𝑟 +𝑇𝑖𝑥𝑇𝑖 + 3𝑂𝑥
𝑂 ⇌ 𝑉 ′′

𝑆𝑟 +𝑉 ′′′′
𝑇𝑖 + 3𝑉 ••

𝑂 + SrTiO3 (2.9)

𝑆𝑟𝑥𝑆𝑟 +𝑂𝑥
𝑂 ⇌ 𝑉 ′′

𝑆𝑟 +𝑉 ••
𝑂 + SrO (2.10)

𝑇𝑖𝑥𝑇𝑖 + 2𝑂𝑥
𝑂 ⇌ 𝑉 ′′′′

𝑇𝑖 +𝑉 ••
𝑂 + TiO2 (2.11)

Equation (2.9) is a full Schottky disorder present in STO. Equation (2.10) and Equation (2.11)
are known as partial Schottky defects because they do not preserve the stoichiometry of the
perovskite structure. The partial Schottky disorder includes SrO as a secondary phase. Sr va-
cancies described in Equation (2.10) can be activated during sample preparation. They become
mobile when STO is prepared at temperatures around 1200°C, below this temperature, Sr va-
cancies are immobile and become frozen [23–26].
STO is also considered a mixed ionic-electronic conductive material. In various investigations
of this study, we took advantage of this property, which allows for changes in oxygen non-
stoichiometry (𝛿), resulting in changes in the intrinsic electronics of the material. In undoped
STO material, mobile defects include oxygen vacancies and electronic defects. Equation (2.12)
demonstrates the interaction of oxygen uptake by occupying oxygen vacancies. To ensure
electron mobility, either two electrons 𝑒′ needed to accompany the oxygen uptake (see Equa-
tion (2.12)) or two holes ℎ• to be generated (see Equation (2.13)) [27, 28].

1
2𝑂2 +𝑉 ••

𝑂 + 2𝑒′ ⇌ 𝑂𝑥
𝑂 (2.12)

11



Section 2.4: Sol-gel method 12

1
2𝑂2 +𝑉 ••

𝑂 ⇌ 𝑂𝑥
𝑂 + 2ℎ• (2.13)

Electronic defects arise through the coupling of electron-hole formation or their recombination
(Equation (2.14)) [29].

nil⇌ ℎ• + 𝑒′ (2.14)

By substitutional doping of the A or B-site, the electronic conductivity of STO can be tailored.
For instance, doping Nb5+ at the A-site (replacing Ti4+) results in the generation of electrons
and Sr vacancies, making it an n-type conductor, which conducts only electrons. Conversely,
doping with Fe3+ at this site transforms STO into a p-type material by generating extra holes
and oxygen vacancies, thereby enabling primarily the conduction of oxygen ions (cationic de-
fects are minority [24, 30].

𝑁𝑏𝑥𝑇𝑖 ⇌ 𝑁𝑏•𝑇𝑖 + 𝑒′ (2.15)

𝐹𝑒𝑥𝑇𝑖 ⇌ 𝐹𝑒′𝑇𝑖 + ℎ• (2.16)

2.4 Sol-gel method

The sol-gel method stands as a well-investigated process in material science, providing a flex-
ible way to tailor many materials with diverse applications. Initially, the sol-gel process was
explored for oxide materials like glass and ceramics, it has applications now for the production
of a wide range of materials such as organic, inorganic, and composite materials. This method
finds usage in industrial production, such as advanced coatings like anti-corrosion [31, 32], or
as an anti-reflective coat for solar cells [33]. Sol-gel processes also have application in produc-
ing nanomaterials like TiO2 nanoparticles [34, 35], magnetic and electronic ceramics [36], and
more. This method offers advantages compared to traditional approaches for producing glass
or ceramic materials, such as high purity and low-temperature production, as well as repro-
ducibility [37]. In this study, we employed the sol-gel method to fabricate of STO thin films,
which offers advantages over physical deposition methods like PLD (Physical Laser Deposi-
tion) due to its lower cost.
A sol is a stable colloidal suspension of solid particles in a liquid, where the solid particles have
diameters ranging from 1 to 100 nm. These solid particles can be metal alkoxides or polymers,
while the liquid medium can be water (referred to as aqua sol-gel method) or organic sol-
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Section 2.4: Sol-gel method 13

vents such as alcohol (known as non-aqua sol-gel method). The formation of the sol requires
dispersion forces to exceed gravitational forces. A gel is defined by its three-dimensional inter-
connected network with pores within the liquid medium. It can consist of colloidal sol particles
or macromolecules, referred to as colloidal and polymeric gels, respectively. The structure of
the gel network, particularly in polymeric gels, can be categorized into four types:

1. Regular, layered arrangement (well-ordered lamellar structure)

2. Disordered covalent polymeric networks, with a lack of any ordered structure

3. Predominantly disordered polymer network formed through physical aggregation, where
the network arises from physical interactions

4. Partially disordered structure [37, 38].

The aquas sol-gel process includes four main steps: 1) Hydrolysis 2) Condensation 3) Aging 4)
Drying.
During the hydrolysis step of the aqua sol-gel process, the metal alkoxide and the solvent are
mixed, resulting in the removal of the alkoxide functional group from the metal alkoxide and
the generation of an alcohol functional group. The schematic chemical reaction can be written
as follows:

𝑀 −𝑂𝑅 + 𝐻2𝑂 → 𝑀𝑂𝐻 + 𝑅𝑂𝐻 (2.17)

where M is the metal and R the alkyl group (𝐶𝑛𝐻2𝑛+1)

The hydrolysis step is followed by a condensation process, during which water or alcohol
molecules are removed from the solution to form a gel by establishingmetal oxide linking bonds
(metal-oxo-metal). The quantity of water can alter the structure of the polymer branches and
therefore the porosity, by affecting the number of metal-oxo-metal bonds, which can be also
influenced by the addition of acid, base, or alkoxide precursors. The reaction can be generally
written as:

𝑀 −𝑂𝐻 + 𝑋𝑂 −𝑀 → 𝑀 −𝑂 −𝑀 + 𝑋𝑂𝐻 (2.18)

The aging step is a continuation of the polycondensation step and reforms the gel network. Du-
ration of the aging process can result in a decrease of the porosity by increasing the thickness
of interparticle connections. The drying method employed can significantly alter the struc-
ture of the gel network and, consequently, the final network structure of the material. Various
methods exist for removing the liquid from the porous medium, including thermal drying,
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Section 2.5: Electrochemical Impedance Spectroscopy (EIS) 14

freeze-drying, and supercritical drying. Thermal drying can cause the collapse of the gel struc-
ture, resulting in the formation of a xerogel. To prevent significant shrinkage, freeze-drying
presents a superior alternative. Freeze-drying operates at lower temperatures, resulting in a
structure known as a cryogel. Supercritical drying preserves the gel network structure while
maintaining high porosity and surface area [39, 40].

2.5 Electrochemical Impedance Spectroscopy (EIS)

EIS stands as a powerful nondestructive technique for measuring electrochemical phenomena
within diverse systems containing charge carriers such as electrons or ions. EIS finds appli-
cations across various research, including biosensing [41], corrosion [42], battery technology,
solid oxide fuel cells (SOFCs), and more. Despite its utility, EIS is based on a complex mathe-
matical background. Herein is a brief introduction to its measurement principles.
Ohm’s law defines the behavior of a perfect resistor through Equation (2.19), where V repre-
sents the voltage (volts), I (amps) stands for the current, and R (Ω) denotes the resistance of the
current flow.

𝑅 =
𝑉

𝐼
(2.19)

By employing EIS measurements, a sinusoidal voltage or current is applied to the system at a
selected frequency. The Ohm’s law can be expressed accordingly, as shown in Equation (2.20),
wherein instead of ’R’, ’Z’ is utilized to represent impedance (Ω), with ’E(𝜔)’(volt) denoting the
alternating current (AC) potential and ’I(𝜔)’(amps) representing the AC. When a sinusoidal
potential serves as the input to the system (and the output is impedance), it is referred to as
Potentiostatic EIS (PEISP). Conversely, when the input is current, it is termed Galvanostatic
EIS (GEIS).

𝑍 =
𝐸 (𝜔)
𝐼 (𝜔) (2.20)

A sinusoidal potential (𝐸) as the input exhibits wave-like behavior. Figure 2.6 a) illustrates the
wave behavior of the input potential at 𝑡 = 0, while Figure 2.6 b) shows a possible output wave
signal corresponding to the input signal.

14
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Figure 2.6: The sinusoidal waveform response within a linear system reveals a phase-shift
angle used for describing electrochemical reactions. a) Input voltage with a cer-
tain frequency, b) Output response from sample

In this representation, the two waves exhibit a constant time shift. This is called a phase-
angle shift (𝜑). Thus, the equation for the input potential as a function of time can be expressed
as:

𝐸𝑡 = 𝐸0 sin(𝜔𝑡) (2.21)

The potential at time "t" (denoted as E𝑡 ) is determined by the amplitude of the signal (E0) and
the angular frequency (ω) is measured in radian per second.
To maintain the linear characteristics in electrochemical systems, typically a low amplitude of
alternating current (AC) voltage, ranging from approximately 5 to 10 mV, is employed. Consid-
ering the phase shift, the equation for the output current as a function of time can be written
as:

15



Section 2.5: Electrochemical Impedance Spectroscopy (EIS) 16

𝐼𝑡 = 𝐼0 sin(𝜔𝑡 + 𝜑) (2.22)

where 𝐼𝑡 in a singular response of instantaneous current at its maximum amplitude, 𝐼0 is the
distinct amplitude of the output signal. 𝜑 represents the phase angle shift.
Referring to Ohm’s law (Equation (2.20)), we can reformulate it using Equation (2.21) and Equa-
tion (2.22).

𝑍 =
𝐸0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡 + 𝜑) = 𝑍0
sin(𝜔𝑡)

sin(𝜔𝑡 + 𝜑) (2.23)

where the characteristic impedance (𝑍0) is the ratio between the applied voltage (E0) and the
current (I0). Given the identical frequency (𝜔) of the input and output signals in a linear time-
invariant (LTI) system, both signals can be interconnected through a transfer function Z (𝜔) as
a function of frequency with the imaginary unit 𝑗 =

√−1.

