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Zusammenfassung

Gegenstand dieser kumulativen Doktorarbeit war die Untersuchung topochemischer Mod-
ifikationen des anionischen Teilgitters im kubischen Perowskittyp BaFeO2.5 innerhalb des
Ba-Fe-O-F Modellsystems. Der Fokus lag auf der topochemischen Fluorierung des reinen
Oxids zusammen mit einer umfassenden Untersuchung der kinetischen, magnetischen und
elektrochemischen Eigenschaften des Oxyfluoridsystems BaFeO2.5−x/2Fx (x= 0, 0.333, 1).
Oxyfluoride könnten eine Lösung sein hin zum Betrieb von Festoxid-Brennstoffzellen bei
mittleren oder sogar niedrigen Temperturen, da durch die Fluorierung die Aktivierungsen-
ergie für die Sauerstoffreduktionsreaktion im Kathodenmaterial verringert sowie die
Leitung von Sauerstoffionen erhöht werden kann. Aber auch die topochemische Oxidation
führte zu einem neuen Einblick in mögliche Koordinationen des Übergangsmetallkations
Fe3+/4+ zusammen mit mehreren Redox-Phasenübergängen unter oxidierender Atmo-
sphäre in Kombination mit der Ausordnung von Sauerstoffvakanzen. Das Ba-Fe-O-F System
wurde als Modellsystem gewählt aufgrund des bereits vorhandenenWissens über fluorierte
Phasen innerhalb des Systems und ihrer Struktur in Abhängigkeit zur Fluorstöchiometrie.
Das Ba-Fe-O-System zeigt verschiedene Modifikationen vom Perowskittyp mit variieren-
der Sauerstoffstöchiometrie im Bereich von 2, 5 < x < 3, ausgehend von BaFeOx, mit
entsprechenden Oxidationsstufen von Fe3+/4+. Die Verbindungen, welche auf einer kubis-
chen Struktur basieren, können mithilfe Gruppen-Untergruppen-Beziehungen beschrieben
werden, wobei die Raumgruppe Pm3m die Aristotypstruktur ist. Bisher haben alle diese
Verbindungen eine 5- oder 6-fach Koordination des Fe4+-Kations gemein. Es konnte eine
neue Modifikation von Ba3Fe3O8 (BaFeO2.667) identifiziert werden, welche in der P21/m-
Raumgruppe kristallisiert und ein Fe4+-Kation in einer 4-fachen Koordinationsumgebung,
einem Tetraeder, aufweist. Bisher wurde der Fe4+O4−

4 -Tetraeder nur für einige andere
oxidische Verbindungen außerhalb der Perovskitfamilie gefunden. Innerhalb des Tetraed-
ers nimmt das Fe4+ den High-Spin-Zustand mit einer elektronischen Konfiguration e2t22
an und hat einen Gesamtspin von S = 2. Ferner wurde gezeigt, dass diese Verbindung
isotypisch zu der bereits veröffentlichten und gut beschriebenen Oxyfluoridverbindung
Ba3Fe3O7F (BaFeO2.333F0.333) ist, welche dieselbe Raumgruppe und Superzelle mit ähn-
lichen Gitterparametern und Atompositionen aufweist. Daraus lässt sich folgern, dass das
Konnektivitätsschema und die Koordinierung der Sauerstoffpolyeder und Eisenkationen
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in der Formel Ba3(Fe3+O6/2) (Fe3+O5/2) (Fe4+O3/2O1/1) zusammengefasst werden kann.
Die kinetischen Untersuchungen der Interdiffusionsreaktion von BaFeO2.5 und BaFeO2F
zur Bildung von BaFeO2.333F0.333 wurden mithilfe von in-situ Röntgenbeugung bei ver-
schiedenen Temperaturen unter isothermen experimentellen Bedingungen durchgeführt.
Die relativen Gewichtsanteile der beteiligten Phasen wurden durch quantitative Rietveld-
Verfeinerungen extrahiert und somit konnte der Reaktionsverlauf über die Zeit abgebildet
werden. Die kinetische Analyse ergab eine Reaktion erster Ordnung mit temperaturab-
hängigen Diffusionswegen und Kristallisationsprozessen. Die Anwendung eines Diffusion-
smodells basierend auf der Boltzmann-Matano-Methode und das quadratische Mittel der
Eindringtiefe führte zur Berechnung eines Interdiffusionskoeffizienten. Dies ermöglichte
die Bestimmung des Sauerstoffions als geschwindigkeitsbestimmendes Anion dieser In-
terdiffusionsreaktion. Der eher einfache Ansatz auf Basis der Röntgenbeugung ergab
aufschlussreiche Einblicke in die Reaktionskinetik der Interdiffusion in Oxyfluoriden.
Da Oxyfluoride die Verwendung von Brennstoffzellen bei mittleren und niedrigen Tem-
peraturen ermöglichen könnten, wurde der Einfluss der topochemischen Fluorierung auf
elektrochemische und auch magnetische Eigenschaften untersucht. Zu diesem Zweck
wurden symmetrische Filme mit den Zusammensetzungen BaFeO2.5−x/2Fx (x = 0, 0.333,
1) als Kathodenmaterialien synthetisiert und elektrochemisch untersucht. Zur Einstellung
eines spezifischen Fluorgehalts des Films wurde eine neue Methode durch Interdiffusion
entwickelt. Eine partielle Fluorierung der Kathode (BaFeO2.333F0.333) führte zu einer
Änderung des limitierenden Prozesses, von der Sauerstoffionenleitung durch das Materiel
hin zur Limitierung durch die Sauerstoffreduktion und -inkorporation an der verfügbaren
Oberfläche. Auf der anderen Seite zeigte die vollständig fluorierte Kathode (BaFeO2F) eine
um mehrere Größenordnung geringere Sauerstoffionenleitung, was auf die Nichtexistenz
von Sauerstofffehlstellen zurückzuführen ist, welche für die Aufnahme von Sauerstoff aus
der Atmosphäre und die Leitung von Sauerstoffionen erforderlich sind.
Die Anpassung der magnetischen Eigenschaften durch topochemische Fluorierung wurde
an dünnen Filmen aus BaFeO2F untersucht und mit Filmen aus BaFeO2.5 verglichen. Die
oxidischen Filme wurden mit PLD epitaktisch auf SrTiO3 gewachsen, wodurch es auf-
grund von Gitterfehlanpassungen zu einer Dehnung des Films kam, und topochemisch
fluoriert wurden. Das Ziel dieser Studie war es, den Einfluss von eingebrachtem Fluor auf
den gedehnten Film zu untersuchen, da durch die Fluorierung nicht-zentrosymmetrische
Konfigurationen um das Fe3+-Kationen gebildet werden können, welche zur Ausbildung
von mutiferroischen Eigenschaften führen. Vergleichbare Ergebnisse von Messungen
an Pulverproben deuteten auf dieses Verhalten hin. Die Fluorierung führte zu keiner
Verschlechterung der Filmqualität, unabhängig von den zwei gewählten Verfahren zur
topochemischen Fluorierung. Des Weiteren konnte gezeigt werden, dass die Filme ho-
mogen fluoriert wurden, ohne dass Fluor im Substrat gefunden werden konnte. Obwohl
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es möglich war, einkristalline Filme zu synthetisieren, zeigten die Ergebnisse eine Entspan-
nung der Elementarzelle hin zu nahezu perfekter kubischer Symmetrie und deuteten auf
die Bildung einer trans-Konfiguration hin, d. h. die Fluorionen besetzen die gegenüber-
liegenden Ecken des FeO4F2-Oktaeders. Somit ergab die scheinbare Zentrosymmetrie
eine Abnahme der Anisotropie in der antiferromagnetischen Ordnung sowie eine leichte
Verkippung der magnetischen Momente, aber keine multiferroischen Eigenschaften.
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Abstract

The subject of this cumulative doctoral thesis was the investigation of topochemical modi-
fications of the anionic sublattice of the cubic perovskite-type compound BaFeO2.5 within
the Ba-Fe-O-F model system. The focus lay on the topochemical fluorination of the pure
oxide combined with an extensive investigation of kinetic, magnetic and electrochemical
analysis of the oxyfluoride system BaFeO2.5−x/2Fx (x = 0, 0.333, 1) depending on the
fluorine content. Oxyfluorides might be suitable for enabling the operation of solid oxide
fuel cells (SOFCs) at intermediate or even low temperatures by decreasing the activation
energy for the oxygen reduction reaction in the cathode material as well as by improving
transport kinetics of oxygen ions. But also the topochemical oxidation led to a new insight
into possible coordination of the transition metal cation Fe3+/4+ and showed revealing
redox reactions under oxidizing atmosphere. The Ba-Fe-O-F system was chosen to be
most suitable as a model system due to the already existing knowledge about fluorinated
phases within the system and their structural connection to the fluorine stoichiometry.
The Ba-Fe-O system exhibits various perovskite-type modifications with varying oxygen
stoichiometry in the range of 2.5 < x < 3 accompanied by the corresponding changes of
valence states of Fe3+/4+. The cubic-based structures can be described by group-subgroup
relations with respect to the cubic perovskite structure type with the aristotype symmetry
Pm3m. So far, these compounds have in common a 5- or 6-fold coordination of the
Fe4+ cation. In this work, a new modification of Ba3Fe3O8 (BaFeO2.667), crystallizing
in the P21/m space group, could be identified exhibiting a Fe4+ cation within a 4-fold
coordination (tetrahedron) environment. Hitherto, the Fe4+O4−

4 tetrahedron was so far
only reported for a few oxidic compounds other than perovskites. Within the tetrahedron,
the Fe4+ adopts the high spin state with an electronic configuration e2t22 and a total
spin of S = 2. Further, it was revealed that this compound was isotypic to the already
reported and well-described oxyfluoride compound Ba3Fe3O7F (BaFeO2.333F0.333), sharing
the same space group and super-cell with comparable, but distinguishable, lattice and
atomic parameters. From this it follows, that the connectivity scheme and coordination
environment of the oxygenpolyhedra and iron cations could be summed up in the formula
Ba3(Fe3+O6/2)(Fe3+O5/2)(Fe4+O3/2O1/1).
The kinetic studies of the interdiffusion reaction of BaFeO2.5 and BaFeO2F forming
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BaFeO2.333F0.333 were performed with the help of in-situ X-ray diffraction at different
temperatures with isothermal experimental conditions. Weight fractions extracted by
quantitative Rietveld refinements were utilized to image the reaction over time. Kinetical
analysis revealed a first order reaction with temperature-dependent diffusion paths and
crystallization processes. The application of a diffusion model based on the Boltzmann-
Matano method and the root mean-squared penetration depth allowed the estimation
of an interdiffusion coefficient which allowed the assignment of oxygen to be the rate
limiting species. The rather simple approach on the base of X-ray diffraction yielded
satisfying insights into the reaction kinetics of interdiffusion in oxyfluorides.
Since oxyfluorides may be possible candidates for intermediate and low temperature
SOFCs, the impact of topochemical fluorination on electrochemical and also magnetic
properties was studied. For this purpose symmetrical films with BaFeO2.5−x/2Fx (x = 0,
0.333, 1) as cathode materials were synthesized and investigated. For this purpose, a
new synthesis technique for the precise adjustment of the fluorine stoichiometry based
on interdiffusion was developed. The results for a partial fluorinated cathode showed a
change in transport kinetics towards in increase in bulk transport of oxygen ions together
with a limitation of the process by the utilized surface area. On the other side, the fully
fluorinated cathode (BaFeO2F) exhibited very poor electrochemical performance, which
can be assigned to the absence of oxygen vacancies which are required for oxygen ex-
change with the atmosphere and the conduction of oxygen ions.
Investigations of powder samples of the oxyfluoride BaFeO2F suggest non-centrosymmetric
environments around the Fe3+ cation which cause multiferroic properties. The tailoring
of magnetic properties by topochemical fluorination was studied on thin films of BaFeO2F
and compared to BaFeO2.5 films. The oxide films were epitaxially grown by PLD on
SrTiO3 substrates which caused a straining due to the lattice mismatch inside the film
and topochemically fluorinated. The aim was to investigate the influence of incorporated
fluorine on the strained film by forming non-centrosymmetric environments around Fe3+
cations yielding possible multiferroic properties as suggested from powder samples. The
chosen fluorination methods did not lead to a worsening of the film quality. Further,
it could be shown that the films were homogeneously fuorinated without any fluorine
incorporation into the substrate material. Although it was possible to synthesize such
single crystalline films, the results showed a relieve of the unit cell towards almost perfect
cubic symmetry and suggested the formation of a trans configuration, i.e., fluorine sitting
on opposite sites of the FeO4F2 octahedron. Thus, the apparent centrosymmetry yielded
a decrease of anisotropy in antiferromagnetic ordering as well as a slight ferromagnetic
canting of the magnetic moments, but no multiferroic properties.
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1. Introduction

The principle of an electrochemical cell has a long history. The effect of the inverted
hydrolysis was first discovered by Sir William Grove, a Welsh physicist and barrister, in
1838. Grove worked on the improvement of conventional batteries, which were recently
developed by the Italian professor Alessandro Volta in 1800, and found the generation
of an electric voltage by combining sheet iron and unglazed porcelain plates submerged
in a solution of copper sulphate and diluted acid [1]. This invention later was enhanced
and developed to a power supply, called ”gaseous battery”, suitable for mass production.
Simultaneously, the German physicist Christian F. Schönbein described his invention of
a first basic fuel cell by bringing in contact two solutions of acidulated water, one with
dissolved hydrogen, separated by a membrane. He underlined the importance of platinum
as a connector of the two solutions, which was declared to be a necessity in order to
generate a measurable current [2]. However, it took almost a century until the fuel cell
as a reliable power supply could prove its worth. An alkaline fuel cell developed by the
General Electric Company generated the power for the Gemini V mission inside the Gemini
project by the NASA in 1965 [3]. The requirement of a steady and enduring supply of
power during the mission denied the use of batteries, which were used prior in short-term
missions.
During the development and advances in the field of solid oxide fuel cells, it was shown
that the oxygen reduction reaction and oxygen ion conduction are the rate limiting factors.
Thus, to increase the performance of solid oxide fuel cells and make them available for
applications on a daily base, different materials are investigated to push the limitations
towards new borders. Some of those materials belong to the material class of the so-called
perovskite-type oxides.
Perovskite is the name of the mineral structure of calcium titanium oxide (CaTiO3), which
was discovered in the Ural mountains in 1839 by Gustav Rose and subsequently described
and named after the Russian mineralogist Lev A. Perovski (1792 – 1856). The perovskite
structure offers a huge variety of possibilities for applications and may be the answer for
some of nowadays problems in energy related fields of research. Though the perovskite is
referred to the highest symmetric cubic arrangement, the very first perovskite, CaTiO3,
crystallizes in the orthorhombic space group Pbnm with the lattice parameters a = 5.39 Å,
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b = 5.45 Å and c = 7.65 Å comprising four formula units. This structural divergence is
depending on the atomic radii of the metal cations and the anions participating in the
compound formation.
SOFCs are efficient devices for generating electrical power from the conversion of chemical
fuels. They consist of a dense electrolyte, which acts as a membrane for oxygen ion
conduction and an electronic separator between the porous electrodes. These electrodes,
anode and cathode, are responsible for the oxygen reduction reaction and ion conduction
(cathode) and the reaction between oxygen and hydrogen ions (anode). Both electrodes
are required to exhibit sufficient electronic conduction in order to enable the general
energy generation and the oxygen ion reduction reaction at the cathode side [4]. A draw-
back of earlier oxide cathode materials was the lack of the desired electrocatalytic activity,
thus, platinum as a catalyst material was required, but also a high operating temperature
was required to reduce the overpotential inside the cell by providing sufficient activation
energy for the oxygen reduction reaction and oxygen ion conduction. Current research
focuses on the development of perovskite materials which possess sufficient ionic and
electronic conduction, so-called mixed ionic-electronic conductors (MIEC), while exhibit-
ing electrocatalytic activity to replace the expensive platinum. But also the reduction of
operating temperature is a much sought-after goal, since lower operating temperatures
reduce the material erosion and the cost for safety measures [4, 5]. Promising perovskite
oxides for cathode materials in SOFCs are Ba0.5Sr0.5Co0.2Fe0.8O3−δ, La1−xSrxMnO3−δ

(LSM) or La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) [4, 6–9].
Besides the cation doping, another way to reduce the operating temperature is the in-
troduction of fluorine into the anion sublattice of the MIEC cathode materials [10]. By
this, the activation energy for oxygen reduction reaction and oxygen ion conduction is
supposed to be lowered due to the manipulation of the bond properties between anions
and transition metal cation. Fluorine possesses the highest electronegativity of 4, which
leads to weakened Coulombic forces between oxygen anions and the transition metal
cations [10].
This work focuses on the investigation of topochemical modifications of the cubic perovskite-
type compound BaFeO2.5 within the Ba-Fe-O-F model system. Upon the introduction
of fluorine, the Ba-Fe-O-F model system exhibits distinct phases depending on the flu-
orine stoichiometry, which are well-studied [11, 12]. This knowledge about structure,
which is directly connected to the fluorine stoichiometry, simplifies the electrochemical
investigations, but also bypasses the indistinguishability of the anions.
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Figure 1.1.: Schematic of a solid oxide fuel cell highlighting the basic working principle
and illustrating the critical process of oxygen ion reduction and conduction.

1.1. SOFC research

Today the research in the field of SOFC focuses on the creation of low (400 – 600 °C)
and intermediate (600 – 800 °C) temperature oxygen ion conductors on the base of
perovskite-type materials. Fig. 1.1 illustrates the basic working principle of a fuel cell and
highlights the critical process of oxygen reduction and ion conduction. Besides oxygen,
the cathode material also has to conduct electrons and as a result, the usage of so-called
mixed ionic-electronic conductors was introduced. Reducing the operation temperature
of a SOFC below 800 or even 600 °C would allow the usage of less expensive materials
for safety measures and sealing. As a results, it would be much easier to implement
SOFCs into everyday life. However, by reducing the working temperature, the polarization
resistance rises since the provided energy may not meet the required activation energies
for oxygen reduction reaction and ion conduction. Thus, the electrodes, especially the
cathode where the oxygen reduction and conduction takes place, have to be improved to
fulfill the demands for high performance. Besides the electrodes, the electrolyte material
has to exhibit purely oxygen ion conduction. Yttria-doped zirconia (with 8 mol.% Y) has
proven to be a suitable material, but also other materials such as gadolinium doped ceria
(GDC) or samaria-doped ceria (SDC) are under consideration [13, 14]. Ferrite-based
cathodes exhibit high oxygen permeability and electrocatalytic activity, but also show
higher current densities compared to state-of-the-art manganese based cathodes [15,
16]. Promising candidates for cathode applications are compounds from the Ba-Sr-Co-Fe
system (Ba0.5Sr0.5Co0.2Fe0.803−δ) [4, 17] or LaMO3, where La may also be substituted by
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an alkaline metal like Sr and M is typically a transition metal cation [4, 18, 19].
Recent advances towards the desired goal were made by introducing the new strategy
of anion doping. By this, the oxygen inside the perovskite is replaced by another anion,
such as the halide ions fluorine (F−) or chlorine (Cl−), while the doping with fluorine
showed the most promising results [10, 20]. The idea behind the doping with fluorine
is the weakening of the oxygen bond between the anion and the transition metal cation,
thus, lowering the activation energy for the oxygen ion conduction. Fluorine possesses the
highest electronegativity with 4 compared to oxygen with 3.44. Thus, it forms a strong
gradient of electronic attraction towards itself and away from the near oxygen anions [10].
However, the stability at elevated temperatures of some oxyfluoride materials is still a big
concern, due to irreversible decomposition into metal fluoride and other products [10,
21]. Such decomposition would result in the destruction of the device. Besides the high
temperature stability, the analysis of oxyfuorides also raises problems due to the following
reasons: Oxygen and fluorine are indistinguishable by most characterization methods,
such as X-ray or neutron diffraction due to similar scattering lengths [22, 23], which
would offer a non-destructive characterization. On the other side, fluorine and oxygen
can be distinguished by XPS or EDX, by either sputtering or cross-sectional measurements.

1.2. Structure of this work

The cumulative part of this thesis contains four publications:

1. Sec. 3.1: Structural and magnetic properties of newly found BaFeO2.667 syn-
thesized by nebulized spray pyrolysis suitable for oxygen storage

2. Sec. 3.2: On the Impact of the Degree of Fluorination on the ORR Limiting
Processes within Iron Based Catalysts: A Model Study on Symmetrical Films
of Barium Ferrate

3. Sec. 3.3: Synthesis and characterisation of fluorinated epitaxial films of BaFeO2F:
Tailoring magnetic anisotropy via a lowering of tetragonal distortion

4. Sec. 3.4: A kinetic study of the interdiffusion of fluorine and oxygen in the
perovskite-type barium ferrate system BaFeO2.5−xF2x
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This cumulative thesis is structured aiming for a connection between synthesis conditions,
electrochemical and magnetical properties and the interdiffusion kinetics and thermodynamics
of the oxyfluoride system Ba-Fe-O-F. Prior to the publications, Sec. 2 covers the fundamentals
on which this work is based on. A general summary of the publications is given in Sec. 3 prior
to the publications, where the content of each publication is put into greater context. The
publications are adapted to the design and format of this cumulative thesis and adequate
reference for the online version will be given.
This cumulative thesis aims for a better understanding of the impact of topochemical
fluorination and the investigation of the anion sublattice inside the cubic perovskite-type
system Ba-Fe-O-F. For this purpose, the cubic perovskite model system Ba-Fe-O was chosen,
since its oxyfluoride phases BaFeO2.333F0.333 and BaFeO2F are well studied and structurally
understood. In addition, these phases exhibit well distinguishable structures, thus, by-
passing the indistinguishability of the anions enabling an indirect determination of anion
dynamics.
The main results of this thesis are discussed inside the publications in Sec. 3 with a
preceding synopsis which connects the publications and sums up the key findings of each.
The first publication contains the characterization and description of the newly found
modification of BaFeO2.667, which was found during the work on the electrochemical prop-
erties of symmetrical films of the oxide and oxyfluorides. These films are subjects of the
second publication, which also highlights synthesis conditions for preparing symmetrical
films of BaFeO2.5, BaFeO2.333F0.333 and BaFeO2F, but also investigates the metastability of
the oxyfluoride compounds. Further, this second publication aims for the investigation
of the electrochemical properties of these phases depending on the fluorine content. Af-
terwards, the third publication introduces epitaxial films of BaFeO2.5 and BaFeO2F and
investigates the magnetical properties of these phases. The last publication investigates the
interdiffusion reaction between BaFeO2.5 and BaFeO2F forming BaFeO2.333F0.333. Here,
insights into kinetical and thermodynamical aspects were gained by isothermal diffraction
experiments, which provide important insights on their potential use within SOFCs.
During the work on this topics, further results were generated delivering additional in-
sights into the matter, which have not been published, but are important in the context
of this thesis. These results are given after the publications and form the foundation
for pursuing discussions which could not be addressed inside the publications. These
discussion can be separated into four topics dealing with the phase formations inside
the Ba-Fe-O-F system with respect to their symmetry, group-subgroup relations within
oxidation and reduction of the phases P21/c, P21/m and P4/mmm, the influence of
crystallite sizes on reactivity and phase stability, and the preparation and examination of
a fluorinated film with the composition BaFeO2.43F0.13.
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2. Fundamentals

2.1. Perovskite structure

This section will introduce the perovskite-type structure and explain the layout of this
special type of (oxide) material. Further, it will cover electronic configurations and the
Jahn Teller distortion arising from the degeneration of electronic states. It will also
highlight the oxygen vacancy ordering inside perovskite-type compounds, especially in
BaFeO2.5 which is the key compound in this work. Afterwards, the anion (fluorine)
doping of oxide perovskites will be introduced and different synthesis approaches of the
topochemical fluorination will be discussed, while special attention is drawn towards
the topochemical fluorination products of BaFeO2.5. The section will be closed with a
description of oxygen ion conduction and magnetic ordering inside the perovskite lattice.
The following discussion is based on references [24–28].

2.1.1. ABX3 crystal structure

The general form of the perovskite is ABX3, with A being a large cation, predominantly
an alkaline earth metals (SrTiO3, GdFeO3), but sometimes also precious metals like Ag, B
representing transition metal cations and X being anions, most popular are oxygen anions
for oxidic metal compounds. Fig. 2.1.1 a shows a perovskite with the general formula of
ABX3 adopting the ideal cubic aristotype symmetry. In general, the atoms on the A-site
occupy the corners forming a primitive cubic lattice, while the B-site lies in the center of
the cell surrounded by the anion octahedra, with four anions arranged in a square-planar
configuration and two anions on the apical sites, all located on the centres of the cubic
faces, yielding the coordination numbers for A and B to be 12 and 6, respectively, with
polyhedra sharing corners between unit cells (Fig. 2.1.1 b). The A cations form together
with their oxygen neighbours closed packed AO3 layers in the [1 1 1] direction. Due to
this high symmetry in ideal perovskite structures, isotropic properties can be expected.
The bond lengths inside the BX6 octahedron are equal for each B4+ –O2− bond and
the bond angles are either 90° or 180° for the O2− –B4+ –O2− bond. Thus, the atomic
positions for an ideal cubic Pm3m perovskite can be given as:
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Figure 2.1.: Schematic structural configurations for perovskite structures: a) ideal cubic
perovskite (A - yellow, B - blue, X - red); b) corner sharing of anion octahedra in
cubic symmetry; c) face sharing polyhedra for purely hexagonal stacking and
d) alternating face and corner sharing polyhedra for a sequence of hexagonal
and cubic stacking. Unit cell borders are schematically shown.

• A: 3a - (0, 0, 0)

• B: 3b - (1/2, 1/2, 1/2)

• X: 3c - (1/2, 1/2, 0)

A cubic perovskite can be characterized by the ccp stacking of its AO3 layers, what
differentiates it from the similar brownmillerite structure. However, a lot of perovskite
structures are deduced from or close to the general form ABX3−δ with δ being the amount
of introduced oxygen vacancies, thus, the structures start to deviate from the ideal cubic
symmetry. In general, the structural changes arise from the ionic radii of participating
species or the arrangement of the BX6 octahedra, where this octahedra may also be
reduced to polyhedra with lower coordination number for δ > 0.
From a crystallographic point of view, the ideal cubic structure does not allow any changes
of the atomic positions, thus, a change in symmetry is required for altering atomic positions
which is also accompanied by the tilting of the anion octahedron and/or a reduction of the
coordination number. These changes in symmetry are highly dependent on the ionic radii
of the respective species and can be well predicted by the Goldschmidt tolerance factor t:

t =
(rA + rX)√
2(rB + rX)

, (2.1)

where r is the ionic radii for each ionic species. For the ideal case with oxygen anions
occupying X, the formula yields 1 ≥ t > 0.9. For 0.9 ≥ t > 0.71 the structure distorts in a
lower symmetric system, such as octahedral or tetrahedral, while for t > 1, the perovskite
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may adopt the hexagonal symmetry.
The hexagonal symmetry inside perovskite systems deviates in terms of the stacking
order. While cubic perovskite crystals exhibit a ccp stacking order, a hexagonal perovskite
features a hexagonal closed packing (hcp) or a sequence of hcp and ccp stacking of AX3

layers. The stacking order leads to purely face-sharing octahedra or alternating face- and
corner-sharing polyhedra, see Fig. 2.1.1 c,d.
The BX6 octahedra are also responsible for physical properties which are based on the
electronic configuration of the transition metal B-cation which is on the other hand
influenced by the anion octahedron. In principle, the BX6 octahedra can be modified in
three different ways:

• B - cation displacement

• BX6 rotation/tilt

• BX6 distortion

The displacement of the B-cation occurs if the cation is too small for the octahedral site,
while the octahedron itself undergoes an elongation or compression. Such a displacement
leads to a symmetrical change towards a tetragonal, trigonal or orthorhombic unit cell.
The symmetry change is additionally accompanied by the generation of a permanent
electric dipole moment, which is necessary for pyroelectric and (anti)ferroelectric effects.
In contrast, if the A-cation is too small, the BX6 octahedron tends to tilt/rotate in order
to compensate for the free volume generated by the small cation. The result is a reduction
of crystal symmetry. For more information the reader is referred to [24].
A special case is the distortion of the BX6 octahedron due to either δ > 0 or displacements
of the B-cation. The octahedron can distort itself in shapes of elongated or compressed
octahedra but also to square planar or square pyramidal configurations, accompanied with
the loss of bonding between B and X ions. These distortions are the result of electronic
interactions of the cation and anion electron orbitals. The driving force is the reduction of
energy by the deformation of the polyhedron in order to remove the degeneration of the
electronic ground state. The best-known distortion is the Jahn-Teller distortion which will
be discussed in the following.

2.1.2. Jahn-Teller distortion

The Jahn-Teller effect states that a molecule with a symmetrical atomic configuration,
such as the BX6 octahedron in perovskites, and a degenerate ground state (i.e. multiple
energetically equivalent ground states), is unstable and will undergo a distortion to remove
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this electronic degeneracy. From this it follows that transition metal cations such a d-
electron configuration are more stable inside distorted octahedrons (or polyhedrons).
Such cations are called Jahn-Teller ions. Upon the insertion of the Jahn-Teller cation,
for example high-spin Fe4+, into the octahedron, the d orbitals, schematically shown
in Fig. 2.2 a, split from a spherical-symmetry into two different energy levels with the
electronic configuration t32ge1g as depicted in Fig. 2.2 b. The highest double degenerate
energy level, the eg level, contains the dz2 and dx2−y2 orbitals, while the lower triply
degenerate t2g level contains the dxy, dxz and dyz orbitals. The energy difference arises
from the stronger inter-electronic repulsion between the eg orbitals and the donor electrons
from the X-ligands. The octahedron may undergo either an elongation or a compression
to lower the net-energy of the ligand field. Which distortion the octahedron experiences,
depends on the occupation of the eg orbitals. If the electron occupies the dx2−y2 orbital,
the equatorial orbitals (dxy, dxz and dyz) will then be repelled leading to the compression
of the octahedron. On the other hand, an occupation of the dz2 orbital leads to the
elongation of the octahedron, since only the axial orbitals will be repelled. Another case is
the distortion of a tetrahedral coordination scheme. Here, the energy levels of the orbitals
are swapped, due to the different arrangement of the ligands around the center B cation.
On the other side, in case of a tetrahedral distortion, the dz2 and dx2−y2 orbitals possess
a lower energy, while the equatorial orbitals dxy, dxz and dyz are higher in energy. This
leads to the electronic configuration e2t22 for high spin Fe4+.

2.1.3. Oxygen vacancy ordering

In case of small concentrations of defects in the anion sublattice, the defects can be
assumed to be distributed randomly without interaction. However, for higher defect
concentrations, the defects form an ordered arrangement in order to minimize the lattice
energy [29]. Besides the formation of cluster or microdomains, the arrangement of
vacancies can lead to long-range ordering which induces the formation of new compounds
and structures. The vacancy concentration is a function of the oxygen partial pressure
and annealing temperature. In case of perovskites with the general formula ABO3−δ, the
oxygen vacancy concentration directly affects the coordination of the transition metal
cation leading to square-pyramidal or tetrahedral coordination polyhedra. The ordering of
such oxygen vacancies directly influence the properties, such as magnetic ordering, which
depend on the interaction between the transition metal cation and the direct oxygen
neighbours. Fig. 2.3 a,b,c showcase compounds which possess transition metal cations
solely coordinated inside a square-pyramid (CaMnO2.5 [30]), tetrahedron (BaZnO2 [31])
and square-planar (SrFeO2 [32]), respectively. A high amount of vacancies (δ = 0.5) may
change the crystal class, e.g. BaFeO2.5 is a complex oxygen vacancy ordered perovskite,

11



a) CaMnO2.5 b) BaZnO2 c) SrFeO2

b

a

c

a

Ba
Fe
O/F
vacancy

d) BaFeO2.5

Figure 2.3.: 5- and 4-fold coordinations of transition metal cations (Mn, Zn, Fe) in
a) CaMnO2.5 [30] (square-pyramid), b) BaZnO2 [31] (tetrahedron) and c)
SrFeO2 [32] (square-planar). BaFeO2.5 [33] (d) contains three different iron
coordinations: 6-fold, 5-fold and 4-fold. The vacancies (grey balls) form a
channel-like network inside the large unit cell.

while the perovskite CaFeO3 can be reduced to the brownmillerite-structure CaFeO2.5.
BaFeO2.5 exhibits three independent iron positions which possess a 6-fold, 5-fold and 4-fold
coordination with the corresponding coordination polyhedra as showcased in Fig. 2.3 d.
The vacancies form a channel-like network and extend the size of the unit cell reaching
28 formula units per unit cell [33]. Further, this vacancy ordering leads to a symmetry
decrease from Pm3m (BaFeO3) [34]) down to monoclinic P21/c. In contrast, CaFeO2.5

forms the perovskite-related brownmillerite structure [35] where the oxygen vacancies
form alternating sheets of FeO6 octahedra and FeO4 tetrahedra. The parent symmetry
Pm3m is reduced to Pcmn with the general formula Ca2Fe2O5. The vacancy ordering
within BaFeO2.5 and the oxyfluoride BaFeO2.333F0.333 (see below) are central aspects for
the discussion of the experimental results within this work.
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2.1.4. Topochemical fluorination of perovskite oxides

The insertion of halides, predominantly fluoride (F−), introduces a singly negatively
charged anion. Especially the combination of oxygen and fluoride in oxyfluoride per-
ovskites promises enhanced properties, such as oxygen ion conduction by lowering the
activation energy. Fluoride has the highest electronegativity, thus, influencing the bond
characteristics of the O2− –B4+ – F− bond. However, some oxyfluoride materials are
metastable and require the preparation via a topochemical treatment [10]. Further, this
metastability demands an application below their decomposition temperature, which
has to be taken into account for the application as cathode materials for SOFCs. The
decomposition of fluorinated perovskite oxides can be used in some cases to estimate
the fluorine content. For BaFeO2F and SrFeO2F [36] it was shown that the decomposed
products can be quantified by Rietveld analysis and thus, the composition can be proven
according to

2BaFeO2F → BaF2 + BaFe2O4 (2.2)
42SrFeO2F → 21SrF2 + 5 Sr4Fe6O13 + SrFe12O19 . (2.3)

The insertion of fluorine into the anion sublattice may cause the transition metal cation
to change its valence state. According to [37], the response of the host lattice can be
separated into

• Reductive exchange: one O2− anion is substituted with one F− anion, resulting in
the reduction of the transition metal cation

• Anion exchange: one O2− anion is substituted with two F− anions, leading to no
change of the oxidation state

• Oxidative exchange: fluorine anions are inserted into interstitial sites, increasing
the oxidation state of the transition metal cation.

In this work, the fluorination of BaFeO2.5 leads to no change in the oxidation state
of Fe3+ and thus, the fluorination follows the general formula BaFeO2.5−x/2Fx [11, 12,
38–40]. In the cubic perovskite-type system, only two oxyfluoride phases are possi-
ble: BaFeO2.333F0.333 and BaFeO2F [12]. The incorporation of fluorine into BaFeO2.5

leads to a symmetry change due to the partial or full occupation of oxygen vacancies:
BaFeO2.333F0.333 crystallizes in P21/m (Fig. 2.4 a), which is a vacancy ordered structure,
while BaFeO2F possesses the space group Pm3m (Fig. 2.4 b). The anion vacancies in
BaFeO2.333F0.333 are indicated as grey balls. In addition to the anion vacancies, one anion
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Figure 2.4.: Structures of the topochemically fluorinated compounds of BaFeO2.5: a)
BaFeO2.333F0.333 [12] and b) BaFeO2F [11]. Vacancies are coloured in grey and
the relaxation of the anion from the ideal cubic position (black) is marked as
a red arrow.

position is shifted (indicated by red arrows) what results in the formation of the tetrahedral
and square-pyramidal coordinations around the Fe cations.
The type of fluorination to be used depends on the transition metal species and their
electronic configuration of the to-be-fluorinated compound. The transition metal cation
can act as an electron donor if its density of states and the states of the oxygen are
close to the Fermi level. Otherwise, only the oxygen can be substituted. For example,
Sr2TiO4 can only be fluorinated to Sr2TiO3F2 [41, 42], while Sr2CuO3 can be fluorinated to
Sr2CuO2F2+x [43, 44]. Depending on the desired fluorination reaction (reductive/oxida-
tive/substitutive), a variety of fluorination agents are available [21], which subsequently
require an oxidizable or reducible cation, while a substitutive fluorination requires avail-
able vacancies which can be occupied by one fluorine. Highly oxidative fluorination agents
are fluorine gas and XeF2, but especially fluorine gas requires special equipment and han-
dling and the oxidative strength may easily lead to the decomposition of the target phase.
For a reductive fluorination, the polymer agents polyvinylidenedifluoride(PVDF) [45] and
polytetrafluoroethylene (PTFE) [46] can be used which also guarantee a less aggressive
fluorination reaction. The fluorination reaction takes place at around 350 – 450 °C where
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Figure 2.5.: a) Oxygen vacancy inside a BX6 octahedron and b) the diffusion path of an
oxygen ion vacancy following a random path through the bulk.

the polymers decompose into smaller fractions of their polymer chains, though, the reac-
tion is not fully understood yet, but it is assumed that HF is formed during the process.
The use of these polymers allow for a homogeneous mixture with the precursor powder
or they can be dissolved and then coated on sample material [21, 47]. Nevertheless, the
usage of these polymers under an inert atmosphere require a post-annealing under an
oxidative atmosphere to burn away carbon residuals.
Another hypothetical method could be the fluorination via interdiffusion, which was not
examined, yet, but will be presented in Sec. 3.2. It relies on the concentration gradient
between the oxyfluoride and the oxide, where the oxyfluoride serves as the fluorination
agent. Here, it was used to prepare BaFeO2.333F0.333 by the heterogeneous interdiffusion
of BaFeO2.5 and BaFeO2F, but also to adjust the fluorine content inside a porous film by
a homogeneous interdiffusion of BaFeO2.333F0.333 and BaFeO2.5 to form BaFeO2.333F0.333
inside the film.