𝑍 (𝜔) = |𝑍0 | exp𝑗𝜑 = |𝑍0 | (cos𝜑 + 𝑗 sin𝜑) (2.24)

Consequently, the impedance at this frequency Z (𝜔) expressed as:

𝑍 (𝜔) = 𝑍 ′ + 𝑗𝑍 ′′ (2.25)

A Nyquist plot is plotting the real component (Z′) against the imaginary component (Z′′). In a
Cartesian coordinate system, the real component (Z′) can be plotted on the x-axis, representing
the resistance, while the imaginary component (Z′′) can be plotted on the y-axis, depicting the
reactance. This presentation of the impedance is commonly referred to as a Nyquist plot. The
absolute value of impedance, referred to as modulus, is illustrated as a vector with a phase shift
𝜑 = 𝜔𝑡 . Figure 2.7 illustrates the impedance at one certain frequency as a vector concept.
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Figure 2.7: Representation of the impedance as a complex vector, the x-axis is the imaginary

part and the y-axis is the imaginary part

𝑍 ′ = |𝑍 |𝑐𝑜𝑠𝜑 (2.26)

𝑍 ′′ = |𝑍 |𝑠𝑖𝑛𝜑 (2.27)

|𝑍 | =
√︁
(𝑍 ′)2 + (𝑍 ′′)2 (2.28)

𝜑 = 𝑡𝑎𝑛−1
�
𝑍 ′′

𝑍 ′

�
(2.29)

Additionally, Bode plots offer two distinct graphical representations to extract further insights
from the measured electrochemical system. These plots present the modulus of impedance Z
against frequency and the phase-angle (𝜑) [42–44].

In practice, commonly used frequency ranges are between 1 MHz to 10 mHz. This allows
for the differentiation between various time dependence electrochemical phenomena, such as
diffusion and ion conduction in electrolytes. Slower electrochemical processes are effectively
probed at lower frequencies, whereas faster processes are better examined at higher frequen-
cies. By leveraging this frequency-dependent approach, researchers can gain a comprehensive
understanding of the underlying mechanisms governing electrochemical behavior. Measured
data can be described and fitted by the use of equivalent circuit elements.
Measured data are typically conducted from high frequency to low frequency. Figure 2.8 illus-
trates the Nyquist plot for the most used circuit elements.
In Figure 2.8a despite an ideal resistor, which manifests as a single point lying on the real axis.
This is because the real part being represented by R and its imaginary part being 0. Therefore,
the position along the x-axis corresponds directly to the resistance value of the resistor.
Figure 2.8b presents an ideal capacitor, resulting in a straight line along the imaginary axis.
Here, the real part of the impedance is zero, while the imaginary part is proportional to 1/(𝜔C).
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The depiction of a parallel RC-element is demonstrated in Figure 2.8c, where the Nyquist plot
appears as a perfect semicircle. This parallel RC-element comprises a resistor and a capacitor in
parallel. At high frequencies (𝜔 → ∞), the current predominantly flows through the capacitor,
while at low frequencies (𝜔 → 0), the current primarily passes through the resistor due to the
absence of capacitive effects. This transition from predominantly capacitive to predominantly
resistive behavior results in the characteristic semicircular shape of the Nyquist plot.
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R

(a) Ideal resistor

C

(b) Ideal capasitor

R

C

R

increasing 𝜔 

(c) Parallel RC-element

Figure 2.8: Nyquist plots of commonly used circuit elements with their corresponding equiv-
alent circuit models
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3 Experimental

3.1 List of chemicals

Table 3.1: List of chemicals used in this work

Chemical Formula Name Purity(%) Supplier

𝐸𝑡𝑂𝐻 Ethanol 99.98 Sigma Aldrich
𝑇𝑖 (𝑂𝐶𝐻2𝐶𝐻2𝐶𝐻2𝐶𝐻3)4 Titanium(IV)butoxide 97 Sigma Aldrich
𝑆𝑟 (𝐶𝐻3𝐶𝑂2)2 · 0.5𝐻2𝑂 Strontium acetate hemihydrate 98 Alfa Aesar
𝐶𝐻3𝐶𝑂𝐶𝐻2𝐶𝑂𝐶𝐻3 Acetylaceton 98 Sigma Aldrich
𝐶𝐻3𝐶𝑂𝑂𝐻 Acetic acid 100 Sigma Aldrich
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 2-Methoxyethanol 99.8 Sigma Aldrich
𝑃𝑡 Platinum paste - Tanaka
𝐿𝑎0.6𝑆𝑟0.4𝐹𝑒𝑂3−𝛿 LSF paste - -
𝐺𝑑0.1𝐶𝑒0.9𝑂2−𝛿 GDC - Treibacher
𝑌0.17𝑍𝑟0.83𝑂1.915 9.5 mol% YSZ single crystal (100) - Mateck
Nb-doped 𝑆𝑟𝑇𝑖𝑂3 0.5 wt% Nb:STO single crystal (100) - CrysTec
𝑂2 Oxygen gas 99.999 Messer
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Section 3.2: Sol-gel synthesis 21

3.2 Sol-gel synthesis

3.2.1 Strontium titanate precursor preparation via sol-gel process

The sol-gel process for the preparation of the STO thin filmwas employed according to Liu et al.
[5], however, the heating treatment to achieve crystallization of the STO thin film was altered
and will be described throughout this section. Titanium tetrabutoxide and strontium acetate
hemihydrate were chosen as the starting materials for the precursor. To achieve a 1:1 ratio of
strontium (Sr) to titanium (Ti), 0.2 M solution of titanium tetrabutoxide in 2-methoxyethanol
and another 0.2 M containing strontium acetate in acetic acid were prepared. Strontium acetate
was first dissolved in hot acetic acid (60 °C) under constant stirring, and the resulting solution
was stirred for half an hour until it became clear and colorless. Titanium tetrabutoxide was
dissolved in 2-methoxyethanol in the room temperature and stabilized using a few drops of
acetyl acetate. After the strontium solutionwas cooled down to room temperature, the titanium
solution was added dropwise. The mixture was then stirred for 6 hours and followed by aging
for 24 hours. A schematic illustration of the preparation of the precursor is shown in Figure 3.1.

O

O
Sr

O

O

Ti
O
O

O
O OO

OH
O

O

OH
Acetic Acid Strontium acetate

30 min

Titanium tetrabutoxide  2-methoxyethanol Acetyl acetate

6 h 24 h

Figure 3.1: Schematic illustration of the precursor preparation for the STO thin films
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3.2.2 Production of strontium titanate thin film layers

To obtain STO thin films, 50-100 µL of the solution was dispensed onto the YSZ single crystal
substrate by using spin-coating for 15 seconds at 5400 rpm. Subsequently, the sample was dried
at 150 °C on a hot plate for 3 min, followed by pyrolysis at 450 °C for 5 min on the hot plate.
To achieve a desired film thickness of approximately 200 nm, the spin coating process and
heating sequence was repeated eight times. The STO thin film was subsequently annealed in
an air atmosphere furnace. The furnace was gradually heated at rate of 10 °C per minute and at
the desired temperatures was maintained for 3 hours (for analytical analysis the temperature
was varied from 550 °C to 850 °C and for electrochemical analysis a temperature of 850 °C was
chosen; more details will follow). Subsequently, the STO thin films were cooled down at a rate
of 10 °C per minute. A schematic illustration of the heating process is shown in Figure 3.2.

Figure 3.2: Schematic illustration of the heat treatment and the annealing of crystalline STO
thin film to achieve a film thickness of 200 nm
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3.3 Sample preparation

3.3.1 Sample preparation for analytical analysis

The goal of this study is to analyze STO thin films, which are prepared by the sol-gel pro-
cess. The characterization will be split into two main categories: 1) the analytical and 2) the
electrochemical characterization. For the analytical characterization, four main samples were
explored:

1. Exploration of the effect of the annealing temperature on STO thin films: STO precursors
synthesized via the sol-gel process were deposited onto YSZ substrates and subjected to a
heat treatment, followed by annealing at temperatures ranging from 550 °C to 850 °C for
3h.

2. Influence of the precursor aging on STO thin films: Following synthesis via the sol-
gel process, STO precursors were aged for durations of 48 hours, one month, and three
months. Subsequently, they were deposited onto YSZ substrates and subjected to a heat
treatment, followed by annealing at 850 °C for 3h.

3. Exploring different Sr:Ti ratios: Three batches were prepared. The first batch contained
1M strontium and 2M titanium solutions, resulting in a ratio of 0.5 parts strontium to
1 part titanium. Another batch was prepared with a 1:1 ratio of strontium to titanium.
The third batch included 4M strontium and 2M titanium solutions, yielding a ratio of 2
parts strontium to 1 part titanium. These batches were then used to create STO thin films
using the sol-gel process, followed by a heat treatment and annealing at 850 °C for 3h.

4. Reproducibility of the method: STO precursors synthesized via the sol-gel process were
deposited onto YSZ and annealed at 850 °C for 3h. This procedure was repeated three
times to evaluate reproducibility.

The methods utilized for the analytical characterization were Scanning Electron Microscope
(SEM), GIXRD, LA-ICP-MS, and Atomic Force Microscopy (AFM).
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3.3.2 Sample preparation for electrochemical analysis

STO thin film on YSZ for measurement under bias voltage

Impedance measurement under bias voltage were carried out on a sample with an oxygen
ion-buffer as a counter electrode, an electrolyte (YSZ), and a working electrode (STO) (see
Figure 3.3). The fabrication of an oxygen-ion buffer was the first step for the preparation of
the impedance measurement under bias voltage. The oxygen ion-buffer counter electrode, was
made up of 80 wt% Gd:CeO2 (GDC) (consist of GDC powder and a Terpineol based ink vehicle)
and 20 wt% Fe2O3, dispersed in an ink vehicle at a 1:1 weight ratio and homogenized in a
rotary ball mill (Fritsch Pulverisette)). GDC/Fe2O3 was spin-coated onto the back side of a
5× 5× 0.5mm3 YSZ. The spin-coating process was carried out at 2400 rpm for one minute and
then dried in a dry cabinet at 100 °C. Subsequently, a thin layer of Pt paste was brushed on top
of GDC/Fe2O3 and the sample was sintered at 1050 °C for 3 hours [45]. After preparation of the
back side of the YSZ, a STO thin film as (working electrode) was grown on the top side of YSZ
by the sol-gel process as previously explained in Section 3.2. This was followed by sputtering
a current collector consisting of 5 nm Ti (adherence layer) and 250 nm Pt onto the STO thin
film. The metalic thin film of Ti/Pt metal was deposited using the metal sputtering method.
The sample chamber was initially evacuated to 10−5 mbar and subsequently set to the specified
Argon pressure. Fisrt the Ti layer was deposited onto the sample through sputtering, followed
by sputtering of the Pt layer over the Ti layer. Table 3.2 shown exact parameter for sputter
process.

Table 3.2: Metal Sputtering Parameters

Titanium Platinum

Sputter time (s) 55 403
Argon pressure (mbar) 7.10−3 2.10−2

Sputter current (mA) 100 100
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Figure 3.3: Schematic illustration of a sample prepared for the impedance measurement un-
der bias a) Current collector (Ti/Pt) b) Working electrode (STO) c) Electrolyte
(YSZ) d) Counter electrode (GDC/Fe2O3, spin coated) with a Pt layer on top
(brushed)

STO thin film on Nb:STO for conductivity measurements

To measure the conductivity of the STO thin film, a sample with Nb:STO as a substrate was re-
quired. The STO sol-gel precursor was spin-coated onto the polished side of a 5 × 5 × 0.5mm3

Nb:STO single crystal (spin-coating process was previously explained in Section 3.2). After-
ward, Pt paste was brushed onto the unpolished side of the Nb:STO and dried in a drying cab-
inet for 15 min at 100 °C. The Pt paste was sintered simultaneously during the STO annealing
process. Pt microelectrodes were applied to the STOworking electrode using photolithography
andmetal sputtering. Photolithography was done in a dust-free room. The sample was initially
wiped with ethanol and blow-dried with nitrogen gas. The procedure involved applying 100 µL
of ma-N 1420 Photoresist Laquer (MicroResist Technology, Germany) onto the samples using
an SCC-200 spincoater (KLM, Germany). Subsequently, the coated sample was dried on a hot
plate for 4 min at 100 °C. Following this, the sample was exposed to UV light (350 W, USHIO
350DP Hg, Ushio, Japan)(detailed information in Table 3.3) through a patterned shadow mask,
that features circular microelectrodes with diameters ranging between 50–1000 µm. Areas of
the photoresist, that were not exposed to UV light, were then removed using a ma-D 533/s de-
veloper solution (Microresist Technologies, Germany) and the residual developer solution was
removed by submerging the sample in deionized water. Consequently, a thin layer of Ti/Pt
(with 5 nm Ti and 100 nm Pt thickness) was sputtered according to the procedure detailed in
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Table 3.4 on the STO thin film, with the dried photoresist on top. The sample was then carefully
submersed in ethanol to remove the remaining of the photoresist. A schematic illustration of
the sample geometry is shown in Figure 3.4.

Table 3.3: Photolithography parameters

Photoresist (µL) 100
Spin coater program (rpm, s) (100, 40) followed by (60, 15)
Heating temperature (◦C) 100
Heating duration (min) 4
UV light exposure (s) 60
Developing time (s) 60 to 120

Table 3.4: Metal Sputtering Parameters

Titanium Platinum

Sputter time (s) 55 161
Argon pressure (mbar) 7.10−3 2.10−2

Sputter current (mA) 100 100
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a
b

c

d

Figure 3.4: Schematic illustration of the sample prepared for the conductivity measurements
a) Microelectrode (Ti/Pt) b) Working electrode (STO) c) Nb:STO single crystal
d) Porous Counter electrode (Pt paste)

Half cell battery

To measure the STO thin film layer as a half-cell battery, we needed a desired configuration of
the sample. We designed the setup with the reference electrode placed opposite the working
electrode to measure the overpotential of only the counter electrode. The STO thin film (work-
ing electrode) was deposited on YSZ (elektrolyt). On top of the STO thin film layers of current
collector (Ti/Pt) were sputtered and additionally covered with glass layer to prevent the oxy-
gen uptake from the surrounding atmosphere Figure 3.5. A counter electrode (La0.6Sr0.4FeO3–𝛿

(LSF)) and reference electrode (also LSF) were brushed on the bottom side of the substrate.
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a
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e
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h

Figure 3.5: Schematic illustration of a battery cell a) Glass paste b) Current collector Ti/Pt c)
Working electrode (STO) d) Electrolyte (YSZ) e) Counter electrode (LSF) with Pt
paste f) Reference electrode (LSF+Pt) on top g) Ti wire h) Pt paste for connecting
the working electrode

STO was spin-coated with the same procedure explained earlier in Section 3.2 on to the YSZ
single crystal using a mask made from Kapton tape with cutout size of 6 × 8 mm2. The Kapton
tape was precisely cut using a precision cutting plotter (Roland Versastudio GS2-24). Kapton
tape is a polyamide with silicon adhesive. Notably, the silicon carries potential toxicity for
surface reactions. This mask was placed on a YSZ single crystal substrate measuring 10 × 10 ×
0.5 mm3.
An alternative approach to the heat treatment of the STO precursor was employed following
the spin coating, due to the loss of Kapton tape’s adhesive properties beyond 350 °C. As men-
tioned former, after spin-coating, the sample was initially heated for 3minutes at 150 °C (drying
step), followed by a subsequent heating for 5 minutes at 450 °C (pyrolysis step). This process
was repeated eight times to achieve approximately 200 nm of STO thin film. Moreover, heat of
the Kapton mask above 450 °C causes the Kapton to lose its adhesive properties, which means
that the heat treatment of the STO thin film can not exceed the 450 °C for pyrolysis step.
To address this issue, only the drying process at 150 °C was employed after spin-coating and
repeated eight times. Subsequently, the Kapton layer was removed, and the sample subjected
to pyrolysis at 450 °C for 5 minutes.
On the back side of the YSZ single crystal, a layer of LSF paste was brushed, using a nominally
identical Kapton mask to precisely apply LSF and ensured the alignment with the STO (work-
ing electrode on top of the YSZ). Additionally, a small amount of LSF was applied at the corner
as a reference electrode. After allowing the LSF to dry for 30 minutes in a drying cabinet, Pt
paste was applied on LSF and dried for 10 minutes. STO and the brushed LSF/Pt layer were
sintered simultaneously at 850 °C.
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A Ti/Pt layer (5 nm Ti and 100 nm Pt thickness) was applied onto the STO layer, extending
approximately 1 mm beyond the STO layer on the YSZ single crystal substrate, the subsequent
procedure is outlined in Table 3.4. (Figure 3.6 shows the Ti/Pt on top of the STO layer on YSZ)

Figure 3.6: Microscopic image of a half-cell battery featuring a Ti/Pt thin layer coating atop
an STO thin film (highlighted in red with area of 35.85 mm2), placed on the YSZ
single crystal

Pt wires were securely attached with Pt paste onto both the counter electrode and reference
electrode for measurement purposes. The Ti/Pt film coated STO thin film was sealed using a
glass layer. For this purpose, glass paste was brushed on STO thin coated with Ti/Pt layer onto
top of the YSZ. A small point of the Ti/Pt sputtered layer was left uncovered by the glass paste,
allowing for connection, and was instead brushed with Pt paste. This step was done to ensure
the electrical contact with STO as working electrode. Subsequently, the setup was subjected to
sintering at 700 °C for half an hour with a heating rate of 9 °C/min and then gradual cooling at
1.9 °C/min.
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3.4 Analytical and electrochemical measurement methods

3.4.1 Analytical methods

Scanning Electron Microscope (SEM)

SEM images were acquired using the SEM instrument at USTEM - Elektronenmikroskopie, TU
Wien, employing a Quanta 250 FEG (FEI, USA). Due to the low conductivity of all samples, a
thin layer of Pd-Au was sputtered onto all samples to ensure uniform conductivity and achieve
optimal image quality.

Grazing Incidence X-ray Diffraction (GIXRD)

GIXRD functions by using a small incident angle X-ray beam to minimize penetration into the
samples, making it a sufficient method for the thin film analysis. GIXRD measurements were
conducted at the XRC — X-Ray Center at TU Wien, utilizing an Empyrean X-ray diffractome-
ter (PANalytical, United Kingdom) with a PIXcel3D detector (Malvern Panalytical Ltd.) and a
parallel beam mirror on the incident beam side with a scintillation detector on the diffracted
beam side. Scans were performed on all samples for angles between 𝜃 − 2𝜃 (20 − 90◦).

Laser Ablation Inductively Coupled Plasma Mass Spectrometry(LA-ICP-MS)

The LA-ICP-MS setup consists of a Thermo Scientific™ iCAP™ TQ ICP-MS system (Thermo
Fisher Scientific, Bremen, Germany) and a NWR213 laser ablation system (ESI, Fremont, USA),
connected by PTFE tubing with 2 mm inner diameter. LA-ICP-MS conditions are given in
Table 3.5. The measurements were conducted using an STO (100) single crystal as a reference
for one-point calibration. Each sample was scanned at five distinct locations with the laser,
resulting in ablated lines totaling 1 mm in length. The laser spot dimensions were configured at
10 µm x 10 µm with no overlap, while maintaining a laser fluence of 2.59 J/cm2 and a repetition
rate of 10 Hz.
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Table 3.5: LA-ICP-MS measurement condition

Plasma Power (W) 1550
Dwell time(s) 0.1

Nebulizer gas flow (Ar) (L/min) 1
Cool gas flow (Ar) (L/min) 14
Auxiliary gas flow (L/min) 0.8

Measurement mode TQ-O2

Collision/reaction gas flow (O2)(mL/min) 0.33
Measured isotopes as oxides 47Ti, 48Ti, 86Sr, 87Sr