2.1.5. Oxygen ion conduction in perovskite materials

The ideal perovskite oxide contains a perfectly stoichiometric octahedron of the form BX6.
However, in reality the number of anions can deviate leading to a more general formula
ABO3−δ, where δ accounts for the number of oxygen vacancies with a value between
0 ≤ δ ≤ 1. The non-stoichiometry of oxygen is thereby a function of temperature and
oxygen partial pressure in the surrounding atmosphere, but can also be influenced greatly
by the choice of the A and B site cations [24, 27].
The oxygen ion conduction inside perovskite materials relies on the random hopping
of oxygen ions into oxygen vacancies or, from a different angle, random hopping of
oxygen vacancies from one oxygen lattice site to the next [24]. According to [24], ionic
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conductivity inside a perovskite can be described with an Arrhenius-type equation:

σT = σ0 exp
(︃
−EA

RT

)︃
, (2.4)

where σ is the ionic conductivity, T the temperature, σ0 the pre-exponential factor and EA

the activation energy. In addition, the formation of oxygen ion vacancies depends on the
oxygen partial pressure in the surrounding atmosphere. Thus, the number of vacancies is
proportional to the oxygen partial pressure

[V ···
O ] ∝ p

−1/2
O2

. (2.5)

Fig. 2.5 a and b depicts an oxygen vacancy inside a cubic perovskite unit cell and its
path through the bulk with corner sharing octahedra, respectively. From this it becomes
evident that on the one side, the amount of vacancies defines the oxygen ion conduction
and on the other side, the symmetry plays an important role in such a way that it dictates
the diffusion path. A big advantage of the perovskite crystal system is that its structural
integrity is maintained upon higher oxygen non-stoichiometries in contrast to other crystal
systems, thus rendering the possibility of high oxygen ion transport. However, oxygen
vacancies may be arranged in an ordered manner stabilizing a superstructure or pinned
at their lattice site. These factors are detrimental for oxygen ion conduction since these
vacancies are unable to participate in the conduction process, thus, the true amount of
conducting vacancies is lower than expected form the oxygen (vacancy) stoichiometry and
the simple path (Fig. 2.5) is obstructed leading to higher activation energies. It requires a
high activation energy to break up the ordering leading to sudden increase of oxygen ion
conduction at a certain transition temperature.

2.1.6. Magnetic properties of perovskite materials

An extensive description about magnetism can be found within Perovskites: Structure–Prop-
erty Relationships by Richard J.D. Tilley (Wiley, 2016) [24]. Magnetism in perovskite
materials arises from the incorporation of cations showing paramagnetism due to their
magnetic moment. Typical magnetic cations are transition metal and lanthanide cations
since their d and f shells are only partially filled. In addition, the configuration of the
incorporated cations influences the strength of the magnetic moment by adjusting the
energy levels of the orbitals (vide supra). In case of 3d transition metals, the magnetic
moment arises solely from the electron spin and this adjustment leads to the formation of
either high spin, intermediate spin or low spin configuration which directly affects the
total magnetic moment. The magnetic behaviour is then estimated by the orientation/ar-
rangement of the spins in relation to each other. This ordering is temperature-dependent
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and perovskite materials show usually paramagnetic ordering at elevated temperatures.
The arrangement at elevated temperatures is dynamic and the orientation of dipoles is
continually changing without any interactions. In a magnetic field, these spins will align
along the magnetic flux perturbed by thermal motion with a susceptibility following the
Curie law:

χ =
C

T
, (2.6)

with C being the Curie constant and T the temperature. The so-called Curie Temperature
TC marks the transition temperature above which ferromagnetic perovskites transform to
paramagnetic ordering. In contrast, the antiferromagnetic ordering is transformed into the
paramagnetic ordering above the Néel temperature TN. Well above these temperatures,
the paramagnetic susceptibility of ferromagnetic and antiferromagnetic perovskites obey
the modified Curie-Weiss laws:

χ =
C

T − TC
(ferromagnetism) (2.7)

χ =
C

T + φ
(antiferromagnetism) , (2.8)

where φ is the Weiss constant. A reciprocal fit of χ−1(T ) of the paramagnetic region allows
the determination of the Curie temperature or Weiss constant. From the Curie constant C
it is possible to calculate the effective magnetic moment µeff. according to

C =
n · µ2

B

3kB
· µ2

eff. , (2.9)

where n is the number of magnetic atoms and µB the Bohr magneton.

2.1.6.1. Exchange interactions

The ordering of magnetic moments below the corresponding transition temperatures
requires a certain interaction between the magnetic cations and diamagnetic anions (oxy-
gen/fluorine) of the perovskite material. The magnetic cations inside a cubic perovskite
are coordinated inside an octahedron of oxygen (or fluorine) anions which are corner-
shared among neighbouring octahedra. This sharing allows the exchange interaction
between the electrons of the d orbitals of the cations and the electrons of p orbitals of
the anions. Thereby, the exchange interaction can be separated into superexchange and
double-exchange interaction which correspond to antiferromagnetic and ferromagnetic
ordering, respectively.
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Figure 2.6.: Depiction of the exchange interactions inside an iron containing perovskite
for a) superexchange (Fe3+ +S↔ Fe3+ -S) and b) double exchange interaction
(Fe3+ +S ↔ Fe4+ +S).

The superexchange interaction induces an antiparallel spin alignment between two isoelec-
tronic cations due to the up and down spin of the intermediate anion. From this it follows
that most perovskites with a single type of magnetic cation are antiferromagnetic [24].
The spin ordering can form certain patterns which are called A-, C-, E- and G-type ordering
depending on the macroscopic arrangement of the spins throughout the whole crystal.
For example, the A-type ordering exhibits ferromagnetic ordering along the (001) planes
where neighbouring planes are aligned antiparallel. On the other side, in an G-type
ordered crystal, each cation has six antiparallel oriented neighbours.
On the other hand, the double-exchange mechanism describes the real transfer of an
electron from one transition metal cation to an adjacent anion, which already possesses a
filled d-shell and, in order to accept the transferred electron, has to donate one of its elec-
trons to the next transition metal cation. The key here is that the participating transition
metal cations exhibit different oxidation states with high spin electrons. Double-exchange
always leads to a ferromagnetic ordering.

2.1.6.2. Spin irregularities

In some materials, the spin ordering can not be resolved due to competing interactions
between cations with valence states of more than two (which would otherwise allow an
ordering via double or superexchange). This leads to a dynamic reorientation of spins
which is described as spin glass behaviour. It results from a disorder between paramagnetic
cations and was found for Ru or Mn containing perovskites [24].
The magnetic order of spins can also deviate from perfection by a small tilting or canting
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of a small angle leading to spin canting. This spin canting occurs in antiferromagnetic
lattices and results in a weak ferromagnetic coupling due to the canted spins. The spin
canting may depend on the type of cation and leads to specific types of orderings within
compounds with multiple cation types.

2.2. 57Fe Mössbauer spectroscopy

The characterization technique Mössbauer spectroscopy is based on the recoilless emission
and resonant absorption of γ-radiation by atomic nuclei. The Mössbauer effect describes
the process of the recoilless absorption and fluorescence where the whole energy of an
absorbed γ-quantum is used to excite the atomic nucleus, which then releases a γ-quantum
with the exact same energy upon relaxation. Experimentally this is utilized to by combin-
ing the emission of γ-radiation with the Doppler-effect and measuring the transmitted
(through sample material) γ-radiation. The Doppler-effect leads to a shift of the sharp
line width of the γ-radiation. This shift compensates the perturbations of chemical and
physical environment onto the specimen nuclei which influence the detailed positions
of the core energy levels. It allows for a precise description of magnetic, chemical and
structural properties.
In reality, the nuclei are perturbed by electric and magnetic fields created by the surround-
ing electrons and atoms. This perturbation or nuclear hyperfine interaction leads to a
shift, the isomer shift δ, and splitting, due to the splitting of degenerate energy levels, of
the observed Mössbauer lines. The isomer shift arises from different electron and charge
distributions around isomers and its value is related to a reference absorber (usually α-Fe).
The splitting can be divided into electric quadrupole and magnetic dipole interaction. The
electric quadrupole splitting arises from the interaction of the magnetic spins with the
electric field gradient, thus, leading to a degeneration of the single ground states into
two substates. In contrast, the magnetic field hyperfine field splitting leads to a sextet
due to the degeneration into six substates. All these interactions may be observed as a
combined effect, e.g. the center of a sextet or doublet is shifted due to the isomer shift.
Fig. 2.7 depicts a sextet and a doublet inside a Mössbauer spectrum. The doublet exhibits
a significant isomer shift δ.
As a source material 57Co has shown to exhibit the highest possible activity and narrow
line width. 57Co decays by electron capture1 into 57Fe.[28]
The Mössbauer spectroscopy allows the characterization of the chemical and magnetic
environment around Fe, and thus, the Fe-cation itself, especially the oxidation state can
be identified by comparison with known compounds. It was used within this thesis to
1The nucleus captures an inner shell electron and converts a proton into a neutron.
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Figure 2.7.: Mössbauer spectrum with one sextet and a doublet. The doublet exhibits an
isomer shift δ.

investigate the iron coordination within the newly found modification of BaFeO2.667 in
Sec. 3.1 (measured and evaluated by Dr. Abhishek Sarkar and Dr. Robert Kruk) and
the magnetic ordering and anion coordination of/around the Fe-cation inside epitaxial
BaFeO2.5 and BaFeO2F in Sec. 3.3 (measured and analysed by Dr. Ralf Witte).

2.3. Principles of diffusion

This section will outline Fick’s laws of diffusion together with an elevated analysis model
developed by Matano [48] on the base of Boltzmann’s improvement of Fick’s second
law [49–51].

2.3.1. Fick’s laws of diffusion

Diffusion is the movement of particles driven by a gradient in concentration and is a
thermally activated process. Fick came up with the concept of a connecting parameter
between particle flux and gradient in chemical concentration, leading to Fick’s first law of
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diffusion:

J = −D∇C , (2.10)

with J being the vector of flux of particles and ∇C their concentration gradient vector,
which always points towards the most rapid increase. D is the diffusion coefficient and is
a factor of proportionality which interconnects the underlying process of equalization in
concentration. The equation of continuity describes the change in the particle flux over
time

−∇J =
∂C

∂t
(2.11)

and is needed to formulate Fick’s second law of diffusion, which is a combination of the
first law and the continuity law:

∂C

∂t
= ∇ · (D∇C) , (2.12)

which simplifies to

∂C

∂t
= D∆C , (2.13)

if the diffusion is independent of concentration and in this case D is linear.
The first and second law may be simplified in one dimensional diffusion direction:

Jx = −D
∂C

∂x
(2.14)

∂C

∂t
= D

∂2C

∂x2
. (2.15)

In any case, the second law is a linear second-order partial differential equation, which
requires the knowledge of initial and boundary conditions.
If the diffusion depends on the concentration of the participating species, Fick’s second
law becomes more complex, since it looses its linearity and the diffusion coefficient D
becomes also concentration dependent and turns into the interdiffusion coefficient ˜︁D:

∂C

∂t
=

∂C

∂x

[︃ ˜︁D (C)
∂C

∂x

]︃
. (2.16)

This equation cannot be solved analytically for an arbitrary concentration dependence of˜︁D(C). However, the Boltzmann-Matano analysis is one of the few methods which offers a
way to calculate ˜︁D(C) from concentration-depth profiles and will be introduced in the
next subsection.
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2.3.2. Boltzmann-Matano analysis

Boltzmann transformed the nonlinear partial differential equation 2.16 for ˜︁D being a
function of C(x) alone. For this purpose he introduced the variable

η ≡ x

2
√
t
, (2.17)

which combines x and t. By inserting this variable into eqn. 2.16 eventually transforms
Fick’s second law into an ordinary differential equation:

−2η
dC
dη

=
d
dη

[︃ ˜︁D(C)
dC
dη

]︃
. (2.18)

This form of Fick’s second law now allows to extract the interdiffusion coefficient ˜︁D
from an experimental concentration-depth profile C(x). Matano provided appropriate
boundary conditions by considering a diffusion couple (two semi-infinite bars in contact)
at time t = 0, from which the conditions then yield

C = CL for (x < 0, t = 0), (2.19)
C = CR for (x > 0, t = 0) . (2.20)

During a diffusion experiment, a concentration profile C(x) develops after a time t. This
profile can be measured on the basis of a cross section of the diffusion zone. By applying
the boundary conditions, eqn. 2.18 yields

˜︁D(C∗) = −2

∫︁ C∗
CL

ηdC
(dC/dη)C=C∗

, (2.21)

which then becomes -after back transformation into space and time coordinates- the
Boltzmann-Matano equation:

˜︁D(C∗) = − 1

2t

∫︁ C∗
CL

(x− xM )dC
(dC/dx)C∗

. (2.22)

Note that xM describes the position of the Matano plane which is the average distance
weighed concentration, meaning equal integrals on the left and right hand side of the
plane, and is added after the experiment. By setting the Matano plane as the origin of the
x-axis (xM = 0), it can simply be found by∫︂ CM

CR

xdC +

∫︂ CL

CM

xdC = 0 . (2.23)
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Figure 2.8.: Concentration profile of a diffusion couple at time t with the C∗ at location
x∗ with starting concentrations CL and CR.

Fig. 2.8 illustrates the Boltzmann-Matano equation. Eqn. 2.22 holds true for an infinite
system, thus, the diffusion must not reach the borders of the system. For a detailed
derivation the reader is kindly referred to the literature [51, 52].

2.4. X-ray diffraction

The term diffraction describes the interaction of a wave when encountering an object or
aperture resulting in the generation of a pattern behind that object. The shape of that
pattern is thereby depending on the wavelength of the incident wave and the geometrical
properties of the object resulting in the phenomena of constructive or destructive inter-
ference. Thus, one can extract information about the diffracting object by analysing the
as-generated pattern. The important point is that the waves themselves do not produce
an image of the object, but ”shadow” which contains geometrical information.
In the following, the principles of radiation generation and powder diffraction of X-rays
will be discussed. The diffraction with X-rays is one of the core methods inside this work.
It allows for an easy and fast, but also comprehensive evaluation of structural properties.
In addition, a brief discussion of thin film diffraction with X-rays will be given.
The chapter will be concluded with the introduction of the Rietveld method, which is
a powerful tool for analysing powder diffraction data and extracting crystallographic
information.
The phenomena of X-ray diffraction and its derived applications can be found in various
text books which are used to give a small overview over this topic in the following [53–56].
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2.4.1. Generation of diffraction radiation

The application of short-wave electromagnetic radiation, such as X-rays or moving elec-
trons and neutrons, allows the analysis of unit cell dimensions and distances inside a
crystallographic lattice. Due to the atomic radii of a few tenths of Ångstrom up to several
Ångstroms, those short-wave radiation coincides with the atomic sizes. The pseudo-infinite
configuration of a crystal lattice serves as a suitable object for diffraction of such incoming
electromagnetic waves. Table 2.1 compares the three types of electromagnetic waves.
Since the diffraction via X-rays is one of the core evaluation methods within this work,
the main attention will be drawn onto the field of X-rays. Though, the three types can be
used complementary to gain a broader overview and a full set of information from the
sample material.
For the generation of X-ray radiation two different possibilities are available. Though,
both rely on the acceleration or deceleration of charge. The first and simple one, is
the generation of X-rays inside a sealed X-ray tube. Here, electrons are emitted from a
electrically heated cathode, such as a tungsten filament, and accelerated by an electrical
potential towards cooled anode, such as copper or molybdenum. The typical potential is
maintained at 30 to 60 kV and the current through the cathode lies between 10 to 50 mA.
Upon impact of the electrons on the anode, the electrons penetrate the material and are
decelerated by interaction with electrostatic fields of the anode atoms. The deceleration
results in the emission of bremsstrahlung (1 - 2 %), due to the change of their momentum,
and mainly heat (98 - 99 %). Simultaneously, the incoming electrons may ionize the atoms
of the anode material, either by direct exchange of energy or other high-energy radiation,
such as high-energy bremsstrahlung, leading to the ejection of a core-shell electron. The
excited atom can return to the energetic ground state, by filling the core-shell electron
vacancy by an electron from another shell. This electron transition releases energy by the
emission of an X-ray with wavelength characteristic to the anode material. Such electron
transitions are bound to selection rules, schematically shown in Figure 2.9, leading to the
unique X-ray spectrum characteristic for the anode material. The selection rules are as
follows:

- transitions inside one main shell are forbidden, for the principal quantum number2
n must hold ∆n ̸= 0.

- the angular momentum quantum number l is only allowed to change by ±1; ∆l = 0

2Quantum numbers: n - principal quantum number, describes the distance between electron and core, i.e.
the shell; l - angular momentum quantum number, describes the angular momentum and shape of the
orbital; j - total angular momentum quantum number, it combines the spin s and the angular momentum
l of a particle.
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forbidden.

- the total angular momentum quantum number j can change by ±1 and 0.

From these selection rules, the emitted X-ray radiation can be named. If a hole in the
K-shell is filled, then the radiation is called K-radiation, while the indices α and β
describe from which shell the electron drops: α stands for a neighbouring shell (∆n = 1)
and β for any other (∆n > 1). In addition, the numerics 1, 2,... signal a transition
from varying (total) angular momentum quantum numbers. Figure 2.9 also shows, how
an X-ray spectrum is filtered, when leaving the X-ray tube. Such filters are made out
of materials which have an absorption edge close to the Kβ wavelength, reducing the
intensity below this edge by a tremendous amount. They come to use in a powder
diffraction experiment, where monochromatic radiation together with a maximum of
the ratio of intensity in characteristic radiation and bremsstrahlung are desired (both
kinds of radiation are depending on the excitation potential). In case of a Cu anode, this
maximum is reached at 36 kV. The combination of Kα1 and Kα2 is acceptable, since the
removal of Kα2 component would drastically reduce the overall outcoming intensity, and
thereby increasing the time for a satisfying experimental result. The angular divergence
of the outgoing beam can be reduced by collimation. A high divergence leads to broad
and asymmetric reflections. Both, collimation and monochromatization, have to be done
carefully without unnecessary loss of intensity, thus, a trade-off has to be found. Basic
experimental setups will be discussed later. Another method, which is in principle similar,
is the use of a rotating anode. Here, the anode rotates at a high speed, while cooled with
water. The rotation and cooling increase the amount of bombarded cooled anode area,
thus, enabling a higher power input and simultaneously a higher X-ray beam intensity.
The second method for producing X-ray radiation for experimental use, is the so-called
synchrotron radiation source, which are the most powerful sources for X-rays. X-ray
radiation is harvested from charged particles moving on a circular orbit. These particles
are routed by a magnetic field accelerating the particles towards the center of the ring
and are moving at a relativistic speed. Due to the constant change of momentum, the
particle flux emits a constant spectrum of X-rays tangentially to its movement, which is
of brilliant quality and coherence. However, the huge drawback are the immense costs
for maintaining a synchrotron source. Nevertheless, synchrotron radiation sources are a
highly desired, but the availability is restricted to selected synchrotron sites.

2.4.2. Principles of powder diffraction

Max von Laue firstly described the discovery of diffraction of X-rays proving the wave-like
nature of X-rays [58, 59]. Before discussing the principles of powder diffraction, one
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Figure 2.9.: Electron transition according to the selection rules resulting in the char-
acteristic X-ray spectrum, with the characteristic peaks for Kα/β and the
accompanying bremsstrahlung. Implementing a β-filter (dotted line) leads to
a filtered X-ray spectrum.[53, 57]

Table 2.1.: Comparison of three types of radiation used in diffraction experiments; f -
atomic scattering function, s - sin θ/λ, Z - atomic number [53].