3.4.2 Electrochemical methods

STO thin film on YSZ for measurements under bias voltage

EIS measurement under bias voltage were conducted using the BioLogic SP200 potentiostat,
which features a built-in impedance analyzer. The sample was positioned within a tube fur-
nace on a Pt sheet, and connections between the counter electrode and the working electrodes
were established using Pt-Ir needles. One needle was placed on top of the working electrode
and the second was placed on the Pt sheet in order to connect the counter electrode. For tem-
perature monitoring, a type-S thermocouple was placed approximately 1 cm below the sample
holder (Figure 3.7 shows the schematic distance between sample holder and thermocouple).
The connected sample was sealed within a silica outer tube from atmosphere and subsequently
inserted into a tube furnace. Prior to the measurement under bias, the entire systemwas heated
and evacuated overnight, to prevent any reaction between lab air contaminants or humidity
with the sample. The furnace set temperature was 200 ◦C in order to have almost 100 °C inside
the silica tube and sample.The outer chamber was heated using a heating wire to maintain a
temperature of 100 ◦C overnight (Figure 3.7 shows a schematic illustration of the measurement
setup and Figure 3.8 shows the photo of the measurement setup and a close up of the sam-
ple). Vacuum was established by using the Turbo-V70 pump with ISO 63 high vacuum flange
(VARIAN Leini Torino ITALY), coupled with a vacuum pump (TRICAC type D, manufactured
in GERMANY). Overnight, a vacuum level of 5 × 10−6 mbar was achieved.
The oxygen ion-buffer counter electrode has been used in order to precisely control the ac-
tivity of oxygen in the working electrode. Prior to the EIS measurement, counter electrode
conditioning was performed to reduce Fe2O3. The counter electrode conditioning was done by
applying constant current of 56 𝜇A to the cell for a duration of 30 minutes at 500 (±5) ◦C and
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5 × 10−6 mbar pressure. By releasing O2, Fe2O3 partially reduced to Fe/Fe0.98O. Ultimately, the
oxygen activity can be regulated by Fe/FeO phase equilibrium with

𝑎(O2)𝐶𝐸 = exp
2Δ𝑓𝐺

0

𝑅𝑇
(3.1)

where 𝑎(O2)𝐶𝐸 is the oxygen activity at the counter electrode (GDC/Fe/FeO), 𝑅 is the universal
gas constant (J/mol.K), T is temperature (K), andΔ𝑓𝐺

0 is themolar standard formation enthalpy
of FeO Δ𝑓𝐺

0(𝐽 .𝑚𝑜𝑙−1) is [46]:

Δ𝑓𝐺
0 = −303.097 + 683.5𝑇 − 91.4𝑇𝑙𝑛𝑇 + 0.05𝑇 2 (3.2)

where units of experimentally determined coefficients are 𝐽 .𝑚𝑜𝑙−1, 𝐽 .𝑚𝑜𝑙−1.𝐾−1, 𝐽 .𝑚𝑜𝑙−1.𝐾−1

and 𝐽 .𝑚𝑜𝑙−1.𝐾−2 respectively.
The oxygen activity of the working electrode (STO) can be determined from the cell voltage
from Nernst’s equation:

𝑎(O2)𝑊𝐸 = exp
2Δ𝑓𝐺

0 + 4𝐹𝑈𝑐𝑒𝑙𝑙

𝑅𝑇
(3.3)

where 𝑎(O2)𝑊𝐸 is the oxygen activity at the working electrode (STO),𝑈𝑐𝑒𝑙𝑙 is the applied volt-
age, and F is the Faraday constant. In previous publications, GDC/FeO was employed in a
comparable cell design for the purpose of an oxygen release in XPS measurement [45, 47] and
also as an oxygen sub-stochiometric GDC counter electrode [48]. However, this approach aims
to provide a precise control over the release of oxygen for EIS measurement under bias volt-
age.
Impedance measurements were performed at a sample temperature of 500 (±5) ◦C and 5 ×
10−6 mbar chamber pressure. Bias voltages ranging from -1 V to 1 V were applied at inter-
vals of 10 mV. EIS measurements were subsequently conducted within the frequency range of
10 kHz to 20 mHz, utilizing an amplitude of 10 mV.
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a
b

c

d

e

f

Figure 3.7: A schematic illustration of the measurement setup used for impedance measure-
ments under bias voltage a) Furnace b) Turbo pump c) Heating wire around the
outside of the chamber d) Thermocouple e) Sample holder, f) Sample
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(a) The entire setup contains the furnace and outer tube cov-
ered with heating wire, that are shielded by an aluminum
layer to prevent heat lost

a

b

c

d

e
(b) A closer look at the sample placed on the sample holder a) Needle

connected to counter electrode b) Needle connected to working elec-
trode c) Pt-sheet on sample holder d) sample e) Thermocouple

Figure 3.8: a) Photo of the measurement setup used for impedance measurement under bias
voltage and b) closer look of the sample
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STO thin film on Nb:STO for conductivity measurements

Measurements for the analysis of the conductivity of STO thin film on Nb:STO were conducted
using STO thin films grown on Nb:STO single crystal, as described in Subsection 3.3.2.
The measurement setup, similar to that utilized in measurements of the STO thin film under
bias voltage, was also employed for this measurement. Microelectrodes, ranging in diameter
from 300 to 700 µm, were positioned atop the working electrode (STO) and connected using
Pt-Ir needles. One needle was positioned on top of the microelectrode, while the second one
was placed on a Pt sheet on the sample holder to facilitate the connection between the working
and counter electrodes (see Figure 3.9).
The samples were positioned within a uniformly heated furnace, maintaining a temperature
range of 500 °C to 600 °C. Prior to the EIS measurement, 1 bar of oxygen gas was bubbled
through the setup to allow equilibration of the sample with the atmosphere. Additionally, a
constant flow of the oxygen gas during the measurement was used to prevent any reactions
between lab air contaminants and the sample.
To assess the conductivity of the thin films, we employed electrochemical impedance spec-
troscopy with an Alpha-A High-Resolution Analyzer (Novocontrol, Germany), covering a fre-
quency range from 1 MHz to 5 mHz with a resolution of 10 points per decade and an AC rms
amplitude of 10 mV.
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c

b

a

d

Figure 3.9: Photo of the measurement setup a) Needle connect to the counter electrode b)
Needle connected to the microelectrode (approximately 700 µm) on the working
electrode (STO) c) Pt-sheet on the sample holder for the connection of the counter
electrode d) Thermocouple

Half cell battery

Electrical measurements of the half cell battery carried out in a setup similar to the previous
one, utilizing a tube furnace uniformly heated at a temperature of 500, (±5),◦ C, that was mon-
itored by a Type-K thermocouple positioned 1 cm below the sample holder in 1% bar𝑂2. Note
that the gas flow bubbled through the setup prior to the electrical measurement.
Pt-Ir needles were affixed to the working electrode and the counter electrode was connected
with the needle with the use of the Pt wire (refer to Figure 3.10 for additional details).
Galvanostatic cycling with potential limitation (GCPL) was executed using a Keithley 2600
source meter in a 2-wire configuration, employing DC currents ranging from 8 to 20 µA. Di-
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rect currents were applied between the counter and the working electrode, while voltages were
recorded between the working and reference electrode.
10 cycles were measured between 0 V (low) and upper cut-off voltage between 1.5 to 2 V. The
potential versus 1 bar oxygen were calculated with Nernst’s Equation (3.4).

𝑈𝑣𝑠1𝑏𝑎𝑟𝑂2 = 𝑈𝑣𝑠1%𝑂2 −
𝑅𝑇

4𝐹 exp 1𝑏𝑎𝑟 (𝑂2)
0.01𝑏𝑎𝑟 (𝑂2) (3.4)

where𝑈𝑣𝑠1%𝑂2 is the measured voltage and𝑈𝑣𝑠1𝑏𝑎𝑟𝑂2 is voltage against 1 bar O2.

a)

b)

Figure 3.10: Schematic illustration of the battery half cell connectionwith the needle a) work-
ing electrode connected directly with a needle on the brushed Pt on top of the
Ti/Pt sputtered layer (working electrode is covered by Ti/Pt sputtered layer and
sealed with a glass layer to prevent the oxygen uptake of the atmosphere except
a very small point which used for the electrical connection) b) counter electrode
connected to the needle via a Pt wire, that was attached on the back side of the
(LSF/Pt) counter electrode by Pt paste
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4 Results and Discussion

4.1 Analytical characterization of STO thin films

4.1.1 Exploration of the effect of the annealing temperature on STO thin film

The influence of annealing temperature on the morphological and structural alterations of
materials is well-established. However, our study focuses specifically on examining the impact
of annealing temperature variations on the structure, surface morphology, and stoichiometry
of sol-gel prepared STO thin films.

GIXRD

Figure 4.1 shows diffractograms of STO thin films annealed at 550 ◦C, 650 ◦C, 750 ◦C and 850 ◦C
for 3 hours. The high energy of X-rays enables deep penetration into the sample, potentially
revealing the distinctive characteristics of YSZ and the STO thin films. Ensuring that the
diffracted beam originates from the thin film layer is crucial. Utilizing GIXRD measurement,
where the low incident beam angle can only penetrate through the STO thin films, becomes
the preferred technique for this purpose. While this approach offers the advantage of shal-
lower penetration, it may also result in lower intensity of reflections. The diffractogram taken
for a STO thin film annealed at 550 ◦C (dark teal in Figure 4.1) shows reflexes similar to the
amorphous material. Whereas, by increasing the annealing temperature of the STO thin films
to 650 ◦C, 750 ◦C and 850 ◦C, crystallization of the STO thin films in the provskite structure can
be observed. The three diffractograms belonging to 650 ◦C, 750 ◦C and 850 ◦C match the cor-
responding peaks found in the database for the perovskite type STO. Three highest intensity
peaks at 32.3◦, 46.33◦ and 57.63◦ indicate [110], [200], and [211] lattice planes, respectively,
belong to the STO perovskite structure. All STO films annealed higher than 550 ◦C have a lat-
tice parameter of 𝑎 = 𝑏 = 𝑐 = 3.9Å. The sharpest reflexes were measured for STO thin films
annealed at 850 ◦C (light blue diffractogram). Here, even reflexes with the smallest intensities,
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for example the [310], [311], and [222] reflexes at 77◦, 82◦ and 86◦ 2𝜃 , respectively, were clearly
distinguishable, compared to the same reflexes for STO thin films with lower annealing tem-
peratures. Based on those GIXRD results, an annealing temperature of 850 ◦C seems to provide
the desired formation of the perovskite structure.

Figure 4.1: GIXRD of nominally identical STO thin films on YSZ single crystals annealed in
a temperature range between 550 °C and 850 °C and a step size of 100 °C

SEM images

The surface morphology can be significantly impacted by the annealing temperature, influenc-
ing aspects such as surface roughness, grain size, and terrace-and-step structures.
Image (a) in Figure 4.2 presents the STO thin film annealed at 550 ◦C. As GIXRD confirmed
previously, it exhibits an amorphous structure. The SEM image shows the presence of extra
small grains. By increasing the annealing temperature, the morphology changes, as shown in
image (b) in Figure 4.2, which represents the thin film annealed at 650 ◦C. This image illustrates
particles on the surface, which may suggest variations in grain sizes, as indicated by GIXRD,
without revealing any additional phases.
The STO film annealed at 750 ◦C shown in image (c) of Figure 4.2 exhibits fewer holes and
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cracks compared to the others, but it appears to have a rough surface.
Image (d) in Figure 4.2 corresponds to the thin film annealed at 850 ◦C, which shows somewhat
condensed layer but with cracks on the surface.

c)

a) b)

d)

Figure 4.2: SEM images of STO thin films grown on YSZ single crystals at annealing temper-
atures of a) 550 °C b) 650 °C c) 750 °C and d) 850 °C

40



Section 4.1: Analytical characterization of STO thin films 41

The STO thin film annealed at 850 °C exhibited satisfactory results in both GIXRD analysis
and surface morphology. To further investigate the morphologies of the cross-section layer,
a cross-sectional SEM image was captured. As depicted in Figure 4.3, this image reveals a
partially compact layer characterized by cylindrical shapes.

YSZ

STO

Figure 4.3: Cross-section SEM image of the STO thin film annealed at 850 °C
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LA-ICP-MS

LA-ICP-MS measurements were initially employed to determine the stoichiometry of STO thin
films prepared via the sol-gel process. To ensure complete ablation of the entire thin film, mass
spectroscopy was used to measure the presence of yttrium and zirconium elements in the YSZ
single crystal substrate. Five repetitive of a laser line were utilized for an ablation. The first
laser pulse targeted approximately two-thirds of the thin film layer, while the second reached
deeper into YSZ. Figure 4.4 shows that the STO layer was ablated by the first pulse, however
neither yttrium nor zirconium were measured. Repetitive ablation of the second scan line
shows that both yttrium and zirconium were ablated, indicating almost complete removal of
the STO thin film.

Repetitive ablation

Figure 4.4: Five repetitive ablation of a scan line, showing that the STO thin film is almost
fully ablated after second repetition
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In preceding sections, we explored the impact of annealing temperature on the surface mor-
phologies of thin films and the presence of the perovskite structure. Additionally, it is important
to consider that variations in annealing temperatures can also affect the stoichiometry of the
thin film layers. As shows in Table 4.1, all thin films annealed within the temperature range of
550 ◦C-850 ◦C exhibit Sr depletion to some extent. Specifically, the thin film annealed at 550 ◦C
displays the highest concentration of Sr vacancies, while raising the annealing temperature
leads to a decrease, with Sr vacancies stabilizing at approximately 20%.
Furthermore, it is notable that in Subsection 4.1.1, thin films annealed at temperatures higher
than 550 ◦C exhibit diffractograms of pure perovskite materials. While the GIXRD method is
capable of detecting the structure of the material, it may not be sensitive enough to detect
low concentrations of vacancies that do not significantly influence the perovskite structure.
However, indirect indicators of vacancies, such as lattice parameter deviations, might still be
observable in GIXRD data. But in a previous section, the lattice parameters of the crystals were
perfectly matched to a perovskite structure. Nevertheless, LA-ICP-MS analysis reveals a 20%
vacancy concentration. This observation suggests that perhaps the single-point calibration by
the use of the single crystal may have been insufficient, potentially leading to discrepant find-
ings in the results. Therefore, for the sake of the clarity, LA-ICP-MS measurements should be
repeated using different calibration reference.

Table 4.1: Stoichiometry of STO thins film annealed at 550 ◦C, 650 ◦C, 750 ◦C and 850 ◦C

STO thin film annealed at 550 °C 𝑆𝑟0.66𝑇𝑖1𝑂3

STO thin film annealed at 650 °C 𝑆𝑟0.75𝑇𝑖1𝑂3

STO thin film annealed at 750 °C 𝑆𝑟0.81𝑇𝑖1𝑂3

STO thin film annealed at 850 °C 𝑆𝑟0.80𝑇𝑖1𝑂3
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Atomic Force Microscopy (AFM)

Selected samples underwent scanning with AFM to investigate surface roughness character-
istics. As discussed in the previous section, SEM images provided insight into the surface
morphologies. Specifically, Subsection 4.1.1 demonstrated that surface morphology can be in-
fluenced by the annealing temperature. In Figure 4.5, image (a) and (b) depict STO thin films
grown on YSZ, that were annealed at 750 °C and 850 °C, respectively. It is evident that the
surface of the STO thin film annealed at 850 °C (Figure 4.5 b) is denser compared to Figure 4.5
a), the STO thin film annealed at 750 °C. However, Figure 4.5 b) also reveals the presence of
cracks in the STO thin film.

b)a)

Figure 4.5: AFM scan of STO thin films on YSZ single crystals, a) STO annealed at 750 °C b)
STO annealed at 850 °C

The RMS roughness (Root Mean Square) were calculated for each sample. RMS is a statis-
tical measure used to assess surface roughness or smoothness. RMS is determined by taking
the square root of the mean of the valleys and peaks from the mean line within a specified
evaluation area.
The RMS values calculated for the STO thin film annealed at 750 °C (Figure 4.5 a) and 850 °C
(Figure 4.5 b) were 9.8 nm and 5.8 nm, respectively. These calculations indicate that the STO
thin film annealed at 850 °C exhibits a smoother surface compared to the one annealed at 750 °C.
Figure 4.6 shows 2D line scans across 5 µm of STO thin films annealed at 750 °C and 850 °C,
and indicates difference in surface roughness.
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a) b)

Figure 4.6: 2D line scan of STO thin films on YSZ single crystals, a) STO annealed at 750 °C
b) STO annealed at 850 °C

4.1.2 Precursor aging time

In the sol-gel process, it is known that the duration of the precursor aging could impact the
porosity of the resulting material. To eliminate the influence of the aging precursor on the STO
thin films, nominally identical STO thin films were deposited using the same precursor over a
period of three months.

GIXRD

Figure 4.7 presents diffractograms of three nominally identical STO thin films, each annealed at
850 °C with the same precursor aged for 48 hours, one month, and three months, respectively.
While the diffractogram of the STOfilmwith a threemonths old precursor exhibits lower inten-
sity compared to the others, this variance could potentially stem from sample size differences.
However, it is evident that all three precursors, despite their varying ages, crystallize into the
perovskite structure.
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Figure 4.7: GIXRD of nominally identical STO thin films on YSZ single crystals prepared with
a precursor that has been aged for 48 hours, one and three months (annealed at
850 °C)

SEM images

SEM images of three nominally identical STO thin films are shown in Figure 4.8. In all three
SEM images, it is evident that the surface is partially compact, but in some extent exhibits
cracks and holes. Furthermore, the grain sizes are clearly visible in image a) of Figure 4.7, but
appear smaller in image b), and become increasingly difficult to distinguish in image c).
Based on these images, it is evident that the morphologies of the surface can be influenced by
the precursor aging time, while the perovskite structure remains consistent across all nominally
identical STO thin films, as confirmed by GIXRD analysis.
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a) b)

c)

Figure 4.8: SEM image of three nominally identical STO thin films grown on YSZ single crys-
tal using the same precursor with an aging duration of 48 hours, b) one month
and c) three months.

LA-ICP-MS

The LA-ICP-MSmethod was employed to investigate the stoichiometry of two nominally iden-
tical STO thin films grown on YSZ using the same precursor with aging durations of 48 hours
and three months. The analysis revealed that Sr vacancies were present in both samples. The
precursor aged for 48 hours has a stoichiometry of 𝑆𝑟0.93𝑇𝑖1𝑂3, whereas the precursor aged
for three months shows more Sr vacancies, with a stoichiometry of 𝑆𝑟0.89𝑇𝑖1𝑂3. Although the
difference is minimal, it may have arisen from the calibration used for these measurements.
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Table 4.2: Stoichiometry of two nominally identical STO thin films grown on YSZ single crys-
tal using the same precursor with an aging duration of 48 hours and three months

Precursor after 48h 𝑆𝑟0.93𝑇𝑖1𝑂3

Precursor after three months 𝑆𝑟0.89𝑇𝑖1𝑂3

4.1.3 Variations of the Sr to Ti ratio in the precursor

Sr vacancies can indeed influence the electrochemical properties of STO thin films. As demon-
strated in previous sections, each STO thin film sample exhibited a certain amount of Sr de-
pletion. To investigate this phenomenon further, the amount of Sr was doubled and halved to
assess whether Sr content could be precisely controlled. Additionally, the effect of the Sr:Ti
ratio variation on the morphology and the perovskite structure was investigated.

GIXRD

The diffractogram of prepared precursors with Sr:Ti ratios of 0.5:1, 1:1, and 2:1 is illustrated
in Figure 4.9. GIXRD analysis reveals that the sample with a 0.5:1 ratio of Sr:Ti exhibits an
amorphous structure with some degree of crystallization. Two low-intensity peaks at 32° and
46° correspond to the [110] and [200] lattice planes of STO perovskite, respectively.
The sample with a 1:1 Sr:Ti ratio exhibits a perovskite structure similar to previous investiga-
tions, displaying all peaks associated with the perovskite structure except for the last three,
with small intensity, observed and showing at 77°, 82°, and 86° the [310], [311], and [222] re-
flexes, respectively.
The sample with a 2:1 Sr:Ti ratio exhibits a Ruddlesden-Popper-type perovskite structure with
the generall formula 𝐴𝑛+1𝐵𝑛𝑂3𝑛+1, where A and B are cation and O is oxygen or anion and n
represents the count of octahedral layers within the Ruddlesden-Popper-type perovskite ar-
rangement [49]. In this structure, the perovskite layers are sandwiched with thermodynami-
cally stable rock salt layers of SrO, owing to the excess amount of Sr present in the material
[50].
A STO thin film grown on YSZwith a 2:1 Sr:Ti ratio has a formula of 𝑆𝑟2𝑇𝑖1𝑂4 with n=1. GIXRD
analysis of this material reveals diffraction peaks corresponding to the STO perovskite struc-
ture, as well as additional peaks at 31° and 46°, which represent the lattice planes of SrO. The
lattice parameters for this structure are 𝑎 = 𝑏 = 3.88 Å and 𝑐 = 12.59 Å.
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Figure 4.9: GIXRD of STO thin films with a Sr.Ti ratio of 0.5:1, 1:1 and 2:1 in prepared pre-
cursors.