X-rays (conv./synch.) Neutrons Electrons
Nature wave (photon) particle (fermion) particle (fermion)

Scattering by electron density nuclei and magnetic electrostatic potential
spins of electrons

Scattering function f(s) ∝ Z f is constant at all s f(s) ∝ Z1/3

Wavelength range, λ 0.5 - 2.5/0.1 - 10 Å 1 Å 0.02 - 0.05 Å
Wavelength selection fixed, Kα,β/variable variable variable

Lattice image reciprocal reciprocal reciprocal/direct
Use to determine atomic structure relative simple relative simple very complex

Theory of diffraction kinematical kinematical dynamical
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has to consider the interaction of X-rays with matter and how to approach this ”black
box” first. In general, the interaction of X-rays with matter can be approached via two
different theoretical assumptions: kinematical and dynamical diffraction. The kinematical
diffraction describes that an X-ray beam is only diffracted once inside a crystal and does
not diffract more than once with the crystal lattice. Thus, the interaction between beam
and crystal is negligibly small. This requires the powder to fulfil several preconditions.
The crystals inside the powder have to consist out of several smaller units, crystallites,
which have to be slightly misaligned to guarantee a statistically sufficient distribution of
each orientation. This misalignment has to be large enough so that the beam does not
interact with matter outside such crystallites. The kinematical theory is applied to X-ray
and neutron scattering (see Table 2.1), since it describes the interaction of X-rays with a
powder (mosaic of many crystallites) simple and accurate. On the other side, the theory
of dynamical diffraction states that the beam is allowed to interact with matter more than
once, including scattering and other interactions. Hence, this theory necessitates a much
more complex mathematical description.
A crystal lattice is a (near) infinite arrangement of stacked atoms in periodic order.
The periodicity and arrangement allow the X-ray beam to be diffracted in such a way
that an interference pattern can be observed. The observed diffraction pattern is the
transformation of the lattice into an image in reciprocal space. Hence, in order to become
a real image of the lattice, the pattern has to be transformed back into real space. Further,
a diffraction of a lattice will be represented by a point in reciprocal space, though, the
reciprocal lattice (arrangement of diffraction points) maintains the symmetry of the real
lattice. The concept of a reciprocal lattice was first introduced by Ewald in 1921 [60].
Further, Ewald introduced the concept of the Ewald’s sphere, which states that an elastically
scattered wave with wavelength λ and wavevector k⃗ produces a diffraction if the end of
the scattered wave with vector k′⃗ coincides with a point in reciprocal space, by moving
the sphere by the length of k⃗ away from the origin. Here the wavevectors k⃗ and k′⃗ have
the same length 1/λ and the angle between k⃗ and k′⃗ is 2θ. This will be discussed in detail
later this section.
Determining factors for a successful scattering are the wavelength λ, the lattice distance
d and the incident angle θ. In 1913, this relation was formulated by Lawrence Bragg and
his father William Bragg [61], and thus named Bragg’s law of X-ray diffraction (which
can be easily transferred into the Laue condition):

2d sin θ = nλ . (2.24)

This formalism is depicted in Figure 2.10 a, though, this is a sufficient simplification of the
diffraction of X-rays at atoms. So far the centre of diffraction was not defined precisely
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and simply assigned to the atom as a whole. In fact, scattering occurs at the electron
distribution around a nucleus. Figure 2.10 b schematically shows the diffraction at an
atom by assuming a spherical electron distribution around the nucleus. At this point it
may be noted that the interaction of an X-ray with an electron leads to the formation
of a Hertzian dipole, thus, emitting a wave in every direction with the same frequency
and wavelength as the incident X-ray wave. Thus, the angular dependency is directly
related to the electron distribution around the core. This type of scattering is also called
coherent scattering and the coherent wave has a phase difference of π. Scattering of
the electron shell is called atomic scattering factor or atomic form factor f and is the
Fourier transformation of the electron density around a nucleus3. This scattering ability is
a function of the wavelength and the atomic form factor of each element can be found
in International tables for crystallography [62]. From this it follows that the scattered
amplitude is the result of the interference of multiple spherical waves. The thermal motion
t of an atom leads to small deviations of the diffraction condition due to the movement of
the refraction center. The frequency of thermal motion is much smaller, than the X-ray
wave frequency, hence, a correcting factor has to be added. This factor is called Debye-
Waller factor and respects the average center position of an atom. The considerations for
1-dimensional diffraction can easily be expanded into the 3-dimensional case. By placing
an arbitrary amount of atoms N in a well-defined periodic distance in one dimension,
their intensity functions overlap and produce a well-defined diffraction pattern at certain
points in diffraction (reciprocal) space, requiring one integer for their description (h). The
diffraction of a unit cell, which is the smallest unit of a 3-dimensional periodic arrangement
of atoms, with a certain number of identical atoms, produces a diffraction pattern, which
requires three independent integers, the so-called Miller indices (h, k, l). This can be
formalised by:

I1D(φ) ∝ f2(φ)
sin2Nhπ

sin2hπ
→ I3D(φ) ∝ f2(φ)

sin2N1hπ

sin2hπ

sin2N2kπ

sin2kπ

sin2N3lπ

sin2lπ
. (2.25)

Since unit cells often contain more than one atom, the atomic scattering function f(φ)
has to be extended to the so-called structure factor F (φ). The structure factor has to be
expressed in terms of the Miller indices (hkl) and thus is written as

I3D(φ) ∝ F 2(hkl)
sin2U1hπ

sin2hπ

sin2U2kπ

sin2kπ

sin2U3lπ

sin2lπ
, (2.26)

where U1,2,3 is the number of unit cells in the specific direction. If the unit cell contains a
number of atoms (j) of more than one element, the structure factor has to be extended
3For an extensive derivation the reader is referred to [57]

28



d

���k

��

� �

���k

a) b)

��

���k
'

���k
'

Figure 2.10.: Elastic scattering of X-ray waves: (a) geometric illustration of Bragg’s law,
(b) elastic scattering at electron density (schematic) of an atom.

respecting the scatter ability f j(s) of each atom (j), the level of occupation gj inside the
unit cell and their positions (xxxj = (xj , yj , zj)). The structure factor has to account for the
change in phase angle of the beam being diffracted at different scattering points. Hence,
it turns into an imaginary number and can also be written as a vector. This so-called
structure amplitude Fhkl can be written as

Fhkl =

n∑︂
j=1

gjf j(s)exp[2πi(hxj + kyj + lzj)] , (2.27)

with s is sin θhkl/λ. The imaginary product iπ(hxj + kyj + lzj) describes the phase angle
of the diffracted wave at the jth atom inside the unit cell. Thus, the structure factor is
given as the absolute value of the vector |Fhkl|2.
A measured intensity is mostly a relative value and not absolute, hence, a scaling factor
s has to be introduced which, for example, is connected to the number of unit cells U .
Further, different geometrical and instrumental effects and such effects arising from the
sample properties aside the structural factor also influence the scattered intensity. They
may be summed up in the factor G(θ), which is a function of the diffraction angle θ. Thus,
the overall measured intensity can be written as

Ihkl = s×G(θ)× |Fhkl|2 . (2.28)

The Bragg’s law gave a first geometrical interpretation of constructive interference condi-
tions. By combining Bragg’s law and the Ewald’s sphere, the origin of a powder pattern of
a polycrystalline sample can be understood. Figure 2.10 a depicts the diffraction condition
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for the 2-dimensional case. In a 3-dimensional case, the condition k′⃗ − k⃗ = d⃗
∗
hkl holds true

in such a way that the ends of k′⃗ and d⃗
∗
hkl form a ring at the surface of the Ewald’s sphere

perpendicular to k⃗ assuming the amount of crystallites satisfying the diffraction condition
to be near infinity. This ring is the base of a cone inside the Ewald’s sphere which apex
coincides with the centre of the Ewald’s sphere and the wavevectors k′⃗ form the mantle,
thus, the angle of the cone takes the value 4θ. Figure 2.11 depicts this construction for
a polycrystalline sample. The intensity of a Debye-Scherrer ring can be assumed to be

d*hkl,2

k'2

k'1

d*hkl,1

4�

detector

D
eb

ye-S
ch

errer rin
g

Ewald's sphere

polycrystalline
sample

- incident beam���k

��

Figure 2.11.: Geometrical construction of the Ewald’s sphere. The two diffracted waves
k′1
⃗ and k′2

⃗ spanning the diffraction cones 1 and 2, satisfying the diffraction
condition with the reciprocal lattice vector d⃗

∗
hkl,1 and d⃗

∗
hkl,2, respectively. The

diffraction cones form so-called Debye-Scherrer rings on a detector plane,
named after early inventors of diffraction cameras.

constant along its circumference. Hence, only a small rectangle of the whole range is
measured in a diffraction experiment in dependency of 2θ (see Figure 2.11), which yields
the standard powder diffraction pattern.
Equation 2.28 states that the relative intensity of a reflection depends not only on the Miller
indices, but also on other contributions perturbing the delta-function of the Bragg’s law.
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These contributions are also depending on the diffraction angle 2θ. The understanding of
such a powder diffraction pattern will be discussed in Sec. 2.4.4.

2.4.3. Experimental setups for powder XRD

One of the most common setups is the Bragg-Brentano geometry. This geometry allows for
a rapid analysis of sample material combined with a high intensity, but is susceptible for
preferred orientation. Figure 2.12 a) schematically shows a Bragg-Brentano configuration
with moving source and detector around the sample position. Source and detector are
mounted an the goniometer circle in such a way that the focal point of the source and
receiving slit of the detector coincide with the circumference of the goniometer circle with
the sample in its center. In addition, their movement is coupled to each other. Source,
sample and detector form the focussing circle ensuring the sample surface to be at the
central point. The radius of the focus circle is inversely proportional to θ. Various slits can
be applied to manipulate the divergent X-ray beam. First, a soller slit after the X-ray tube
can be installed to reduce the divergence of the beam. Soller slits are a stack of parallel
high absorbing metal platelets, which extract the divergent share of the X-ray beam by
only allowing waves with a very small divergence to pass through. A divergence slit is
additionally needed to control the irradiated area of the sample surface by limiting the
beam dimension inside the focussing circle. On the detector side, a receiving slit can be
applied to control the area contributing to the detector signal. In addition, another soller
slit can be installed to cut out highly divergent shares of the X-ray beam. The total number
of slits and their aperture can be freely chosen, depending on the desired measurement.
However, the usage of slits reduce the overall intensity of the beam and thus, increase
the measurement time for a satisfying result. On the other side, the irradiated area and
detectable beam intensity also depends on the radius of the focussing circle. A large
focussing circle, and thus a low diffraction angle θ, leads to a very large area of irradiation
what is directly linked to a high intensity and vice versa. Although the total volume may
be equivalent, the absorption of X-rays τ(θ)) inside the sample material and the beam
being scattered at lattices closer to the surface, lead to a lower detectable intensity, as
schematically shown in Figure 2.12 b). To overcome this intrinsic disadvantage of the
angular dependency of intensity, slits with variable aperture can be used to increase the
passing intensity with increasing measurement angle.

2.4.4. Intensity and shape of reflections inside powder diffraction patterns

The measured powder diffraction pattern contains several reflections differing in position,
shape and intensity. First, the position depends on the chosen wavelength and the
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Figure 2.12.: Schematical concept of a) Bragg-Brentano geometry and b) weakening of
penetrating X-ray beam coupled with decrease of detectable intensity.

interplanar distance dhkl of the crystal. The latter one is a function of the lattice parameters
and Miller indices, which are subjected to Bragg’s condition, as discussed above. Other
factors perturbing the theoretical peak position origin from instrumental sources, namely
the axial divergence of the diffracting beam, sample displacement, misalignment of source
or detector and absorption.
The observed shapes of reflections can be mathematically described by the so-called peak
shape function (PSF) which is a convolution of three functions: instrumental broadening
Ω, wavelength Λ and specimen itself Ψ, plus a certain background b:

PSF (θ) = Ω(θ)⊛ Λ(θ)⊛Ψ(θ) + b(θ) . (2.29)

In a first approximation, the PSF for describing the shape properly is a (Pseudo-)Voigt
function, which weights the Lorentzian and Gaussian contributions and accounts for the
centrosymmetry of reflection peaks. The sample function Ψ, which is of interest in terms
of material characterization, will be discussed in the following. Instrumental broadening
Ω and wavelength contributions Λ to the PSF and their determination will be summed up
in the fundamental parameter approach (2.4.6).
Ideally, the specimen function is a δ function with discrete reflexes. In reality, deviations
from the kinematical model and physical properties of the specimen crystal can affect the
peak width. Small and/or strained crystallizes lead to a substantial broadening of the
observed reflection. Both show an angular dependency, where crystallite size (τ) effects
are more predominant at low values while microstrain (ϵ) at higher values of θ. These
isotropic influences can be described in by the Scherrer equation:

β =
λ

τ · cos θ
(2.30)
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and

β = k · ϵ · tan θ , (2.31)

where k depends on the definition of ϵ and β is the excess width in addition to the other
contributions. Beside this, anisotropic peak broadening occurs, when an exceptional
anisotropic straining in one direction within the crystal exists. It may be described by
spherical harmonics or the Stephens’ model [63].
Asymmetry of a peak usually arises at low angles due to instrumental factors, but also due
to the non-zero curvature of the Debye-rings. Asymmetry of peaks lead to a broadening
of the peak towards the low angle side, while the high angle side remains unaffected.
Instrumental factors, such as axial divergence and non-ideal specimen geometry, are the
major parts and can be reduced by a proper alignment of the setup and by reducing the
axial divergence of the beam (e.g. soller slits). Further, it can be taken into account via
the fundamental parameter approach covered in the next section.
On the other side, the observed intensity of a reflection can be given by extending the
Equation 2.28 to:

Ihkl = K × phkl × Lθ × Pθ ×Aθ × Thkl × Ehkl × |Fhkl|2 , (2.32)

where phkl is the multiplicity factor, which accounts for the multiplicity of eventual
symmetrically equivalent points in reciprocal lattice. Lθ is the Lorentz multiplier and
Pθ the polarization factor, which are also combined into LPθ, the Lorentz polarization
factor. On the one hand, it accounts for the density of equivalent reciprocal lattice
points on the Ewald’s sphere, what is proportional to 1/sin θ. On the other hand it
respects the even distribution of intensity along the Debye-Scherrer ring, which results in
a cutting of observed intensity, due to the interception of the ring by the detector slit, thus,
being direct proportional to 1/sin 2θ. Aθ is the absorption of the incident and diffracted
beams, qualitatively schematized in Figure 2.11. Thkl is the preferred orientation factor,
accounting for a possible deviation from the random distribution of lattice orientations.
Ehkl is the extinction multiplier, treating deviations from the kinematical theory4. Thus, the
observed intensity can be divided into angular dependences, indicated by the subscript
θ, and lattice depend functions, indicated by (hkl) as subscripts, i.e. a Bragg angle
dependence means a dependency upon the length of the corresponding lattice vector
d∗hkl, while a function of (hkl) additionally includes the direction of the corresponding
lattice vector d∗hkl.

4Thkl and Ehkl were not observed throughout the scope of this work and will therefore be neglected.
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2.4.5. Thin film X-ray diffraction techniques

Polycrystalline films on polycrystalline substrates can be compared to powder diffraction
samples in such a way that the arrangement of lattice planes in polycrystalline films
of sufficient thickness is as random as in polycrystalline powder samples. Hence, the
outcome of XRD experiments on such films have a lot in common with powder samples
with one exception. The absorption of x-rays travelling through the film material results in
a lowered intensity for layered structures or the substrate. Hence, a quantitative analysis
can not be done solely relying on the observed intensities.
X-ray diffraction measurements on thin films is a powerful tool to describe several proper-
ties depending on the film morphology. A variety of techniques exist to characterize film
thickness, out-of-plane lattice parameter, surface roughness and film orientation. Thereby,
two different methods are applicable which differ in the coupling of incident and refracted
beam. The symmetrical coupling is the same as for powder diffraction (θ/2θ) and in case
of single crystalline epitaxial films yields the out-of-plane lattice parameter. In contrast,
the asymmetrical coupling is determined by a fixed incident beam angle ω which is kept
at a very low angle (several degrees or less) and the detector is used to collect refraction
data over the whole range of 2θ. This latter method yields information of crystal lattices
inclined with the substrate surface. Throughout this work, symmetrical coupling was used
for thin film analysis.
In contrast, epitaxial films differ in terms of morphology. The term ”epitaxial” describes
the growth of a layer consisting of a single crystalline structure on a substrate material in
such a way that growing crystal and substrate have ideally the same orientation. A 2θ/θ
scan of an epitaxial film exhibits additional features. Beside the observable hkl-reflection,
the reflections are accompanied by the so-called Laue oscillations visible on each side of
the reflection peak and are a measure for the thickness of the layers. The thickness can be
calculated from the adjacent positions of Laue oscillation satellites [64]:

t =
λ

2[sin(θi − sin(θi−1)]
. (2.33)

Another method to analyse the film thickness is the so-called X-ray reflectivity (XRR) mea-
surement at low angles θ. Total reflection of an incident X-ray beam occurs below a critical
angle θc resulting in an intensity plateau. In the region around the critical angle (θ ≈ θc),
a transition occurs and the intensity decreases following the so-called Porod slope [65].
Once crossed, the observed intensity exhibits characteristic intensity oscillations which
are called Kiessig fringes [66]. These fringes are connected to interference of reflected
and refracted beams as a multiple of the wavelength λ and allow for an estimation of
the film thickness. The relation can be compared to Bragg’s law and similarly yields the
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spacing between film surface and film-substrate interface. Thereby, the distance between
two fringes are inversely proportional to the film thickness:

2θi+1 − 2θi ≈ λ/t , (2.34)

from which it follows that the measurable thickness is limited to a maximum value. Further,
this method is vulnerable to surface roughness and inhomogeneities in thickness. Here
it may be noted that the calculations for the thickness of the film by Laue and Kiessig
differ by the fact that the Laue oscillations are caused by crystalline influence, i.e. stacked
lattices contributing to the refraction, while the Kiessig fringes are caused by the presence
of two surfaces/interfaces. In addition, the thickness can be estimated from Scherrer’s
equation 2.30 assuming a perfect crystal with a single scattering domain.
In theory, an epitaxial grown film is assumed to be a perfect single crystal, however, in
reality lattice planes may be misaligned. This misalignment, also called the mosaicity of a
film, can be measured via an ω or rocking curve measurement. During a rocking curve
experiment, the source and detector are fixed to an angle at which the Bragg condition
is fulfilled and only the source is moved by a small fraction causing the incident beam
to vary by ∆ω. This rocking around the incident angle leads to refraction at misaligned
lattice planes and thus, to a broadening of the Bragg reflection.
The preceding thin film techniques for epitaxial films offer only out-of-plane character-
ization. In contrast, the so-called reciprocal space mapping (RSM) renders the possi-
bility to measure in-plane properties of epitaxial films. An RSM is the sum of multiple
ω-measurements which angular dependencies are transferred into directions of the re-
ciprocal space. The result is a two dimensional depiction of the reciprocal space which
allows for an estimation of the corresponding in-plane lattice parameter.

2.4.6. Fundamental parameter approach

The fundamental parameter approach [67, 68] aims for a description of the instrumentalΩ
and emission Λ function. By measuring a substantially ideal sample, which crystallize size
and microstrain do not contribute to line broadening, the sample functionΨ approaches its
ideal δ-function shape - or at least the contributions are known. A common standard is LaB6

with known crystallite size and strain effects. Thus, the remaining line profile broadening
can be traced back to instrumental and emission characteristics. This deconvolution of
the PSF and the fixing of the first two functions, allows for a proper determination of
broadening by the specimen function of any other sample.
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2.4.7. Rietveld Refinement method

The Rietveld refinement method is crystal structure refinement method using a least-
square minimizing procedure to refine structural parameters [69–72]. With that said,
this method does not aim to refine whole patterns, but rather parameters included in a
to-be-refined crystal structure. It is necessary to already provide a crystal structure model
prior to the first refinement steps, since no effort is made in advance to allocate observed
intensities or to deconvolute overlapping reflections, which is simultaneously a feature
of this method. The method does not yield a definite structural solution, but can be of
tremendous help in finding one. In addition, this method respects influences of instrument
and radiation source, thus such information have also to be given prior to a refinement.
On the other hand, the method allows for a direct feedback over refined parameters during
the refinement procedure. The method revolves around the least-square minimisation of
the residual Sy:

Sy =
∑︂
i

wi(yi,obs − yi,calc)
2 → minimisation , (2.35)

with wi = 1/yi,obs, yi,obs being the observed intensity at step i and yi,calc being the
calculated intensity at the ith step. In principle, the intensity of a reflection is depending
on factors being a function of either θ or (hkl)(see also Equation 2.32). Thus, the
calculated intensity at step i is a combination of those functions plus contributions from
neighbouring reflections, yielding a sum with the Miller indices (hkl), represented as H,
as its argument plus a background intensity:

yi,calc = s
∑︂
H

×phkl × LPθ ×Aθ × Thkl × Ehkl × φ(2θi − 2θhkl)× |Fhkl|2 + yi,bg ,

(2.36)

where s is the scaling factor, φ is the peak shape function and yi,bg is the background
intensity at the i-th step. The background intensity yi,bg can be fitted with a polynomial
of order m:

yi,bg =
∑︂
m

bm · (2θi)m . (2.37)

The application of the least-squares minimisation method leads to a set of normal equations
which contain the differentials of all calculated intensities yi,calc with respect to every
refineable parameter. The set of normal equations can be solved by inversion of the normal
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matrix Mjk.