SEM images

Figure 4.10 presents SEM images of samples with variations in the Sr:Ti ratio. These images
demonstrate the impact of altering these elements on the surface morphologies. This finding
demonstrates the importance of understanding the role of specific elements in shapingmaterial
characteristics morphology.
Figure 4.10 a) shows an STO thin film layer prepared with a 0.5:1 Sr:Ti ratio, as previously
confirmed by GIXRD results indicating an amorphous layer, which is further supported by the
SEM images showing an amorphous morphology.
Figure 4.10 b) depicts a 1:1 Sr:Ti ratio, which also illustrates more holes and grain boundaries
compared to the previous sample annealed at 850 °C (see Figure 4.2 d).
The STO thin film with excess Sr (2:1 Sr:Ti ratio) is illustrated in Figure 4.10 c) This sample
with excess Sr exhibits a Ruddlesden-Popper-type perovskite structure and shows big cracks
on the surface, which may be attributed to the additional layer of SrO. Despite big cracks are
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presented on the surface of in this sample, it seems to exhibit a denser surface structure in
compared to the one with a 1:1 Sr:Ti ratio. Although holes are present at the surface, they are
smaller in size compared to the other sample, but they do exist.

a) b)

c)

Figure 4.10: SEM images of STO thin films precursors with a Sr:Ti ratio of 0.5:1, 1:1 and 2:1
prepared with

LA-ICP-MS

The stoichiometry of STO thin films grown on YSZ with variation of Sr:Ti ratios in the pre-
cursor was measured using LA-ICP-MS. The findings indicate deficiency of Sr vacancies in all
samples compared to the desired precursor stoichiometries. The sample with the 2:1 Sr:Ti ra-
tio exhibiting the lowest Sr vacancies. Stoichiometric ratios were also found to be correlated
with GIXRD and SEM results. For the sample with 0.5:1 Sr:Ti ratio, an amorphous structure
with some crystallinity was observed, with LA-ICP-MS confirming the lowest Sr content in
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the structure, which could potentially result in an amorphous structure. Similarly, the 1:1 Sr:Ti
ratio displayed approximately 10% Sr vacancies, consistent with previous findings for STO an-
nealed at 850 °C. GIXRD analysis of the 2:1 Sr:Ti ratio suggested a Ruddlesden-Popper-type
perovskite structure with a 𝑆𝑟2𝑇𝑖1𝑂4 stoichiometry. This stoichiometry was almost confirmed
by LA-ICP-MS, although oxygen content was not measured in this analysis.

Table 4.3: Stoichiometry of STO thin films grown on YSZ single crystals with variation of
Sr:Ti ratio in the precursor

Precursor with 0.5:1 Sr:Ti ratio 𝑆𝑟0.45𝑇𝑖1𝑂3

Precursor with 1:1 Sr:Ti ratio 𝑆𝑟0.93𝑇𝑖1𝑂3

Precursor with 2:1 Sr:Ti ratio 𝑆𝑟1.9𝑇𝑖1𝑂3

4.1.4 Reproducibility of the sol-gel method

To validate the reproducibility of the sol-gel method for growing STO thin films on YSZ and
assess its potential impact on the perovskite structure, morphology and stoichiometry, three
nominally identical samples were analyzed and compared.

GIXRD

Figure 4.11 demonstrates that all three STO thin films exhibited identical perovskite structures.
In all three diffractograms of the nominally identical STO thin films, peaks at angles of 32.4◦,
46.4◦ and 57.7◦ with highest intensities correspond to the [110], [200], and [211] lattice planes
of the STO perovskite structure. Additionally, peaks at angles of 40.3◦, 67.8◦, 81.8◦, 86◦ and
57.6◦ correspond to the [111], [220], [310], [311], and [222] lattice planes, respectively. Peaks
at angles of 52.3◦ and 72.7◦ (though barely visible) indicate the presence of the [210] and [300]
lattice planes. The lattice parameters of all three nominally identical STO thin films were de-
termined to be 𝑎 = 𝑏 = 𝑐 = 3.9 Å.
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Figure 4.11: GIXRD of three nominally identical STO thin films grown on YSZ single crystals

SEM images

The morphologies of STO thin films grown on YSZ can affect the electrochemical properties of
these films. As depicted in Figure 4.12, SEM images illustrate the characteristics of three nomi-
nally identical STO thin films grown on YSZ.While the overall morphology appears consistent,
with all films exhibiting holes and cracks across the surface, there is a noticeable variability in
the thin film surface density. In particular, SEM image (a) in Figure 4.12 reveals larger holes
compared to SEM images (b) and (c). Moreover, SEM images (a) and (b) suggest a larger grain
size in comparison to (c).
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b)a)

c)

Figure 4.12: SEM images of nominally identical STO thin films grown on YSZ single crystal,
a) STO-1 b) STO-2 c) STO-3

LA-ICP-MS

The stoichiometric reproducibility of STO in nominally identical thin films grown on YSZ is
demonstrated in Table 4.4. Despite the existence of Sr vacancies and slight differences between
STO-1, STO-2, and STO-3, the stoichiometry remains reproducible.
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Table 4.4: Stoichiometry results of three nominal identical STO thin films grown on YSZ

STO-1 𝑆𝑟0.97𝑇𝑖1𝑂3

STO-2 𝑆𝑟0.95𝑇𝑖1𝑂3

STO-3 𝑆𝑟0.95𝑇𝑖1𝑂3

Atomic Force Microscopy (AFM)

Figure 4.13 depicts the AFM images of nominally identical STO thin films grown on YSZ for
investigating the reproducibility of the STO thin films prepared via the sol-gel method. As dis-
cussed in Subsection 4.1.4, the morphology of the surface is not certainly reproducible using
the sol-gel method. Additionally, Figure 4.13 illustrates that the topology of two nominally
identical STO thin films differs within a 5×5 µm2 area.
In detail, Figure 4.13 (a) displays larger grain sizes and some denser regions, alongside areas
with holes. On the other hand, Figure 4.13 (b) reveals a surface with smaller grain sizes com-
pared to Figure 4.13 (a), along with additional visible cracks observed also in the SEM images.

b)a)

Figure 4.13: AFM scan of STO thin films on YSZ single crystals, a) STO-2 b) STO-3
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Figure 4.14 shows the 2D line scan of those nominally identical STO thin films, where the dif-
ferences in surface roughness can be seen. The RMS calculations reveal a roughness of 6.3 nm
and 3.6 nm for STO-2 and STO-3, respectively. This further confirms that two nominally iden-
tical STO thin films exhibit distinct roughness properties, with STO-3 exhibiting a smoother
surface compared to STO-2. Such differences could arise from non-homogeneous growth of
the STO thin film on YSZ.

a) b)

Figure 4.14: 2D line scan of STO thin films on YSZ single crystals, a) STO-2 b) STO-3
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4.2 Electrochemical characterization of STO thin films
prepared by sol-gel process

Electrochemical characterization of STO investigates the electrochemical behavior of STO thin
films prepared via the sol-gel method by using EIS and galvanostatic cycling. We measured
the chemical capacity under bias conditions and calculated the oxygen vacancies concentra-
tion. Additionally, we evaluated the STO conductivity using EIS, where we focused on samples
grown on Nb:STO substrates. Furthermore, we validated STO’s potential as an ion exchange
battery through galvanostatic cycling on YSZ substrates. By employing these techniques, we
gained valuable insights into optimizing STO thin films for various electrochemical applica-
tions.

4.2.1 Impedance measurements of STO sol-gel thin films under applied bias
voltage

Impedance measurements of the produced STO sol-gel thin films were performed at 500 °C
using a novel setup, where the STO thin films served as kind of working electrodes on YSZ
single crystal substrates. The use of GDC/FeO as counter electrodes allowed control of the
oxygen non-stoichometry through the application of a bias voltage in the range of -1 to +1V
vs. Fe/FeO, equalling to an oxygen partial pressure range of 10−3 bar down to 10−55 bar. EIS
experiments were carried out with potential steps of 10 mV. Figure 4.15 illustrates impedance
diagrams, that were obtained within the voltage ranges of 0 V to 1 V and 0 V to -1 V vs. Fe/FeO.
Increasing the voltage from 0 to 1 V vs. Fe/FeO leads to the release of oxygen ions from the
counter electrode into the STO, which serve as kind of the working electrode. This voltage
range correlates to 10−29 to 10−3 bar oxygen partial pressure, respectively, thereby increasing
the hole conductivity of the STO towards higher pO2. The oxygen incorporation process into
STO can be described by Equation (4.1):

1
2𝑂2 +𝑉 ••

𝑂 ⇌ 𝑂𝑥 + 2ℎ• (4.1)

Decreasing the voltage from 0 to -1 V vs. Fe/FeO causes a reduction in oxygen activity. This
range of applied voltage represent 10−31 to 10−55 bar non-stoichiometry oxygen partial pres-
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sure, resulting in an increase in the oxygen vacancy and electron concentration in STO, thus
enhancing the conductivity of the STO. The reaction for oxygen removal from STO can be
described by Equation (4.2):

𝑂𝑥
𝑂 ⇌

1
2𝑂2 +𝑉 ••

𝑂 + 𝑒′ (4.2)

Figure 4.15 shows impedance spectra of an STO thin film on YSZ after applying voltage with
the 10 mV range:
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(a) Impedance spectra in the voltage range of 0 to 1 V versus Fe/Fe2O3 at 500 °C

(b) Impedance spectra in the voltage range of 0 to −1 V at 500 °C

Figure 4.15: Impedance spectra of an STO thin film on YSZ with GDC/FeO as counter elec-
trode
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It’s important to note that the voltage cannot be decreased indefinitely, as it can lead to elec-
tronic conductivity in YSZ, an effect known from Wagner-Hall measurements, as observed in
Figure 4.16. The observed two semicircles (dark blue) correspond to the electronic conductivity
of YSZ, this hindered continuation of our measurements to lower voltage [51].