Mjk = −
∑︂
i

2wn

[︃
(yi,obs − yi,calc) ·

∂2yi,calc
∂xj∂xk

−
(︃
∂yi,calc
∂xj

)︃
·
(︃
∂yi,calc
∂xk

)︃]︃
, (2.38)

where xj/k are the sets of refineable parameters, which create an m×m matrix with m
being the number of refined parameters. Due to the non-linearity of the residual of Sy,
the minimum is found iteratively by applying the difference ∆xk on the set of refineable
parameters with the aim to potentially improve the starting model. The difference ∆xk is
calculated by:

∆xk =
∑︂

M−1
ij · ∂Sy

∂xk
. (2.39)

This procedure will be repeated until a convergence criterion is satisfied. In order to
avoid implausible or false minima (results), carefully chosen constraints to the refined
parameters have to be applied to minimize the flexibility of the model. But also the
starting model should already provide a sufficient well approximation. The amount of
refineable parameters may further lead to unwanted perturbation or interference of the
result when refined at once. Thus, the refinement of too many parameters in one step
should be avoided. In addition, the background can be minimized by well prepared
samples or correctly chosen experimental conditions. The quality of the found fit can be
described by differentR-indices, theGOF (goodness of fit) and by inspecting the difference
curve between observed and calculated intensity, yi,obs and yi,calc, respectively. The most
important R-indices are the Rwp (weighted profile) and RBragg (reflection intensity-based)
values:

Rwp =

√︄∑︁
nwn(yi,obs − yi,calc)2∑︁

nwn(yi,obs)2
(2.40)

RBragg =

∑︁
k |Ik,obs − Ik,calc|∑︁

k(Ik,obs)
, (2.41)

where Ik is the intensity of the Bragg reflex k at the of the refinement. The GOF is the
ratio of the Rwp and Re (R expected):

GOF =
Rwp

Re
=

√︄∑︁
nwn(yi,obs − yi,calc)2

N − P
=

√︃
Sy

N − P
, with Re =

√︄
N − P∑︁

nwn(yi,obs)2
,

(2.42)
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whereN andP are the number of measurement points and refined parameters, respectively.
The inspection of the difference curve is a rather qualitative procedure without a precise
parameter, but it allows a graphical assessment of the fit. Since the Rietveld method relies
on mathematical peak shape functions, instrumental influences and good approximation
of the to-be-refined structural model, it is possible to evaluate the quality of the performed
fit and it highlights fundamental incorrect input information.
Together with the qualitative phase analysis, the Rietveld refinement renders the possibility
to extract the weight fractions from the XRD data. This quantification uses the above
introduced scaling factor s to calculate the weight fractions wp of each phase p in a
multiphase mixture with the phases q. A precondition to achieve reliable values is the
homogeneity of the examined powder guaranteeing an even distribution of each phase
throughout the whole sample.

wp =
sp · (ZpMpVp)∑︁
q sq · (ZqMqVQ)

, (2.43)

with Z, M and V being the number of atoms in the unit cell, the molar mass and the
volume of the unit cell, respectively. From this it follows that the crystal phases of
each phase have to be known as well as that amorphous phases/fractions are omitted.
Another method is the usage of a known external standard which is added to the sample
material, such as corundum. A present amorphous phase leads to an overestimation
of the added standard from which it is possible to calculate the true phase fractions.
The software used for Rietveld refinements throughout this cumulative thesis is Topas
version 5 and later version 6 [73]. Besides the GUI guided operation, it offers a mode
based on an input script known as INP format. This input script allows for an easy analysis
of a batch of XRD patterns, though, it may require the application of constraints to avoid
physically unreasonable results. The setting up of such an INP file is straightforward since
the ”language” relies on case sensitive plain text. Appendix B contains an commented
example INP script as it was used for the evaluation of the in situ XRD data obtained in
Sec. 3.4.

2.4.8. X-ray diffraction and Rietveld refinement within this work

X-ray diffraction coupled with Rietveld refinement are the core characterization technique
within this work. Besides basic structural characterization via ambient measurements
throughout the whole work, high-temperature in situ measurements under selected atmo-
spheres provided insights into phase formation and structural integrity in Sec. 3.2 and 3.1.
Further, set of isothermal high-temperature in situ measurements were utilized in Sec. 3.4
to investigate interdiffusion mechanisms inside the Ba-Fe-O-F system. The structural
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dependency of the compounds inside the model system allowed for a precise estimation
of the fluorine content, thus, facilitating the preparation of the desired samples. For all
XRD measurements, Rietveld refinements were performed to draw the most information
from the resulted patterns. Especially, the possibility of batch refinements with the help
of input files (see Appendix B).

2.5. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) is one of the numerous techniques to
investigate electrochemical properties of materials. The peculiarity of this technique is the
gathering of information in dependency of the frequency. In contrast to time-dependent
measurement techniques, EIS is able to pinpoint phenomena inside the specimen due to
the frequency dependency. However, this may also pose problems in understanding and
also in proper analysis of the gathered data. Information from EIS have to be unwrapped
by complex mathematics and can easily be misinterpreted. This section will introduce
basic principles of electrochemical impedance spectroscopy [74] as well as mathematical
models created for the analysis of solid oxide fuel cell cathodes [5, 75] which are crucial
for the discussion in Sec. 3.2.

2.5.1. Fundamentals of electrochemical impedance spectroscopy

The impedance Z(ω) is a term which describes the complex resistance of a material upon
the application of a frequency dependent voltage V (ω). This relation is formulated by
Ohm’s law for alternating current:

Z(ω) =
V (ω)

I(ω)
, (2.44)

with ω as the angular frequency and I(ω) being the current passing through the resistor.
The impedance of an ideal resistor is purely real, and therefore Z = R applies. The total
impedance of a system is the sum of all serial resistors:

Ztotal(ω) =
∑︂
i

Zi(ω) . (2.45)

In contrast to a resistor, a capacitor accumulates charge Q over time, since current cannot
flow through it. Hence, the capacitance C can simply be described by

dV (t)

dt
=

I(t)

C
or equivalent V (t)C =

∫︂ t

0
I(t)dt . (2.46)
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The third element is the inductor, which describes the generation of an opposing current
when current is flowing through leading to a change in potential. The inductance L is
described by

V (t)

L
=

dI(t)
dt

or equivalent I(t)L =

∫︂ t

0
V (t)dt . (2.47)

In electrical impedance spectroscopy, an sinusoidal voltage is applied:

V (t) = V0 sin(ωt) , (2.48)

with V0 being the amplitude of the applied signal, ω = 2πf with f as frequency and φ
being the phase shift. This sinusoidal signal renders the possibility to display the voltage
and current as a complex quantity. This complex numbers can be split into real and
imaginary parts which are related to real (cosine) and reactive (sine) power:

V (t) = V0 sin(ωt) = V0(cos(ωt) + j · sin(ωt)) = V0 · ej(ωt) (2.49)

I(t) = I0 sin(ωt+ φ) = I0(cos(ωt+ φ) + j · sin(ωt+ φ)) = I0 · ej(ωt−φ) , (2.50)

with φ being the phase shift between voltage and current. The representation as an
exponential function is the Euler transformation. Inserting the exponential function in
equation 2.46 and 2.47 yields the complex relation for capacitor and inductor5

I(t)

C
=

dV (t)

dt
= V0 · ej(ωt) · jω = V (t)jω ⇒ ZC =

V (t)

I(t)
=

1

jωC
(2.51)

V (t)

C
=

dI(t)
dt

= I0 · ej(ωt−φ) · jω = I(t)jω ⇒ ZL =
V (t)

I(t)
= jωL . (2.52)

For any impedance, the following formalism holds true:

Z =
V (t)

I(t)
=

V0

I0
· ejφ = |Z| cos(φ) + j · |Z| sin(φ) = Z ′ cos(φ) + j · Z ′′ sin(φ) , (2.53)

where Z ′ and Z ′′ represent the real and imaginary party of the impedance, respectively.
During an impedance spectroscopy experiment, a sinusoidal voltage V (t) like in eqn. 2.49
is applied to the specimen and the current response I(t) (eqn. 2.50) is recorded. From this,
5This relation uses the following transformations of the complex quantity j: e−j·π/2 = cos(−π/2) +
j sin(−π/2) = −j and ej·π/2 = cos(π/2)+ j sin(π/2) = j. The arguments of the sine and cosine function
−π/2 and π/2 are equivalent to a phase shift of -90 °and +90 °between potential and current at a capacitor
and an inductor, respectively.
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the impedance response of the whole system is calculated after eqn. 2.53. A commonway to
plot the impedance data is in the form of Cole-Cole (Nyquist) and Bode plots. The Nyquist
plot separates the absolute value of the impedance vector with the frequency as the function
parameter, thus, the (negative) imaginary part of the impedance (−Zimg) is plotted versus
the real part (Zreal). In contrast, the Bode plot displays the absolute value of the impedance
|Z| and the phase angle φ complementarily plotted over the logarithmic frequency f . The
combination of the complex plane plot and the two Bode diagrams delivers sufficient
information to find a well-fitting description of the phenomenon. Figure 2.13 exemplifies
the result of two different simulated impedance spectroscopy measurements. Typically, the
impedance response of a specimen forms a semicircle (or more) in the Nyquist plot and one
corresponding maximum in the phase angle plot of the Bode diagram. This semicircle-like
shape arises from the capacitative nature of phenomena found in materials, such as the
accumulation of charge at interfaces or grain boundaries, combined with the intrinsic
resistance of the charge transportation. Such semicircles can be characterized by using
appropriate fitting models containing equivalent circuits, most commonly (depending on
the investigated system) a capacitor and resistor in parallel per phenomenon, as shown
in Figure 2.13 for example simulations of one RC element (a,b) and two RC elements in
series (c,d). Such an RC circuit impedance model can be described by

ZRC(ω) =
R

1 + j · ωRC
. (2.54)

The resistance of such an element is simply the difference of the intercepts with the
real axis, i.e. the diameter of the semicircle. In most cases, an additional resistance is
connected in series which sums up pure ohmic resistances in the observed frequency
range. For an infinite frequency, the impedance of the RC element becomes zero, since
the impedance of the capacitor becomes zero, and thus, the impedance of the system is
just the serial resistance Rs. For a frequency approaching zero, the impedance becomes
real (Z = Rs +R), since a direct current is flowing through the system. The frequency
found at the apex of the semicircle is the break-point in the Bode diagram and is given by
the time constant τRC of the element:

ωapex =
1

τRC
=

1

RC
. (2.55)

The time constant of a system is a measure for the decrease of a current within the
system, e.g. a small time constant means faster current decay. If the system contains more
than one element, like in Fig. 2.13 c, the semicircles can be identified easily, if the time
constants of each semicircle, here τRC,1 and τRC,2, are well separated. If the time constants
are similar, the semicircles overlap and an evaluation becomes more difficult. In such
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Figure 2.13.: Example simulation of a) one RC element and c) two RC elements. The
Nyquist plots (a,c) show one and two semicircles, respectively, and the Bode
plots (b,d) show one and two maxima in the phase angle, respectively, while
the amount of impedance rises correspondingly. The simulation parameters
for the single RC element are Rs = 50 Ω and R = 50 Ω and for the double RC
element Rs = 50 Ω, R1 = 40 Ω and R2 = 25 Ω.

cases, the distribution of relaxation times (DRT) can help to find the physically reasonable
amount of elements. In principle, the DRT is found by modelling an impedance spectrum
by an infinite amount of RC-elements which yields a statistical distribution of relaxation
times. In solid-state ionics an RC circuit is associated with a well-defined process or
phenomenon. For systems with similar resistances, the phenomena may be distinguished
if their capacitances differ sufficiently. The capacitances found in solid-state ionics strongly
depend of their physical origin, thus making electrical impedance spectroscopy a powerful
tool to characterize such processes. Table 2.2 lists typical capacitance values for selected
physical processes [76]. In reality, the capacity impedance response of processes deviate
from the above introduced idealized case. The observed perfect semicircle changes to a
depressed semicircle which then can be described by a so-called constant phase element
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Table 2.2.: Interpretation of capacitance values in relation to their possible physical
origin [5, 76].

Capacitance (F) Physical origin
10−12 bulk material

10−11–10−8 grain boundary
10−9–10−7 surface layer
10−7–10−5 sample-electrode interface

10−4 electrochemical reactions
10−1 oxygen stoichiometric polarisation in

the bulk of a MIEC thin film electrode6

(CPE). The impedance of a CPE is given by:

ZQ(ω) =
1

Q · (jω)α
, (2.56)

with Q being the admittance value and α a measure for the deviation from the perfect
semicircle. For an ideal capacitor the phase angle is -90 ° while for a CPE this phase
angle is lowered to -(90 °·α), thus, the depression is a rotation of the impedance vector
relocating the center below the real axis, as depicted in Fig. 2.14 a. Further, the slope
of the absolute value of the impedance becomes α and the maximum of the phase angle
is shifted to higher frequencies (Fig. 2.14). The impedance of an RQ or R|CPE element
becomes

ZRQ =
R

1 +RQ(jω)α
, (2.57)

with the time constant τRQ

τRQ = α
√︁
RQ , (2.58)

which leads to the corresponding relaxation frequency by inserting eqn. 2.58 into eqn. 2.55:

fQ =
1

2πτRQ
=

1

2π α
√
RQ

. (2.59)

The origin of the CPE can be ascribed to surface heterogeneity [77, 78] or to continuously
distributed time-constants for charge-transfer reactions [79, 80].
The ”real” capacity of a CPE element can be calculated after

CQ = α
√︁

R1−α ·Q . (2.60)
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Figure 2.14.: R-CPE elements with different values for α = 1, 0.9, 0.8, 0.6. The depression
of the semicircle in the Nyquist plot (a) leads to a decrease in imaginary
impedance, but also to a dispersion of the maximum in the phase angle (b),
while the the slope of |Z| is equal to α.

In principle, most phenomena can be described by R|CPE elements. However, a lot of
processes are more complex and thus require more complex impedance models, e.g.
when the observed phenomenon includes chemical reactions or a coupled reaction of
diffusion and subsequent chemical reaction. On the other hand, such models allow for a
more detailed description of such processes accompanied with a comprehensive gain of
information about the specimen.

2.5.2. Models for SOFC cathodes

This section will discuss the impedance models for cathode materials of solid oxide fuel
cells (SOFC) observed during electrochemical impedance spectroscopy. The above section
introduced the basics of EIS, but in reality, some observations require more sophisticated
approaches. Theses approaches will be discussed on the base of cathode materials for SOFC.
In principle, it will be differentiated between dense and porous cathodes made of mixed
ionic-electronic conductors (MIEC), which differ in terms of electrochemical properties.
The following discussion will primarily be based on the work of S.B. Adler et al. [5, 19, 75]
to which the reader is referred to for further reading. Divergent sources will be marked
explicitly.
The underlying electrochemical process of an operating cathode in a SOFC is the reduction
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Figure 2.15.: Different morphologies of cathodes with the special cases of a) Pt, b) dense
and c) porous cathode configurations and its impact on the impedance
spectroscopy response with the corresponding formalism and equivalent
circuits. Note that the serial resistance includes the electrolyte response.

of atmospheric oxygen to bulk oxygen which can be described with the half-cell reaction

1/2O2,gas + 2e− → O2−
bulk . (2.61)

These oxygen ions migrate through the SOFC and undergo the recombination reaction
at the other side of the SOFC at the anode. The reduction of oxygen is the more studied
reaction, since the activation of this reaction is observed to be the more complex and
harder to activate reaction inside a SOFC.
Prior to oxide materials, platinum was the material of choice for fuel cell cathodes, due to
its catalytic properties for oxygen reduction. Since platinum is no oxygen ion conductor
itself, the gas phase has to be in contact with platinum and the electrolyte at once, thus,
forming the so called triple phase boundary (TPB). This one dimensional geometrical
concept of an electrochemical reaction region proved to be a valuable phenomenological
description which could explain the observed high capacitances at lower frequencies that
could not be ascribed to traditional interfacial capacitances but rather to the accumulation
of oxygen ions from gas phase and counter charges. Fig. 2.15 a sketches the kinetic and
electrochemical processes of such a Pt electrode together with the arising impedance
response, which can be fitted with a single R|C-element. The performance of a fuel cell
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electrode increases with the length of the TPB. However, the reaction steps which occur in
the vicinity are not yet fully understood, especially which step is rate limiting, though,
they must include adhesion of oxygen molecules from the gas phase, diffusion of such on
the surface and finally the catalytic dissociation and reduction reaction followed by the
incorporation into the electrolyte. Experiments with porous Pt (and other precious metals
like Ag or Au) electrodes showed that the adsorption and diffusion of oxygen onto the
Pt surface and towards the TPB played a significant role for the overall reaction kinetics.
In addition it was also shown in case of Ag that diffusion of oxygen also occurs through
the bulk of the metal electrode, though it exhibits poor catalytic activity. The porosity
made the co-limitation of kinetics (reduction reaction and incorporation at TPB) and mass
transfer (adsorption and transportation of oxygen species) visible. In terms of electrical
impedance it means the Nyquist plots exhibits an equal contribution of real and imaginary
parts of the impedance leading to a ∼45° slope of the plot in the medium frequency range.
The above mentioned processes can be transferred onto perovskite mixed ionic-electronic
conductors with the special focus on bulk properties. Some MIEC materials combine the
electronic/ionic conduction with sufficient catalytic activity to become suitable for SOFC
cathode applications - in addition to be a low-cost alternative to Pt. La1−xSrxCoO3−δ

(LSC), La1−xSrxFeO3−δ (LSF) and La1−xSrxMnO3−δ (LSM) are two of the most studied
and well-understood materials, with LSM being the most favored material for SOFC
cathodes. They exhibit metallic and semiconducting/semimetallic properties at elevated
temperatures guaranteeing a sufficient electronic conduction, while simultaneously of-
fering enough oxygen vacancies for a high oxygen ion conduction. Experiments on thin
films showed that, by offering such pathways through bulk material, the performance of
cathodes scale to some extent with their thickness, thus, the overall reaction (adsorption,
diffusion and exchange reaction) is drawn away from the TPB and occurs over the whole
electrode/electrolyte interface. Their impedance response showed perfect semicircles
at low frequencies which were possible to be analysed assuming that the absorption of
oxygen at the gas/film interface is the rate limiting step due to the purely capacitive
response. This case is schematically shown in Fig. 2.15 b. Here, the oxygen reduction can
again be split into two reactions: first, the absorption of oxygen at the gas/film interface
coupled with the subsequent transportation through the bulk and second, the exchange
of oxygen ions at the electrode/electrolyte interface. The first step can also be associated
with a chemical capacitance (due to the chemical potential being the driving force), which
is a measure of how much of the bulk takes part during the oxygen reduction reaction and
is normally much larger than interface/surface capacitances. In impedance spectroscopy,
the semicircle observed for a dense thin film with surface-limiting conditions, can simply

46



be described by

ZRC,surf(ω) =
Rsurf

1 + j · ωRsurfCL,chem
, (2.62)

with Rsurf is the surface resistance associated with the oxygen reduction at the gas/surface
interface andCL,chem is the corresponding chemical capacitance which is solely determined
by the oxygen stoichiometry changes in the film with total thickness L (C ∝ L). Note that
this formalism is comparable to eqn. 2.54.
On the other side, a porous film of MIEC for cathode application is a much more complex
case. So far, only one possible reaction path was discussed. In general, for porous
cathodes, there are several reaction pathways possible. The most relevant for this work
is the absorption of oxygen at the gas/electrode interface, the subsequent reduction of
oxygen ions and incorporation into the bulk material followed by the conduction of ions
through the bulk. Another pathway would be adsorption (and reduction) at the surface
of the electrode followed by diffusion of oxygen species towards the TPB/electrolyte.
However, only the first case will be considered and is schematically depicted in Fig. 2.15 c
with the corresponding impedance response. The performance of this bulk pathway
depends on the one hand on the exchange kinetics at the gas/electrode interface, but
on the other hand on the bulk transportation. Assuming a process co-limited by bulk
transportation and surface chemistry, i.e. exchange/reduction of oxygen, the impedance
response ZRC, chem and for semi-infinite (thick) porous electrode can be described by:

ZRC, chem(ω) =
Rchem√︁

1 + j · ωRchemClδ, chem
. (2.63)

ZRC, chem is a convolution chemical contributions, Rchem and Clδ, chem are the characteristic
resistance and capacitance, respectively. These parameters depend highly on the mor-
phology of the electrode, such as porosity, tortuosity and surface area. This impedance
model has the shape of a half tear-drop and is called ”Gerischer” impedance, due to
its first description by Gerischer in 1951 for oxygen absorption/exchange on a metallic
membrane [81]. Compared to the case of a dense film, the capacitance in the present case
depends on a so-called ”utilization” length lδ which represents the penetration depth of
an electro-active region into the electrode starting from the electrolyte. This ”utilization”
length lδ depends on a surface resistance comparable to Rsurf and the surface area. It
was found that the performance of an electrode was improved up to a thickness of 10 -
15 µm [82]. This peculiarity emphasizes the discrepancy between the TPB concept and
porous MIEC cathodes and highlights the importance of bulk properties.
As a conclusion, the overall polarization impedance response of an electroactive electrode,
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dense or porous, on an electrolyte can be summed up by:

Zpol = Relectrolyte + Zinterfaces + Zchem , (2.64)

where Zinterfaces combines the charge-transfer resistances/impedances and Zchem repre-
sents the non-charge-transfer chemical processes, namely oxygen absorption/reduction
and ion diffusion. For comparison, the polarization resistance (real part of impedance)
of a measured specimen is related to the participating area, the so-called area specific
resistance (ASR), which is given by:

RASR = Rpol ·Aelectrode , (2.65)

with Aelectrode being the total area of the used electrodes. RASR is hence given in units
of Ωcm2.

2.5.3. EIS and SOFC models within this work

Electrical impedance spectroscopy is the key technique for investigating the electrochemical
performance of the prepared porous symmetrical films in Sec. 3.2. With the help of
the Gerischer impedance model developed by Adler et al., the porous cathodes were
characterized.
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3. Topochemical reactions affecting the
anion lattice inside the model system
barium ferrate

In the following, a list of all publications inside this work will be given and afterwards
a summary will highlight the important aspects and results of each publication in the
context of synthesis, topochemical modification and investigation of the model system
Ba-Fe-O-F.

1. Sec. 3.1: Structural and magnetic properties of newly found BaFeO2.667 syn-
thesized by oxidizing BaFeO2.5 obtained via nebulized spray pyrolysis

2. Sec. 3.2: On the Impact of the Degree of Fluorination on the ORR Limiting
Processes within Iron Based Catalysts: A Model Study on Symmetrical Films
of Barium Ferrate

3. Sec. 3.3: Synthesis and characterisation of fluorinated epitaxial films of
BaFeO2F: Tailoring magnetic anisotropy via a lowering of tetragonal distortion

4. Sec. 3.4: A kinetic study of the interdiffusion of fluorine and oxygen in the
perovskite-type barium ferrate system BaFeO2.5-xF2x

The aims of this work were to investigate the influences of topochemical fluorination of
BaFeO2.5 onto the electrochemical properties and to understand interdiffusion kinetics
inside this system. Doping of the anion sublattice of the cathodematerial is another solution
besides cation doping towards low and intermediate temperature solid oxide fuel cells, and
the most promising anion is fluorine due to its electronegativity. Though BaFeO2.5 itself
shows limited suitability as such a cathode material, it offers a very important advantage
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over state-of-the-art cathode materials, such as Ba0.5Sr0.5Co0.2Fe0.8O3−δ, La1−xSrxMnO3−δ

(LSM) or La0.6Sr0.4CoO3−δ (LSC).
Conventional compounds exhibit a cubic perovskite structure, which makes it difficult
or even impossible to resolve incorporated fluorine after topochemical modifications.
In contrast, monoclinic BaFeO2.5 forms two distinct oxyfluoride structures depending
on the fluorine stoichiometry: BaFeO2.333F0.333 (P21/m) and BaFeO2F (Pm3m). Thus,
each of the three compounds can simply be identified by XRD what is synonymous
with a precise estimation of the fluorine content. Fig. 3.1 depicts the three structures
(taken from the publication in Sec. 3.2 [83]) together with their XRD patterns. BaFeO2.5

(P21/c) crystallizes in a complex monoclinic structure with an ordering of the oxygen
vacancies with one unit cell containing 28 formula units of BaFeO2.5. On the other
hand, BaFeO2.333F0.3331 (P21/m) possesses a different symmetry with 6 formula units
of BaFeO2.5 inside the monoclinic unit cell, and is also oxygen vacancy ordered. Both
monoclinic structures are subgroups of the aristotype structure Pm3m (BaFeO2F) [12,
33]. With the aid of this peculiarity of the Ba-Fe-O-F system, it can be used as a model
system for investigating the impact of topochemical fluorination onto electrochemical
properties and it can also help to understand interdiffusion kinetics and mechanisms.
The iron oxidation state of Fe3+ is maintained for each fluorine stoichiometry due to
the substitutional topochemical fluorination. Further, the oxygen vacancy concentration
is already known due to the structural characterizations in [11, 12, 33] which are of
importance for oxygen reduction and conduction. In addition, oxyfluorides may offer
special multiferroic properties due to their influence onto the coordination of the transition
metal cation inside the perovskite.
The synthesis of monoclinic BaFeO2.5 was done via the nebulized spray pyrolysis (NSP).
With this technique it is possible to synthesize nanocrystalline powder with a high phase
purity [84–86]. It requires the precursor salts Ba(NO3)2 and Fe(NO3)3 ·9 H2O to be
dissolved in an aqueous solution. This solution is then nebulized by a ultrasonic membrane
and carried by an argon stream through a reactor which was kept at a temperature of
1050 °C. The principle setup is sketched in Fig. 3.2 (taken from [83] within this work)
together with the precipitation process. The NSP process and a general discussion of the
synthesis of BaFeO2.5 can be found the Sec. 3.2. It is crucial that the system is free of
air because the powder is prone to take up CO2 and form BaCO3 as well as additional
oxygen may lead to a different phase, e.g. 6H-BaFeO2.5+y [39]. Within these synthesis and
electrochemical studies, it was found that the fluorine free BaFeO3−d (d ≤ 0.5) system was
not fully understood. Due to the susceptibility towards the oxygen partial pressure, a new

1Inside the publication in Sec. 3.2, BaFeO2.333F0.333 had to be changed to BaFeO2.33F0.33 during the revision
process.
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Figure 3.1.: Defect structure of (a) BaFeO2.5 (P21/c) and (b) BaFeO2.33F0.33 (P21/m) with
bars/crosses indicating oxygen vacancy channels/relaxations [12, 33], (c)
depicts a defect free structure of BaFeO2F (Pm3m).[83] Below the structural
representations, the XRD patterns of each phase are given, with highest
intensity reflection groups shown in insets.
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Figure 3.2.: NSP experimental setup with the schematical precipitation process. Taken
from Pub. 3 [83].

modification of BaFeO2.667 was found and later characterized, where it was shown that
this modification is isotypic to BaFeO2.333F0.333 (P21/m) with the same vacancy ordering
scheme. In contrast to the NSP process, a solid state approach requires several long
heating steps with intermediate milling treatments [33]. However, solid state routes offer
the availability of a much higher powder output (NSP roughly 1 - 3 g per run) and thus
was chosen as the synthesis route for thin film targets for pulsed laser deposition (PLD)
processes. The PLD synthesis was performed under the supervision of Dr. Philipp Kehne.
The work on epitaxial films of BaFeO2 grown by PLD and their fluorination was part of
the Master’s thesis of Akash Nair.
A characteristic of the NSP technique is the hollow-sphere morphology as well as the
hydration of the as-synthesized powder. Though the dehydration can simply be done by
heating the powder at an elevated temperature (∼450 °C) under an inert atmosphere, the
morphology of the as-synthesized powder was an issue on the route towards intact films
for subsequent measurements. The hollow-sphere morphology prevented the powder to
sinter onto the YSZ substrate, thus, an alternative synthesis procedure had to be developed.
Previously, this was achieved by the usage of NaCl as a reaction additive what lead to
a fine grained morphology [87–89]. However, the chlorine prohibited the formation of
monoclinic BaFeO2.5 and promoted the formation the formation of hexagonal BaFeO2.5 by
incorporation of Cl into the lattice [90].
Another approach was the abandoning of the idea of a high temperature reaction process
towards a low temperature synthesis. This was done by reducing the synthesis temperature
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Figure 3.3.: Reaction routes for the low and high temperature NSP process with the post
treatment processes leading to powders with hollow sphere and fine grain
morphology, respectively. Only the fine grain powder was suitable for film
synthesis.
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of the NSP reactor from 1050 °C down to 700 °C , what lead to unreacted nanocrystalline
powder containing mainly the precursor salts, but a subsequent annealing at 900 °C under
Ar yielded fine grained powder, which was suitable for the desired film synthesis. Both
synthesis routes for the powder are schematically drawn in Fig. 3.3. As deposition method
for coating the YSZ8 button-substrates (diameter 1 cm, thickness 500 µm) with pristine
powder to prepare polycrystalline films, spin coating was found to be the method of choice.
For that purpose, the zeta potential of BaFeO2.5 dispersed in an acidic dispersion was
estimated and HNO3 was used as dispersant (HCl lead to the formation of hexagonal
BaFeO2.5−xClx/2 upon drying). In addition, it should be noted that during the synthesis
process, BaFeO2.5 showed to be very unstable in aqueous media if traces of water were
inside the powder, either adhesive or incorporated. In these cases, BaFeO2.5 decomposed
very fast and formed a highly alkaline solution (pH = 14) what indicates the formation of
Ba2+(OH−)2. Symmetrical films prepared by spin coating exhibited a thickness of roughly
13 µm and a high porosity. During the porous film preparations, it turned out that no
buffering layer was needed which would prevent the interdiffusion of substrate material
into the film or vice versa.
The next milestone to reach was the topochemical fluorination of as-prepared symmetrical
films of BaFeO2.5. The oxyfluoride compounds found within the cubic-perovskite Ba-Fe-O
system are metastable, thus requiring the topochemical fluorination but also the estimation
of a decomposition temperature for finding an upper working temperature limit when
investigating the electrochemical performance of each compound as a cathode. It turned
out that BaFeO2.333F0.333 does not decompose but rather transforms into a hexagonal
structure above a temperature of 590 °C with very little formation of BaF2, while BaFeO2F
decomposes above 710 °C into BaF2 and BaFe2O4.
Besides the knowledge about crystal structure and stoichiometry, it is also necessary to
understand the oxidation/reduction behaviour of each compound. During the experiments,
before any fluorine was added, another structure of a pure oxide BaFeO2.5+x was observed.
The structure could be fitted with the structural model for BaFeO2.333F0.333 (P21/m), what
lead to the assumption that the observed oxide phase possesses a similar anion occupation
and vacancy ordering and thus could be described as BaFeO2.667. This composition
was present during and after the electrochemical investigation of BaFeO2.5 films, thus a
detailed characterization of this phase in Sec. 3.2 was needed to discuss the electrochemical
performance which required the interpretation of the data in the context of the structural
and compositional knowledge of this phase. Further experiments were performed to
unravel its properties, presented in Sec. 3.1. First, the formation of this phase was studied
by high temperature XRD under pure oxygen as shown in Fig. 3.4. The results showed
a surprising redox behaviour of BaFeO2.5/BaFeO2.667. Under pure oxygen at ∼250 °C,
BaFeO2.5 turned into BaFeO2.667, which was well describable by the same structural model
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Figure 3.4.: HT-XRD of BaFeO2.5 under oxygen atmosphere with indicated phase changes
and the structural model of BaFeO2.667 (P21/m) created by DFT calculations
with iron coordinations highlighted (“o” - octahedron, “p” - square pyramid; “t”
- tetrahedron). Figure is recreated from Fig. 3.7 and Fig. 3.9 in Sec. 3.1.

as BaFeO2.333F0.333 (P21/m), and at higher temperature, BaFeO2.667 turned back into
BaFeO2.5. This phase change from P21/c into P21/m came with a reduction in unit cell
volume by ∼3 %. The high temperature XRD measurements could be well supported
by TG/DTA measurements under pure oxygen, conducted by Claudia Fasel. There, it
could be shown that this phase formation was accompanied by oxygen uptake and release
and consequently, the iron oxidation state changed partially towards 4+ in a total ratio
of 1:2 compared to Fe3+. From this, the question arose, where the Fe4+ is allocated,
since the BaFeO2.333F0.333 (P21/m) model contains three independent iron positions
which are differently coordinated: octahedral (CN = 6), square pyramidal (CN = 5)
and tetragonal (CN = 4) coordinations were possible. For uncovering the coordination
of Fe4+, DFT calculations were performed in collaboration with Prof. Blazej Grabowski
and Dr. Yuji Ikeda. The results suggested Fe4+ to be coordinated inside the tetrahedron,
which was not reported for a mixed-valent perovskite oxide before. The structural model
created from the DFT data is also shown in Fig. 3.4. Additional Mössbauer spectroscopy
measurements were performed in cooperation with Dr. Robert Kruk and Dr. Abhishek
Sarkar. The measurements supported the findings of the DFT calculations. The 6- and 5-
fold coordinated iron positions exhibited similar isomer shifts and hyperfine field splitting
compared to BaFeO2.5 and BaFeO2.333F0.333, while the 4-fold coordinated iron could be
identified as high-spin Fe4+. From this, BaFeO2.667 can be described by the coordination
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and connectivity scheme Ba3(FeO6/2)(FeO5/2)(FeO3/2O1/1). Inside Sec. 3.1, an extensive
overview over different iron coordinations in perovskite-type compounds is given. The
magnetic ordering within BaFeO2.667 was found to be of the G-AFM ordering type, which is
the same ordering as found for the other Ba-Fe-O-F compounds. Magnetic measurements
were performed by Dr. Sami Vasala. During the performed experiments, it was found
that the system could be even further oxidized by simply cooling it under the oxygen
atmosphere forming a seemingly tetragonal phase with the composition BaFeO2.81.
During the experiments in Sec. 3.1, the cyclic TG measurements of high temperature NSP
powder exhibited a different oxygen uptake and release behaviour than the previously used
low temperature powder. It turned out that the crystallite size between the investigated
powders differed leading to the assumption that, additionally to the powder morphology,
its crystallite size may have an influence on kinetic properties. Though not included in the
publication, the work went beyond structural characterization and electrical properties
were determined. The estimation of the crystallite size from XRD yielded a crystallite
size of ∼23 nm and ∼63 nm for the high and low temperature powder, respectively. This
crystallite size dependency will be discussed in Sec. 3.5.3 after the presentation of the
publications. With this additional oxide phase identified, the topochemical fluorination of
the mother compound BaFeO2.5 prepared as symmetrical polycrystalline and asymmetrical
epitaxial films will be presented.
The development of suitable reaction conditions for the topochemical fluorination of films
of BaFeO2.5 was another milestone during this work. In principle, the full and partial
fluorination can easily be done by low temperature fluorination with PVDF [11, 12]. For
conventional powders, the precursor oxide powder is mixed in the desired stoichiometric
ratio of PVDF and then heated at 400 °C for 24 h under flowing nitrogen or argon. As a
logical consequence, this method could not be applied to the porous or epitaxial films.
The easier fluorination was the full fluorination of BaFeO2.5 to BaFeO2F, since this process
does not require the precise supply of the fluorination agent. For this purpose, two routes
are possible which can be found in literature [47] and will be described in the following.
The first one, is the vapor fluorination method. Here, the sample film was placed inside a
tube furnace with a small amount of PVDF deposited before it in such a way that during
the heating procedure, the PVDF decomposed and fluorine containing fractions of the
polymer were carried by a gas stream (nitrogen or argon) over the sample surface. This
guaranteed an evenly fluorinated material, however, it could not be applied in such a
way that a specific amount of fluorine could be incorporated. The second possibility for a
fully fluorination is the covering of the film surface with a solution of dissolved PVDF in
aceton. This method is suitable for furnaces without a flowing gas stream. Both methods
might lead to the overfluorination if the fluorination is continued even though the sample
material is already fully fluorinated, i.e., decomposition into BaF2. Both methods were
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Figure 3.5.: Topochemical fluorination of oxidic films to achieve (a) partially fluorinated
BaFeO2.333F0.333|YSZ8|BaFeO2.333F0.333 via an interdiffusion approach and
(b) fully fluorinated BaFeO2F|YSZ8|BaFeO2F via the vapor transport related
technique.

investigated and compared for the epitaxial film preparation in Sec. 3.3, but did not show
any differences with respect to quality, structure and composition, while only the vapor
fluorination method was used for the fluorination of the porous film. Both methods could
not be used for the preparation of partially fluorinated porous films, since both methods
do not allow a controlled adjustment of the fluorine content. Thus, another method had
to be developed, which is included in the work on synthesis and electrical characterization
of porous films presented in Sec. 3.2 and was inspired by the work on the interdiffusion
reaction, which is presented in Sec. 3.4. There, the interdiffusion reaction of BaFeO2.5 and
BaFeO2F forming BaFeO2.333F0.333 was investigated following the interdiffusion reaction:

2BaFeO2.5 + BaFeO2F → 3BaFeO2.333F0.333 . (3.1)