Figure 4.16: Closer look at the impedance spectra of STO thin film with a bias voltage of −0.9
to −1 V vs. Fe/FeO which shows Wagner-hall effect

Each impedance spectrum was analyzed by fitting it with four components representing
different phenomena. The off-set of the impedance spectra in the high-frequency region was
fitted by a 𝑅 (resistor) describing the ionic conductivity of YSZ. In the mid-frequency range,
the measured impedance spectra showed a semicircle with a shoulder. The main part of the
semicircle was only described by a capacitance, which at very negative voltages continued to
the capacitance part of the electronic conduction of YSZ. This shoulder of the semicircle is
assigned as the STO bulk feature and was fitted using a parallel R-CPE-element, where the R
element describes the total resistivity/conductivity (electronic and ionic) and CPE describes the
chemical capacitance of the STO thin film. The rest of each impedance spectra remained unfit-
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ted. Figure 4.17a illustrates an example of the measured impedance spectra, while Figure 4.17b
displays the fitted part, along with the corresponding circuit model used for the fitting.
The term “chemical capacity,” denoted by the CPE element for STO, serves to fit the shoulder
observed in impedance spectra at mid-frequencies. This element, represent a non-ideal capac-
itance behavior. The impedance of an CPE element can be described as given in Equation (4.3)
[29, 44, 52]:

𝑍𝐶𝑃𝐸 = 𝑄−1( 𝑗𝜔)−𝑛 (4.3)

where n and𝑄 are fit parameters,𝑄 has capacitance information, n is the deviation from ideal
semicircle which can be 0 ≤ 𝑛 ≤ 1 and 𝜔 is the angular frequency. Subsequently, the chemical
capacitance can be calculated through Equation (4.4)

𝐶𝐶ℎ𝑒𝑚 = (𝑅1−𝑛 ×𝑄)1/𝑛 (4.4)

where R is the resistance of the STO thin film.
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(a) Example of an impedance spectrum of a STO thin film measured without bias

RYSZ

RSTO

CPE chem

C

(b) Part of the impedance spectrum used for fitting with the shown circuit model.
R𝑌𝑆𝑍 represent the ionic conductivity of YSZ, a parallel R-CPE-element is used
for fitting the STO shoulder at mid-frequencies and a C element which is the
electronic conductivity of the YSZ

Figure 4.17: Impedance spectra at the bias voltage and closer look at one of the impedance
spectra of STO thin film on YSZ under bias with illustration of the fitting model
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As shown in Equation (4.1) and Equation (4.2) variations in oxygen partial pressure can in-
fluence the electron charge carriers, primarily due to charge neutrality condition. The chemical
capacitance can be effectively correlated with the defect chemistry of STO thin film through
the volume-specific capacitance [29, 53]. Supposed we are in the non-stoichiometry regime
described in Equation (4.2), then 𝑐∨ = 1

2𝑐𝑒𝑜𝑛 :

𝐶𝐶ℎ𝑒𝑚 =
𝑒2

𝑘𝑇

�
1

4𝑐∨
+ 1
𝑐𝑒𝑜𝑛

�−1
(4.5)

where c∨ and c𝑒𝑜𝑛 represent the concentration of vacancies and electronic defects, respectively.
e represents the elementary charge, and k represents Boltzmann’s constant. Thus, the vacancy
concentration can be calculated from𝐶𝐶ℎ𝑒𝑚 . Note that, the trapping effects are neglected here.
Themeasured chemical capacitance were normalized by the thickness of the STO thin film, that
was measured with SEM. Figure 4.18 shows a SEM cross-section of a STO thin film thickness
with a layer of Ti/Pt sputtered on top as a current collector.

116.4 nm

278.2 nm

187.2 nm

242.9 nm

Ti/Pt
STO

Figure 4.18: SEM image of a STO thin film with approximately 150 nm thickness on a YSZ
single crystal. Ti/Pt layer were sputtered on top as a current collector with an
approximately 260 nm thickness
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The calculated oxygen vacancy concentration is plotted against the corresponding oxygen
partial pressure in Figure 4.19. Our findings reveal a notable abundance of oxygen vacancies
within the STO thin film, particularly evident at lower oxygen partial pressures in a range
between 10−30 to 10−55 bar. This observation aligns excellently with the calculated Brouwer
diagram of STO with 6 ppm Ti vacancies at 500 °C, please note that in the regime of intrinsic
non-stoichiometry the exact (low) deficiency level is not relevant. (refer to Figure 4.20).

Figure 4.19: Defect concentration of oxygen vacancies in STO calculated from the chemical
capacitance derived from impedance spectra at 500 °C, plotted against the oxy-
gen partial pressure
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Figure 4.20: Brouwer diagram of STO at 500 °C with 6 ppm Ti vacancies and calculated oxy-
gen vacancies from C𝐶ℎ𝑒𝑚

4.2.2 STO thin film on Nb:STO for conductivity measurement

The conductivity of the STO thin film, fabricated via the sol-gel process, was measured using
impedance spectroscopy. STO is an ionic-electronic conductive material, in order to facilitate
conductivity measurements, a Nb:STO single crystal served as the substrate. Notably, Nb:STO
is characterized by its high electronic conductivity. This property is particularly advantageous
as it can be blocking ion conduction, thereby enabling the measurement of electronic conduc-
tivity using EIS.
Impedance spectra of the STO film were obtained using microelectrodes sized 692 µm, 549 µm,
and 413 µm, applied onto the STO layer. The measurements were conducted over a tempera-
ture range of 500 to 600 °C.
Figure 4.21 illustrates the impedance spectra obtained from EIS measurements using three dif-
ferent microelectrode sizes at 500 °C. Frequencies lower than 25 Hz and 31 Hz are considered
as low frequencies. Notably, at the lowest frequencies, a distinct behavior is observed, charac-
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terized by an x-axis intersection (𝜔 → 0), which corresponds to the parameter 𝑅𝐷𝐶 .
This intercept is attributed to the blocking of ion conductivity at both side of the STO. 𝑅𝐷𝐶
represents, therefore, the electronic resistance of the STO thin film.

DCR

25Hz

DCR
31Hz

Figure 4.21: Impedance spectra of an STO thin film measured with microelectrodes of differ-
ent sizes at 500 °C.

Figure 4.22 provides an illustrative representation of the fitting and impedance spectra ob-
tained from a series of measurements conducted on STO thin films on Nb:STO, utilizing mi-
croelectrodes of three sizes and at various temperatures. The impedance spectra contain two
or three overlapping semicircles. In principle, this might be caused by the bulk conduction of
the STO and one or two space charge regions at the contacts. However, in a previous work
on PLD-deposited STO films similar spectra were obtained, and a different interpretation was
made: The different semicircles are caused by a transition from pure electron conduction at
low frequency (𝑅𝐷𝐶 ) to the total conductivity (also including oxide ion conduction) at higher
frequencies. Actually, this type of impedance response would require a fit with transmission
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line [54], but in our study we mainly aimed at the 𝑅𝐷𝐶 value. Therefore, a simpler fit using
3 serial R-CPE elements were made, and a fit example is shown in Figure 4.22. Additionally,
Figure 4.22a exhibits the circuits model for fitting the data, that was employed across the series
of measurements on STO thin films on Nb:STO, including varying microelectrodes sizes and
temperatures.
The magnification of the impedance spectra illustrated in Figure 4.22b better reveals the shoul-
der at high frequencies, around 31 kHz. For a first approximation, the high frequency arc is
attributed to the total (ionic and electronic) conductivity of STO. This interpretation is sup-
ported by the measured capacitance, wherein the high-frequency shoulder of the impedance
spectrum exhibits a capacitance approximately ten times less than that of the other two regions,
indicating geometric capacitance effects for the shoulder at high frequency.
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40 Hz

DCR

R total R 2 R 3

CPEgeom CPE
2

CPE
3

(a) Impedance spectra of STO film with the high frequency arc shown in red

31630 Hz

(b) The magnification of the impedance spectra with a high-frequency shoul-
der, attributed to the total conductivity of the STO thin film

Figure 4.22: Impedance spectrum of an STO thin film on a Nb:STO single crystal substrate
(shown in red) measured with a 692 𝜇m radius microelectrode at 500 °C
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The total conductivity of the STO thin film on Nb:STO was calculated using Equation (4.6):

𝜎 =
1

𝑅𝑆𝑇𝑂
× 𝑑

𝐴
(4.6)

where A represents the area of the microelectrode used for the measurement, and d denotes
the thickness of the STO thin film, as determined from the SEM image shown in Figure 4.23.

202.3 nm 199.1 nm182.2 nm178.8 nm

Figure 4.23: Cross-section SEM image of the STO thin film on Nb:STO, where the thickness
is approximately 200 nm

Figure 4.24 shows the total conductivity of the STO thin film grown on Nb:STO measured
with microelectrodes sized 692 µm, 549 µm, and 413 µm within a temperature range of 500 to
600 °C. By raising the temperature, the conductivity of the STO thin film increases.
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Figure 4.24: The total conductivity of the STO thin film grown on Nb:STO, from impedance
spectra measured with microelectrodes sizes varied 692 µm, 549 µm, and 413 µm
within a temperature range of 500 °C to 600 °C. The total conductivity has calcu-
lated from R𝑆𝑇𝑂 found in the high-frequency shoulder in the impedance spectra.

Figure 4.25 illustrates the conductivity calculated (as mentioned in previous section Equa-
tion (4.6)) from the DC resistance extracted from the impedance measurements conducted with
microelectrodes sized 692 µm, 549 µm, and 413 µm, with a temperature range of 500 to 600 °C.
The electronic conductivity of the STO thin film is notably ultra low. However, it is very close
to the so called persudo-intrinsic conductivity of the STO thin film prepared by PLD-deposition
[54]. Even the activation energies of ca 1.7-1.8 eV fits well with the value of the literatures on
persudo-intrinsic films. This is approximately half the band gap energy and is caused by a
pining of the Fermi-level mid-gap by Sr vacancy.
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Figure 4.25: The electronic conductivities of the STO thin film grown on Nb:STO were
determined by extracting R𝐷𝐶 from the impedance spectra obtained through
impedance spectroscopy. Measurements were conducted using microelectrodes
692 µm, 549 µm, and 413 µm, covering a temperature range of 500 °C to 600 °C.

4.2.3 Half cell battery

Titanium exhibits comparatively low reducibility, when compared to other materials such as
cobalt, or iron in the electrochemical series, primarily due to its lower standard electrochemical
potential. This characteristic makes STO a promising material for use as an anode in oxygen-
ion batteries. The STO thin film in half cell battery work as an anode and LSF work a cathode,
due to the lower affinity of titanium becoming to reduce in the STO thin film compared to the
iron present in LSF. By applying a positive current (getting electron from counter collector 𝑒−𝑐𝑐 ),
the STO thin film undergoes reduction, resulting in the creation of one oxygen vacancy per two
electrons inside STO thin film (oxygen removal). The removed oxygen ion can then conduct
through the electrolyte, in this case YSZ, to reach the cathode (LSF). Equation (4.7) shows the
oxygen exchange reaction in the Kröger-Vink-Notation [8].
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𝑂𝑥
𝑜 + 2𝑒−𝑐𝑐 + 2ℎ• ⇌ 𝑉 ••

𝑜 +𝑂2−
𝑌𝑆𝑍 (4.7)

Ten cycles of oxygen removal and oxygen insertion were conducted on a STO thin film.
Each cycle involved the removal of oxygen from the STO thin film by applying a current of
20 µA until reaching a lower cutoff voltage. Subsequently, a current of -20 µA was applied to
insert oxygen into the STO thin film. This cyclic process aims to demonstrate the potential for
reversible chemical reactions within the STO thin film, in accordancewith the process observed
in a full oxygen-ion battery.
A lower cutoff voltage of -2.08 V (vs. 1 bar 𝑂2) was established to prevent too much oxygen
removal from the STOmaterial, which could lead to irreversible reactions or structural damage.
This voltage was selected based on previous measurements of STO thin films on YSZ, which
revealed the highest chemical capacity at lower voltages vs. Fe/FeO. This finding confirms the
presence of a higher concentration of oxygen vacancies at lower voltages without irreversibly
damaging the STO perovskite structure. Figure 4.26 shows the ten cycles wherein a current of
20 µA was applied to achieve the lower cut-off voltage of -2.08 V vs. 1 bar𝑂2. The first cycle is
excluded from further analysis due to showing different behavior that might be related to the
history of the STO thin film or irreversible process that might be taking place in the first cycle.
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Figure 4.26: Galvanostatic measurement of an STO thin film anode on YSZ, cycled with
± 20 µA current to a lower cut-off voltage of -2.08V vs. 1 bar 𝑂2 at 500 °C

Figure 4.27 provides a detailed view of one measured cycle out of the ten measured cycles,
illustrating the oxygen removal from the STO thin film by applying 20 µA, followed by reaching
the lower cut-off voltage and then applying -20 µA to insert the oxygen back into the STO thin
film.
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Oxygen removal Oxygen insertion

Figure 4.27: Detailed illustration of ameasured cycle of an STO anodewith an applied current
of ± 20 µA and a lower cut-off voltage of -2.08 vs. 1 bar 𝑂2 at 500 °C

In each cycle, it is evident that the removal of oxygen takes longer than oxygen insertion.
This asymmetry may be attributed to the glass layer on top, which does not effectively prevent
oxygen uptake from the atmosphere, resulting in what could be referred to as a leak current.
To estimate the magnitude of the leak current, currents of 7, 8, 9, and 10 µA were applied to the
STO thin film, with a lower cutoff voltage of -1.9 V vs. 1 bar. Figure 4.28 illustrates the applied
cycles over time.
When applying a current of 7 µA (Figure 4.28 a), it was observed that the lower cutoff voltage
could not be reached, indicating that the maximal leakage current in the used voltage range
is higher than 7 µA. This suggests that an oxygen leakage, probably through the glass layer,
is causing oxygen insertion into the STO, which can oxidize the STO thin film, rather than
reducing it. Gradually increasing the applied current resulted in eventually reaching the lower
cutoff voltage at current higher than 7 µA.
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(a) Current of 7 µAwith a lower cut-off voltage
of -1.9 V vs. 1 bar 𝑂2

(b) Current of 8 µAwith a lower cut-off voltage
of -1.9 V vs. 1 bar 𝑂2

(c) Current of 9 µAwith a lower cut-off voltage
of -1.9 V vs. 1 bar 𝑂2

(d) Current of 10 µA with a lower cut-off volt-
age of -1.9 V vs. 1 bar 𝑂2

Figure 4.28: Galvanostatic cycling of the STO anode with a cut-off voltage of -1.9 V vs. 1 bar
𝑂2 and a current of a) 7 µA, b) 8 µA, c) 9 µA and d) 10 µA, to assess the leak
current, that arises due to improper sealing of the STO thin film with glass.

To demonstrate the feasibility of employing STO as a battery material, we calculated the
volumetric charge of STO thin films from the cyclic galvanostatic measurement (previously
shown in Figure 4.26). Calculation of the volumetric charge involved integrating the measured
current and subsequently normalizing it to the total volume of the thin film electrode. The
volumetric charge, quantified in units of milliampere-hour per cubic centimeter (mAh/cm3),
represents the electric charge stored per unit volume of a material.
To calculate the volume of the STO thin film, an SEM image was taken from the cross-section
of a STO thin film on the YSZ. Figure 4.29 shows the thickness of the film on YSZ. The area of
the STO electrode was measured with a light microscope (previously shown in Figure 3.6).

74



Section 4.2: Electrochemical characterization of STO thin films prepared by sol-gel process 75

51.61 nm 54.84 nm 72.62 nm 50.08 nm

Figure 4.29: Cross-section SEM image of a STO thin film on a YSZ single crystal, where the
thickness of the film is approximately 50 nm

As demonstrated in Figure 4.30, the volumetric charge was calculated for each galvanostatic
cycle, involving both the removal and insertion of oxygen.
The volumetric charge associated with the removal of oxygen from the STO thin film should
ideally match the volumetric charge required for its insertion back into the film. However, devi-
ations between charge and discharge rates may arise, potentially attributed to oxygen leakage
from the surrounding atmosphere.
The coulomb efficiency(CE) of the STO thin film was calculated through:

𝐶𝐸 =
𝑡oxygen removal

𝑡oxygen insertion
(4.8)

where 𝑡oxygen removal represents the duration of oxygen removal for each cycle (in seconds), and
𝑡oxygen insertion denotes the duration of oxygen insertion for each cycle (also in seconds). In this
measurement, a nearly constant current was applied, hence the coulomb efficiency was deter-
mined without the need for time integration. The investigated sol-gel STO thin film exhibited

75



Section 4.2: Electrochemical characterization of STO thin films prepared by sol-gel process 76

an efficiency of approximately 60%. Figure 4.30b despite the coulomb efficiency of each cycle.
Future enhancement of the STO thin film’s efficiency might be achieved through modifications
to the sealing process to minimize oxygen leakage into the cell [8].

Oxygen insertation 

Oxygen removal  

(a) Volumetric charge of the STO thin filmmeasured in a half-cell at 500 °C. Themeasurements
were obtained by applying a ± 20 µA current and utilizing a cut-off voltage of -2.08 V vs.
1 bar 𝑂2 over 9 cycles

(b) Coulomb efficiency of each cycle

Figure 4.30: Volumetric charge and coulomb efficiency of the STO thin film in a half cell
battery
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5 Summary and outcome

STO precursors were synthesized via the sol-gel process. Subsequently, thin films were spin-
coated onto YSZ single crystals, followed by heat treatment and annealed to crystallization of
the perovskite structure. Analytical characterization was performed using GIXRD, EIS, and
LA-ICP-MS methods.
The characterization of STO thin films aimed to achieve four main objectives and yielded the
following results:

• Investigation into the effect of annealing temperature on STO thin films prepared via the
sol-gel method revealed crystallization occurring at temperatures above 550 °C.

• Assessment of the impact of STO precursor aging demonstrated the stability of the per-
ovskite structure over time. Additionally, SEM images exhibited almost consistent sur-
face morphologies.

• Examination of the Sr:Ti ratio variation in the precursor revealed that a Sr depletion
results consistently regardless of the Sr:Ti ratio. GIXRD analysis showed an amorphous
structure for the 0.5:1 Sr:Ti ratio, while the 2:1 ratio exhibited a Ruddlesden-Popper-type
perovskite structure, which is of interest for conductivity measurements.

• Evaluation of the reproducibility of the sol-gel method in producing STO thin films con-
firmed successful outcomes using analytical techniques except the surface morphologies.

Three approaches were employed for the electrochemical characterization of the STO thin films
grown on YSZ and Nb:STO, prepared via the sol-gel process. These approaches included the
calculation of the oxygen vacancy concentration from the chemical capacitance, the electronic
conductivity of STO thin films, and validation of the concept that the STO thin films can be
utilized as an oxygen ion batteries. The outcomes of these measurements can be summarized
as follows:
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• Impedance measurements of STO sol-gel thin film under applied bias voltage, employ-
ing an innovative approach involving the use of GDC/FeO for controlling oxygen non-
stoichiometry, enabled us to regulate oxygen activity within the range of 10−3 to 10−55

bar. The findings revealed an approximate concentration of 1018 cm−3 of oxygen vacan-
cies at very lower oxygen activities. Remarkably, these results were in close agreement
with the oxygen vacancy concentrations calculated from the Brouwer diagram at almost
the same partial pressure and temperature for 6 ppm Ti vacancies.

• STO thin film on Nb:STO for conductivity measurements, exhibited an ultra-low elec-
tronic conductivity characteristic consistent with previous measurements. The values
are close to those of STO with mid-gap Fermi energy (i.e. persudo intrinsic)

• STO thin film as an electrode in a half cell battery were spin-coated with the desired
shape on YSZ with a LSF counter electrode. Charging experiments successfully proved
that this material has the potential to be used as an electrode in an oxygen ion battery.
The remarkable voltage of -2.08 V vs. 1 bar 𝑂2 was achieved, although the coulomb
efficiency of this electrode material was still mediocre. The reason could be the glass
sealing, which still does not completely block an oxygen uptake from the atmosphere.
This can be approved by future measurements with a different sealing material.
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