The fact that a distribution of fluorine inside this system is possible, lead to the idea to
partially fluorinate a porous film with the composition BaFeO2.5 by simply covering it with
a large amount of BaFeO2.333O0.333 powder and annealing it at a temperature of 400 –
500 °C. Here, this powder served as a reservoir of the correct fluorine to oxygen ratio,
which is then applied to the film material due to the concentration gradient. This new
interdiffusion technique and the vapor fluorination method are schematically shown in
Fig. 3.5 a,b, respectively, taken from Sec. 3.2. The even distribution of fluorine throughout
the film could be shown by EDX of the cross section and XPS depth profiling in case of the
porous (Sec. 3.2) and epitaxial (Sec. 3.3) films, respectively. After the adjustment of the
right fluorine content, the porous films were investigated by electrochemical impedance
spectroscopy under a pure oxygen atmosphere in a temperature range of 400 °C to 600 °C.
For this purpose a special sample holder was constructed (see Sec. A). The electrochemical
characterization of an SOFC cathode in Sec. 3.2 via impedance spectroscopy requires a
set of suitable mathematical models to describe each aspect of the material adequately.
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The processes occurring during the oxygen reduction reaction and oxygen ion transport
together with a large variety of cathode morphologies lead to specific capacitive responses,
which cannot be approached by models containing only CPE contributions. As introduced
in Sec. 2.5, in the special case of a porous MIEC cathode as investigated in this work, a
mathematical model is already available created by Adler et al. [75] based on the work
of Gerischer [81], which combines the incorporation of oxygen ions at the gas/cathode
interface and the transport of oxygen ions through the bulk material into one element.
These two phenomena lead to the very distinct half tear-drop shaped EIS response. The
bulk diffusion generates the linear part in the mid-frequency range, while the oxygen ion
exchange produces the capacitive response in the low-frequency range inside the Nyquist
plot.
The impedance spectroscopy yielded three different responses for the three compositions.
The pure oxide showed the typical but slightly depressed Gerischer-type shape, while
BaFeO2.333F0.333 showed a semicircle-like response, both in a comparable range of resis-
tance together with identifiable contributions of charge exchanges. In contrast, BaFeO2F
showed very large resistances and a response consisting out of several contributions.
The response of the purely oxidic film could be well described by the Gerischer-type
impedance model developed by Adler et al. though, it had to be slightly modified by turn-
ing it into a “fractal” expression, comparable to the distribution of relaxation times turning
a pure capacitance into a CPE element. During these experiments, the oxide exhibited
a non-Arrhenius behaviour, which was attributed to the phase change to BaFeO2.667 by
incorporation of oxide ions into the lattice. On the other side, the partial fluorinated
film could neither be fitted by an ideal or the fractal Gerischer impedance model. It
exhibited purely semicircle-like characteristics, but showed an ideal Arrhenius behaviour.
This semicircle response in case of cathodes for SOFCs could be attributed to a shift of the
limiting factor towards a surface limitation of the oxygen reduction and transportation
process. Fluorine, as the more mobile anion due to its monovalency, what was also shown
inside the kinetics study in Sec. 3.4, might be able to allocate an oxygen vacancy in order
to allow an oxygen ion to move. In addition, the fluorination led to a phase stabilization,
as also shown in Sec. 3.5.4, where an even lower degree of fluorination is discussed.
In contrast, the fully fluorinated film showed an ASR several magnitudes higher than the
previous films with a lower fluorine content. This drastic increase could be attributed to
the lack of oxygen vacancies due to the full occupation of the anion sublattice after the
fluorination. Oxygen vacancies are necessary in order to allow the uptake of atmospheric
oxygen and to conduct oxygen ions. On the other hand, the oxygen vacancy ordering in
the monoclinic phases leads to a rigid anion sublattice which may also hinder the oxygen
ion conduction.
In contrast to the polycrystalline films, the epitaxial films of BaFeO2.5 and BaFeO2F were
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investigated in order to proof a possible multiferroic behaviour due to lattice distortions
introduced by fluorination. Additional to XRD analysis, Mössbauer spectroscopy and
magnetical measurements were performed on the films. The incorporated fluorine lead to
a displacement of the iron cation inside the unit cells in powder samples which exhibited
no long range anion ordering. However, XRD and RSM measurements of the oxide and
fluorinated films showed that the fluorination lead to a relaxation of the strained lattice
invoked by the mismatch between film and substrate. The Mössbauer study revealed that
the fluorination leads to a more isotropic orientation of spins, which is in correspondence
to the strain relaxation, while the spins of the oxide were parallel to out-of-plane direction.
Further, the results suggested a trans-configuration, i.e. centrosymmetric, of the Fe3+O4F2
octahedron, thus, no Fe cation displacement would be possible. In contrast, the overall
magnetic ordering remained unchanged in a G-AFM ordering with a small canting of
spins.
The diffusion and interdiffusion of anions inside the Ba-Fe-O-F system is crucial for un-
derstanding synthesis conditions and oxygen ion conduction. A lot of the work done in
Sec. 3.2 was driven by the general concept of interdiffusion coupled with anion movement
during electrochemical processes. The work in Sec. 3.4 deepens the understanding of
such interdiffusion reactions and investigates thermodynamic and kinetic properties. The
Ba-Fe-O-F system offers a unique chance to explore such underlying fundamentals due to
the structural dependency on the fluorine content. The reaction of BaFeO2.5 and BaFeO2F
to BaFeO2.333F0.333 involves three distinct structures, which can be identified easily by
XRD, thus, overcoming the basic problem of distinguishing the participating anions. XRD
and neutron diffraction cannot be applied to distinguish between O2− and F− since they
are equal in their electron configuration (1s2 2s2 2p6) and their similar scattering lengths
(5.803(4) fm and 5.654(1) fm for oxygen and fluorine, respectively [23]) and atomic
form factors [21, 22]. A key feature of this study is the indirect resolution of diffus-
ing oxygen and fluorine anions via tracking of the weight fractions of specific crystal
structures (Fig. 3.1) by XRD and Rietveld refinement on the progressing reaction. Thus,
it bypasses the above mentioned restrictions and enables the usage of a rather simple
method. The experimental plan involved isothermal high temperature XRD to monitor
the interdiffusion reaction depending on temperature. Based on the metastability and
electrochemical performance highlighted in Sec. 3.4, a temperature window of 380 –
480 °C with 20 °C with XRD scans in a timed interval were chosen. The collected XRD
patterns were then evaluated by a batch Rietveld refinement based on an input script
(see Sec. B). The to-be-investigated powder was in every case a 2:1 mixture of BaFeO2.5

and BaFeO2F to satisfy the general interdiffusion reaction (Eqn. 3.1). Fig. 3.6 illustrates
the basic idea of the experimental work in Sec. 3.4. The formation of BaFeO2.333F0.333 at
selected temperatures, and by this the interdiffusion of the anions, was monitored by the
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Figure 3.6.: Scheme of the interdiffusion process inside the powder mixture. The phase
changes can be tracked by high temperature XRD (e.g. at temperatures of
380 °C and 480 °C).

extraction of the corresponding weight fractions from the XRD patterns.
The analysis followed three different approaches, the first one investigated the thermody-
namical order and activation energy of the reaction, the second one applied the empirical
formula developed by Johnson, Mehl and Avrami (in cooperation with Prof. Dr. Roger de
Souza) which yielded insights into the reaction path inside the material, and the third
and last method was the application of a diffusion model based on the Boltzmann-Matano
method and the deduced root mean-squared displacement developed by Dayananda [52].
The reaction was found to be of first order with an activation energy of 0.47(1) eV based
on the time and temperature-dependent changes in the weight fractions of each phase.
Subsequently, the weight fraction data was used to fit the Johnson-Mehl-Avrami (JMA)
model [91, 92]:

γ(t) = (1− ekJMAtnJMA ) (3.2)

With γ(t) being the phase fraction percentage of BaFeO2.333F0.333 at time t, nJMA the
Avrami exponent and kJMA the rate constant of formation. The fitting of the data set
yielded a diffusion controlled reaction, with a phase formation mechanism depending
on temperature. At the lower temperatures, the transformation starts along the grain
boundaries while for higher temperatures, the transformation directly penetrates into
the bulk. Despite that, the crystallite size remained unaffected, what points towards no
recrystallization during the interdiffusion reaction.
For the last analysis approach, the particle size of the powder before and after the lowest
and highest temperature measurement was analysed by SEM. It was also shown that
no particle growth occurred during the interdiffusion reaction and hence, the product
particles are morphologically identical to the educt particles. Knowing the particle size
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Lparticle, the interdiffusion coefficient ˜︁DBaFeO2.333F0.333/C could then be calculated by fitting
the transformed data to the following equation:

xBaFeO2.333F0.333/C = CV,BaFeO2.333F0.333 · Lparticle =
√︂
2 ˜︁DBaFeO2.333F0.333/Ct . (3.3)

Here, xBaFeO2.333F0.333/C = CV,BaFeO2.333F0.333 ·Lparticle describes the penetration depth of the
product phase into the educt phases, with CV,BaFeO2.333F0.333 being the overall concentration.
For the application of this formalism, it was assumed that the particles of the educt phases
were evenly distributed in such a way that the local stoichiometry satisfies Eqn. 3.1. By
this, the diffusion occurred over the grain boundary between the particles with zero net
mass flux. The fitting yielded then interdiffusion coefficients with an order of magnitude
of 10−13cm2/s and following an Arrhenius-type behaviour. Thus, the extraction of the
activation energy for the interdiffusion resulted in a value of E

a, ˜︁D = 0.46(2) eV, which is
comparable to the reaction rate activation energy of 0.47(1) eV. The study was conducted
to gain insight into the interdiffusion behaviour of oxide and fluoride anions. Based on the
presented results, it was possible to assign the oxygen anion as the rate limiting species.
After the publications, Sec. 3.5 will pick up some questions which could not be addressed
inside the publications. It will contain discussions about

• phase formations inside the Ba-Fe-O-F system with respect to their symmetry

• symmetry relations within oxidation and reduction of the phases P21/c, P21/m and
P4/mmm

• influence of crystallite sizes on reactivity and phase stability

• preparation and examination of a fluorinated filmwith the composition BaFeO2.43F0.13

· Phase formations inside the Ba-Fe-O-F system with respect to their symmetry The investigated
system Ba-Fe-O-F was shown to either form structures with a symmetry of P21/c, P21/m
and Pm3m during the experiments, which were of importance. Especially the formation
of P21/m for the structurally isotypic compositions BaFeO2.333O0.333 and BaFeO2.667 raised
the question what is the controlling factor for this specific phase formations. This question
will qualitatively discussed based on the occupation of the anion sublattice and oxygen
vacancy ordering.

· Symmetry relations within oxidation and reduction of the phases P21/c, P21/m and
P4/mmm
The oxidation of P21/m towards P4/mmm will be discussed with respect to symmetry
changes along the branches of the corresponding symmetry tree. As highlighted during
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the works in Sec. 3.1 and 3.4, the symmetry relations between P21/c and P21/m are
connected via the aristotype symmetry Pm3m, while the observed symmetry P4/mmm
can be found on both branches below the aristotype.

· Influence of crystallite sizes on reactivity and phase stability
The impact of the crystallite size on specific properties, such as sintering or oxygen re-
lease/uptake as shown above, will be with the cyclic measurements of TG and EIS under
oxygen atmosphere coupled with XRD analysis performed within the experimental frame-
work of Sec. 3.1. The different synthesis procedures found during this work, lead to
samples with differing crystallite sizes, especially in case of the powders synthesized via
the low and high temperature synthesis route.

· Preparation and examination of a fluorinated film with the composition BaFeO2.43F0.13
The system Ba-Fe-O-F either forms the structures P21/c, P21/m and Pm3m, the ques-
tion about the performance of a low fluorinated film with a fluorine stoichiometry less
than BaFeO2.333F0.333 was not addressed during the work in Sec. 3.2. The results there
suggested a change in limitation from bulk transport to surface exchange, thus, a further
reduction of the fluorine content may have a yet unknown impact on the electrochemical
performance. The results of the study on the low fluorinated film will be presented and
discussed.
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Abstract A new vacancy-ordered perovskite-type compound Ba3Fe3O8 (BaFeO2.667)
was prepared by oxidizing BaFeO2.5 (P21/c) with the latter compound obtained by a spray-
pyrolysis technique. The structure of Ba3Fe3O8 was found to be isotypic to Ba3Fe3O7F
(P21/m) and can be written as Ba3Fe3+2 Fe4+1 O8. Mössbauer spectroscopy and ab initio
calculations were used to confirm mixed iron oxidation states, showing allocation of the
tetravalent iron species on the tetrahedral site and octahedral as well as square pyramidal
coordination for the trivalent species within a G-type antiferromagnetic ordering. The
uptake and release of oxygen was investigated over a broad temperature range from RT to
1100 °C under pure oxygen and ambient atmosphere via a combination of DTA/TG and
variable temperature diffraction measurements. The compound exhibits a strong lattice
enthalpy driven reduction to monoclinic and cubic BaFeO2.5 at elevated temperatures.
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3.1.1. Introduction

Perovskite oxides offer themselves as candidates for a vast variety of applications, such as
cathode materials for solid oxide fuel cells (SOFC) [4, 18, 93, 94], membranes [95, 96]
and oxygen storage [97]. The oxide perovskite as a crystal type is defined by the general
formula ABO3 where A is an alkaline, alkaline earth or rare earth metal cation, and B a
transition metal cation [98]. Lattice oxygen can also be partially replaced by e.g. halide
anions, like F− [10, 99] or Cl− [100, 101], even to large extents [102] opening up other
fields of applications.
Iron-based perovskite oxides can be reduced and oxidized, resulting in a change of the
oxidation state of the transition metal ion from 4+ to 3+. In many cases by reducing the
transition metal completely to the trivalent state, the perovskite changes into the defect-
ordered brownmillerite structure [103, 104], e.g. SrFeO3 (cubic perovskite) reduced to
SrFeO2.5 (brownmillerite) [105, 106]. Further, even lower oxidation states are possible
that maintain a perovskite related structure (CaH2-based reduction to SrFeO2 with divalent
iron) [107] and Sr1−xBaxFeO2 [108] with divalent iron.
Similarly, the perovskite-system Ba-Fe-O possesses a cubic closed-packed (ccp) related
arrangement of Ba and Fe ions for BaFeO2.5, while showing a highly complex vacancy
ordered structure of the anions [33, 109, 110]. Between an oxygen content of 2.5 and 3,
the Ba-Fe-O system exhibits a variety of structures with partial hexagonal closed-packed
(hcp) stacking of BaO3−y layers [111–113], such as trigonal BaFeO2.64 (R3m) [111] or
the hexagonal P63/mmc phases BaFeO2.65 [114] and BaFeO2.667 [113], which can be
related to the Goldschmidt tolerance factor [115], which increases for A = Ba, and is
position-dependent due to the different sizes of Fe3+ and Fe4+. The Ba-Fe-O system can
adopt a lot of different structures depending of the anion sub-lattice.
BaFeO2.5 is susceptible towards topochemical reactions. Several different modifications
can be found by introducing OH−, F− or more O2−. For example, the fluorine containing
cubic (Pm3m) BaFeO2F [11] and monoclinic (P21/m) Ba3Fe3O7F (BaFeO2.333F0.333) [12,
116] are formed upon topochemical fluorination of the compound. Hydration of BaFeO2.5

yields the orthorhombic (Cmcm) phases BaFeO2.33(OH)0.33 and BaFeO2.25(OH)0.5 [117,
118]. Further, BaFeO2.5 can be topochemically oxidized with ozone to BaFeO3 [34]. The
oxidation state of the transition metal Fe adapts according to the oxygen content, from 3+
to 4+, which directly affects magnetic properties. BaFe4+O3 is ferromagnetic with a high
Curie temperature, however, intrinsic oxygen vacancies change the local oxidation states
of iron from 4+ to 3+ [34, 119]. In contrast, BaFe3+O2.5 exhibits an antiferromagnetic
ordering [33].
We already acknowledged the possible existence of a new monoclinic phase in the oxidic
Ba-Fe-O system with an assumed composition of BaFeO2.667 in our previous work [83].
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There are several reports mentioning a composition of BaFeO2.667, crystallizing either in
a hexagonal space group P63/mmc [113], or possessing a triclinic structure [111, 120,
121], or adopting a rhombohedral structure [111] for a similar composition BaFeO2.68.
However, none of these reports were able to derive a precise structural model consistent
with the diffraction data observed. In this article, we report a detailed characterization of
the synthesis of BaFeO2.667 together with its detailed monoclinic structure and magnetic
properties, as well as the oxygen incorporation and reduction and the reversibility of this
process. We found that the material shows unusual allocation of Fe4+ on a tetrahedrally
coordinated site, with antiferromagnetic ordering as well as activity for reversible oxygen
uptake and release, an important feature for electrocatalytic applications.

3.1.2. Experimental

3.1.2.1. Sample synthesis

Synthesis of fine-crystalline precursor material was performed by nebulized spray pyrolysis
(NSP), described in more detail previously [85, 86]. The aqueous solution contained
the precursor nitrate salts of barium and iron, Ba(NO3)2 (Sigma Aldrich, 99.99 %) and
Fe(NO3)3 • 9 H2O (Sigma Aldrich, 99.99 %), respectively. The salts were weighed in
the stoichiometric ratio 1:1 and dissolved in deionized water. The mixture was stirred
for one hour to establish a homogenous transparent yellowish solution. The ultrasonic
nebulizer membrane (TDK, NB-59S-09S-0) was operated at a voltage of 48 V and current
of 0.5 mA. The formed mist was carried with a constant gas flow of 2.5 SLM (standard
liter per minute) of argon through the reactor furnace, which was set to a temperature of
700 °C. A barometer ensured a set pressure of 900 mbar. The powder was collected on a
glass-fiber filter, which was held at a constant temperature of 140 °C to prevent water
from condensing on the powder. The as-prepared powder was annealed in an air-tight
furnace at a temperature of 900 °C under a constant stream of argon for 20 h. The target
phase BaFeO2.667 was obtained by oxidizing this starting powder at 400 °C in an oxygen
atmosphere for 2 h with subsequent quenching to room temperature.
For high temperature impedance spectroscopy, symmetrical films were prepared by spin-
coating annealed powder in an acidic dispersion (pH = 4) on YSZ8 button substrates
(fuelcellmaterials, Nexceris, USA). The films were then sintered at 1060 °C under argon
for 1 h. The film was oxidized at 400 °C in an oxygen atmosphere for 2 h with subsequent
quenching to room temperature. Subsequently, both sides were coated with a sputtered
Au electrode.
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3.1.2.2. X-ray Diffraction Experiments

Ambient and high temperature X-ray diffraction (XRD) experiments were carried out
on a Bruker D8 diffractometer (Bruker AXS, Karlsruhe, Germany) with Bragg-Brentano
geometry and a Cu-Kα source. For ambient measurements the angular range was set to
20° to 100° 2θ with a step size of 0.02° and 1 second measurement time per step. The
high temperature diffraction experiments were carried out in an HTK 1200 N temperature
chamber with a TCU 1000 N (Anton Paar) temperature controller. The oxidation behavior
of BaFeO2.5 was investigated under a pure oxygen atmosphere, while the stability of
BaFeO2.667 was investigated under air. In order to obtain a satisfying quality of the
patterns, the angular range was reduced to 20° to 60° 2θ with a step size of 0.008° and
0.22 seconds per step. A constant oxygen flow ensured a homogenous oxygen atmosphere.
The temperature range was set from room temperature to 1080 °C. Each obtained pattern
was qualitatively and quantitatively evaluated and refined using the Rietveld method
implemented in the software TOPAS 6 (Bruker AXS, Karlsruhe, Germany). Therefore, the
instrumental contribution to the convolution function was extracted empirically from a
set of fundamental parameters utilizing a reference scan of a LaB6 standard (NIST 660a).

3.1.2.3. TG/DTA

Thermogravimetric analysis and differential thermal analysis were carried out on a Netzsch
STA 449C. The temperature range was set from room temperature to 1100 °C (5 °C/min)
under flowing oxygen (40 ml/min).

3.1.2.4. Magnetic measurements

Magnetization measurements were done using a Quantum Design MPMS SQUID mag-
netometer. The sample powder was filled into a gelatin capsule and fixed into a plastic
sample holding straw. Temperature dependent M(T) behavior was measured in zero-field-
cooled (ZFC) and field-cooled (FC) modes between 10 K and 350 K at 1 T field. Also, field
dependent M(H) measurements were done at 10, 80, 250 and 320 K between −5 T and
5 T with 0.1 T intervals.

3.1.2.5. 57Fe Mössbauer spectroscopy

57Fe Mössbauer spectroscopy measurements were performed in transmission geometry
using a spectrometer with a moving source of 57Co:Rh in transmission geometry using a
triangular sweep of the velocity scale. Low temperature measurements were performed
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using a liquid He flow cryostat. As conventionally done, the isomer shift is given relative
to α-Fe at room temperature.

3.1.2.6. DFT calculations

In the present ab initio calculations for BaFeO2.667 we considered the G-type antiferro-
magnetic (AFM) ordering as well as the ferromagnetic (FM) and the non−magnetic (NM)
ordering. To achieve a commensurate sampling of all the magnetic configurations, a 56-
atom supercell based on a 1×1×2 expansion of the 28-atom primitive cell was employed
in the present ab initio calculations.
The projector augmented wave method [122] and the generalized gradient approximation
(GGA) of the Perdew−Burke−Ernzerhof (PBE) form [122] as implemented in the VASP
code [123, 124] were applied in combination with the provided potentials [124]. The
5s5p6s, 3d4s and 2s2p orbitals of Ba, Fe and O, respectively, were treated as valence states.
The plane-wave cutoff was set to 550 eV. The reciprocal space of the 56-atom supercell
was sampled by a Γ-centered 6 × 8 × 4 mesh, and the Methfessel−Paxton scheme [125]
with a smearing width of 0.1 eV was employed. Total energies were minimized until they
were converged to within 10−5 eV per unit cell. Cell volume, cell shape, and internal
atomic positions were optimized so that the forces on atoms and the stress components on
the supercells are less than 2.5•10−2 eV/Å and 1•10−3 eV/Å3, respectively. The NM, FM,
and G-AFM configurations were computed under the collinear spin-polarized condition.
Strong on-site electron correlation was considered for the Fe d orbitals employing the
rotationally invariant DFT+U formalism of Dudarev et al. [126], with Ueff≡U − J varied
in a range of 0 eV to 6 eV. Volumes, charges, and magnetic moments of atoms were
evaluated based on the Bader analysis [127] employing the Yu−Trinkle algorithm [128]
as implemented by Henkelman et al. [129–131].
For comparison, similar calculations were performed on cubic Pm3m BaFeO3. Previous
ab initio simulations found that, within the collinear spin polarization, the FM phase is
thermodynamically more stable than the AFM phases at 0 K for BaFeO3 [132–134], and
we therefore focus on the FM phase for BaFeO3. The reciprocal space of the 5-atom cubic
primitive unit cell was sampled by a Γ-centered 12 × 12 × 12 mesh, and otherwise the
same computational conditions as for Ba3Fe3O8 were applied.
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3.1.3. Results and discussion

3.1.3.1. Determination of optimized synthesis conditions for BaFeO2.667

The diffraction experiments on the oxidation behavior under a pure oxygen atmosphere of
monoclinic BaFeO2.5 prepared by NSP are presented in Figure 3.7 a,c,e. All compositions
given are in good agreement with the weight changes observed in a DTA/TG measurement
(see Figure 3.8 and an extensive discussion in SI). The compound starts to take up oxygen
around 250 °C under the formation of a new phase BaFeO2.667 with monoclinic (P21/m)
symmetry (see structural analysis discussed in section 3.1.3.3), with a diffraction pattern
not reported before. During this oxidation, the unit cell shrinks due to the change in the
valence of iron from the larger sized trivalent to the smaller sized tetravalent state [135,
136]. Oxygen is again released starting at 475 °C under the reformation of BaFeO2.5

(P21/c), where both phases coexist up to a temperature of ∼580 °C. Around 750 °C the
system changes into a mixture predominantly consisting out of the hexagonal P63/mmc
(BaFeO2.667) [113] and a lower amount of a cubic phase (Pm3m), and the latter becomes
themain phase at a temperature of 1000 °C. The transformation to the oxygen richer phases
with P21/m or P63/mmc symmetry is accompanied by a decrease of the pseudocubic
lattice parameter apseudocubic, which is calculated from the cube root of the volume per
BaFeO2.5+x formula unit, Vf.u.. In contrast, the transformation of BaFeO2.5 P21/c above
750 °C appears to turn into Pm3m due to a sufficient amount of thermal energy (see
Figure 3.7). The changes in volume and the linear expansions from the pseudocubic
lattice parameters of the different phases are highlighted in Figure 3.7 e.
The narrow stability range of the monoclinic phase with P21/m symmetry (BaFeO2.667)
becomes also evident by heating the as-prepared BaFeO2.667 sample in air, i.e., reducing
the oxygen partial pressure from 1 bar to 0.2 bar (see Figure 3.7 b,d,f). In air, BaFeO2.667

starts to release oxygen at around 300 °C, forming the monoclinic BaFeO2.5 phase (P21/c).
It remains in this configuration until it eventually starts to transform to cubic Pm3m
symmetry at around 800 °C, as already observed under oxygen atmosphere. This structural
transition only reflects the breaking up of the long range oxygen vacancy order found for
BaFeO2.5 (P21/c) [33]. During this transition, no other oxidized phase, e. g., a hexagonal
modification, is formed as in the case of heating under oxygen, compare Figure 3.7 c
and d, respectively. The maintenance of oxygen composition for the P21/c to Pm3m
transition is also indicated by the absence of a sudden change of the volume per formula
unit, see Figure 3.7 e,f.
In contrast to the heating, the processes observed on cooling are not easily comparable
via XRD and TG due to different kinetics of both processes. In addition, the phases which
are observed on cooling can depend from the starting temperature chosen for cooling,
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e. g., cooling 6H-BaFeO3−y under oxygen does not result in the reversible formation of
BaFeO2.667 [39], and this phase is then stable down to ambient temperature. Further, we
found that cooling BaFeO2.667 slowly under oxygen results in an oxygen uptake under
formation of tetragonal BaFeO2.81 between 200-300 °C, which can also be found as an
impurity phase (see next section) depending on the detailed heating and cooling conditions
chosen. Thus, the uptake of oxygen under transformation to BaFeO2.81 is a competing
reaction when heating BaFeO2.667 in pure oxygen atmosphere. This is further similar to
the oxygen uptake of BaFeO2.5 under formation of cubic BaFeO3 at 150 °C when heating
under ozone as reported by Hayashi et al. [34].

3.1.3.2. Detailed interpretation of TG/DTA measurements (SI)

The TG/DTA measurement reveals several phase transitions accompanied by either mass
gain or loss. Figure 3.8 depicts the recorded data. The TG trajectory shows two big mass
gains between 250 and 550 °C and between 750 and 950 °C, each time followed by a
loss of weight towards its initial mass. However, the first mass gain is accompanied by a
release of energy, while the second mass gain and loss are endothermal processes. It is
noteworthy that up to 250 °C the sample looses weight until the first massive mass gain.
These anomalies may be attributed to a loss of adhesive water. As seen in the HT-XRD
(Figure 3.7 a,b), BaFeO2.5 undergoes several phase transitions which can be assigned to
different oxygen stoichiometries and thereby different structures. Thus, the first massive
mass gain corresponds to an incorporation of oxygen from the stoichiometric level of 2.5
to 2.667, followed by the release of the incorporated oxygen above 520 °C. By comparing
the masses m2.667 (mBaFeO2.667 = 235.89u) at 340 °C and m2.5 (mBaFeO2.5 = 233.17u) at
675 °C, it becomes evident that the change in oxygen stoichiometry can be assigned to
roughly 0.17. The difference between the two masses is about 1 %, which corresponds
to a mass difference of 2.72 u or 0.17 oxygen atoms (mO = 15.999u). The second mass
gain is about 0.6 % and can be attributed to the formation of the oxygen richer hexagonal
BaFeO2.67 (P63/mmc) and the cubic Pm3m phases as it was observed in the in situ XRD
experiments. From the XRD experiments, it follows, that the phase ratios are about 80 %
P63/mmc to 20 % Pm3m, which corresponds to an average mass of 235.9 u. Though,
it might be straightforward to assume that the cubic Pm3m phase may be BaFeO3, the
TG/DTA measurement shows a loss of mass accompanied with a strong endothermal spike
in the first derivative of the DTA signal. These suggest that the composition is more likely
BaFeO2.5. By this, the endothermal nature of this phase transition is based on resolving of
the strong vacancy ordering which is characteristic for BaFeO2.5 [33] by providing thermal
energy. Thus, the composition of the hexagonal phase is roughly equal to the BaFeO2.667

phase [113] and the cubic phase Pm3m possess an oxygen stoichiometry ≈ 2.5, which
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Figure 3.7.: Results of the high temperature XRD study: (a,c,e) depict the results of
BaFeO2.5 under oxygen; (b,d,f) depict the results of BaFeO2.667 under air. (a,b)
show the XRD pattern over the whole temperature range with the emerging
configurations. (c,d) highlight the corresponding phase fractions as calcu-
lated by Rietveld refinements. (e,f) showcase the evolving pseudo-cubic
lattice parameters (and simultaneously the volume per formula unit Vf.u.) with
straight lines emphasizing the linear thermal expansion.
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Figure 3.8.: TG/DTA measurement of pure BaFeO2.5 performed under pure oxygen atmo-
sphere, complementary to the HTXRD experiment depicted in Figure 3.7 a,c,e.

can also be connected to the observed pseudo-cubic lattice parameters in Figure 3.7 e,f.

3.1.3.3. Structural characterization of BaFeO2.667

After obtaining optimized synthesis conditions, a long-time scan of BaFeO2.667 was
recorded at ambient temperature. Indexing of this pattern indicated the compound
to crystallize in the monoclinic crystal system, with lattice parameters indicating a

√
6

x
√
2 x

√
3 supercell of the cubic perovskite type structure, i.e., a 6-fold superstructure

of the cubic perovskite. To the best of our knowledge, this symmetry is known only for
BaFeO2.333F0.333 [12, 116] as well as for BaCoO2.667 [137], i.e., 2 Ba3M3X8 = Ba6M6X16

for using integer chemical indexes, and both compounds have been found before by
members of our group. Indeed, the pattern could be well fitted based on the structure
found for BaFeO2.333F0.333 [12, 116]. In comparison to BaFeO2.333F0.333 (Voxyfluoride, f.u. =
67.10 Å³ [116]), BaFeO2.667 (Voxide, f.u. = 66.47(2) Å³) exhibits a significantly smaller unit
cell volume, which can be related to the smaller atomic radius of Fe4+ as compared to the
single valence of the larger Fe3+ found in the oxyfluoride compound. The characteristic
XRD reflexes in the range of 29 to 33° are shown in Figure 3.10 a to showcase the differ-
ences between the parent oxide BaFeO2.5 and the oxidized BaFeO2.667 and oxyfluoride
BaFeO2.333F0.333. Since the monoclinic structure of BaFeO2.5 is not directly related to the
monoclinic structure of BaFeO2.667 via a group-subgroup relationship (see symmetry trees
given in references [12, 33, 138]), it is not possible to refine the reflection splitting pattern
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observed for BaFeO2.667 by adjusting the lattice parameters within the P21/c structural
model. Thus, it is possible to rule out such, at first glance likely, compositionally similar
ordering variants. We acknowledge that in addition to the monoclinic phase, another
perovskite-phase was observed in the powder quenched to room-temperature (P4/mmm,
a = 3.981 Å, c = 4.010 Å, V = 63.53 Å³) with a weight fraction of around 10 %. This
tetragonal structure is formed during the cooling process after oxidation and cannot be
completely avoided by quenching to room temperature. Such a tetragonal barium ferrate
was reported previously [111], and assigned to a composition of BaFeO2.81 (a = 3.978 Å,
c = 4.003 Å); thus it shows that the further uptake of oxygen on cooling can hardly be
avoided completely.
Due to the fact that we could not get neutron data for the compound, which makes a
precise determination of oxygen positions impossible, the atomic positions were derived
by relaxing the structural model within the DFT calculations. Figure 3.9 shows the unit
cell of the oxygen-vacancy-ordered BaFeO2.667 (Ba3Fe3O8) structure, based on O for F
substitution of the structural model of BaFeO2.333F0.333. The structural parameters are
listed in Table 3.1 and Table 3.2 (with Ueff = 2.5 eV, which is close to the value used
in [139] (U − J = 2.4 eV) and reproduces a helical spin order in BaFeO3 as observed
in experiments). The structure obeys the symmetries of the space group P21/m with
Z = 6. Apart from changes of bond distances, as well as smaller changes of bond angles,
no significant change was observed regarding the principle coordination environments. In
particular, there are three symmetrically inequivalent sites for Fe, which are coordinated by
O atoms in octahedral, pyramidal, and tetrahedral arrangements, respectively. Thus, the
coordination scheme and connectivity of iron coordination polyhedra within BaFeO2.667

can be described by the formula Ba3(FeO6/2)(FeO5/2)(FeO3/2O1/1).
Both, the positional parameters of BaFeO2.333F0.333 as well as the DFT-optimized parame-
ters for BaFeO2.667 can be used to give a sufficiently good fit of the recorded diffraction
patterns, as shown in Table 3.2 and Figure 3.10 b,c. Both, the coordination scheme as well
as the presence of Fe4+ can be well confirmed by Mössbauer spectroscopy (see Figure 3.11
and Table 3.3, sextet 3). The Mössbauer spectrum of the compound was recorded at
10 K, at which the spectrum was easier to interpret than at ambient temperature (see
Figure 3.12). At 10 K, the spectrum could be well described by three sextets with areas
in the ratio of 1̃:1:1 (Table 3.3), agreeing well with iron being located on three different
crystallographic sites with local symmetry 2e. One of these sextets showed an isomer shift
of 0.08 mm/s and a hyperfine field of 27.5(1) T, and we assign this sextet to the tetravalent
iron species due to the following reasons: The reduction of the hyperfine field is well
explained by the lower number of unpaired spins found for Fe4+ (d4) as compared to Fe3+
(d5). The isomer shift as well as the hyperfine field splittings are significantly reduced to
what is found for the tetrahedrally coordinated Fe3+ species within the chemically similar
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Figure 3.9.: Primitive cell of Ba3Fe3O8. Green, brown and red spheres represent Ba, Fe,
and O atoms, respectively. The labels on the Fe atoms show their coordi-
nation environments; “o”, “t” and “p” indicate an octahedral, tetrahedral, and
pyramidal coordination, respectively.

Table 3.1.: DFT optimized internal atomic positions of G-AFM P21/m Ba3Fe3O8 with
Ueff = 2.5 eV. For Fe atoms, the coordination environments are indicated.

Element Wyckoff Coordination x y z
Ba 2e 0.271 1/4 0.987

2e 0.911 1/4 0.716
2e 0.573 1/4 0.336

Fe 2e Fe1 pyramidal 0.270 1/4 0.489
2e Fe2 tetrahedral 0.881 1/4 0.233
2e Fe3 octahedral 0.574 1/4 0.827

O 2b 1/2 0 0
2e 0.768 1/4 0.038
2e 0.418 1/4 0.658
2e 0.033 1/4 0.132
4f 0.674 0.999 0.685
4f 0.846 0.991 0.383
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Table 3.2.: Lattice parameters optimized in DFT calculations and with XRD measure-
ments. For XRD, the parameters were obtainedwith fixing the atomic positions
either to those of isotypic BaFeO2.333F0.333 [116] or those of our DFT results.
Fits are shown in Figure 3.10 b,c.

DFT XRD (atomic positions fixed)
BaFeO2.333F0.333 based on DFT input

(isotypic to BaFeO2.667)
a (Å) 10.290 10.1597(2) 10.1621(2)
b (Å) 5.687 5.65021(15) 65.64942(14)
c (Å) 7.074 6.9524(2) 6.95256(19)
(°) 91.457 92.0529(17) 92.0490(19)

Vf.u. (Å3) 68.97 66.47(2) 66.48(2)

Rwp (%) 2.81 3.12
GOF 1.55 1.72

Table 3.3.: Fitting parameters for the 57Fe Mössbauer spectrum of BaFeO2.667 recorded
at 10 K.

Sextet 1 (blue) Sextet 2 (green) Sextet 3 (orange)
Area (%) 37(2) 29.5(1) 33.5(2)

Isomer shift (IS) (mm/s) 0.55(1) 0.31(1) 0.08(2)
Hyperfine field Bhf (T) 50.4(1) 47.0(1) 27.5(1)

Quadrupole splitting (mm/s) -0.05(2) -0.07(3) -0.08(3)

compounds BaFeO2.5 (0.15 – 0.23 mm/s, and 40.0 – 42.1 T) [33] or BaFeO2.333F0.333 (0.20
mm/s, and 42.0 T) [12].The fact that the isomer shift is larger to what has been found for
Fe4+ in Na4FeO4 (-0.140 mm/s [140]), Ba2FeO4 and Ba3FeO5 (-0.152 mm/s and -0.142
mm/s, respectively [141]), can be explained from the different bonding scenarios of the
compounds. These compounds have isolated FeO4−

4 tetrahedra, which do not share edges
or corners with other FeO4−

4 tetrahedra. Therefore, the oxygen ions provide a stronger
degree of covalent bonding to the iron in compounds with non-linked FeO4−

4 tetrahedra,
which reduces the isomer shift of the iron species in Na4FeO4, Ba2FeO4 and Ba3FeO5. The
other two sextets both possess significantly higher isomer shifts and hyperfine fields of
0.31 mm/s and 0.55 mm/s and 50.4(1) T and 47.0(1) T, respectively. Both, hyperfine field
and isomer shifts are well indicative for trivalent iron, similar to what has been found for
the higher coordinated Fe3+ species in BaFeO2.5 [33] and BaFeO2.333F0.333 [12]. Thus, one
can conclude that charge ordering occurs in BaFeO2.667 due to the significantly different
site potentials induced by the different coordination environments. Thus, we discuss the
allocation of the tetravalent iron species on one of the three different sites in the following.
To do so, it is important to review what has been found for similar compounds previously.
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Figure 3.10.: a) Characteristic XRD reflexes for BaFeO2.5, BaFeO2.667 and BaFeO2.333F0.333.
Ambient XRD data of BaFeO2.667 and corresponding Rietveld fit based on the
positional parameters found for b) BaFeO2.333F0.333 [12] and c) calculated
by DFT for BaFeO2.667.

Table 3.4.: Fitting parameters for the 57Fe Mössbauer spectroscopy at room temperature.
(SI)

Singlet Doublet 1 Doublet 2 Sextet 1 Sextet 2
Area (%) 20 25 23 10 22

Isomer shift (IS) (mm/s) 0.08 0.42 0.27 0.51 0.01
Hyperfine field Bhf (T) - - - 47 28

Quadrupole splitting (mm/s) - 1.5 0.71 -0.41 -0.07
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Figure 3.11.: 57Fe Mössbauer spectra of room temperature and at 10 K of BaFeO2.667.

Figure 3.12.: 57Fe Mössbauer spectra of BaFeO2.667 recorded at room temperature. (SI)
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First, for an octahedrally coordinated tetravalent iron (Fe4+O6/2), no strong tendency was
found for distortion of the octahedron, though this would be in principle expected from
the electron configuration t32ge1g of high spin Fe4+ [142–145]. The high spin Fe4+ can be
stabilized inside the square pyramidal coordination (Fe4+O5/2) as it has been observed
for SrFeO3−δ [146] next to octahedral coordination of the trivalent species (Fe3+O6/2)
or inside BaY0.5Fe0.5O2.75, where a square pyramidal coordination of Fe4+ is favored,
while BaY0.5Fe0.5O2.5 exhibits only octahedrally and tetrahedrally coordinated Fe3+ [145].
For Sr1−xBaxFeO2 (0.4 ≤ x ≤ 1) it was found that high spin Fe2+ (S = 2) is 4-fold
coordinated inside a square-planar configuration [108]. By oxidizing CaAl0.5Fe0.5O2.5+δ,
the tetrahedrally coordinated Fe3+ turns into Fe4+, 5-fold coordinated inside a square
pyramid [147]. Apart from perovskite type compounds, 4-fold coordinated high-spin
Fe4+ was found within the compound Na4FeO4 [140], but it is also present within other
non-perovskite-type compounds of the Ba-Fe-O system, namely in the Ba-rich Ba2FeO4

and Ba3FeO5 [141]. These structures are composed of isolated FeO4−
4 tetrahedra, as it was

also reported for other Ba2MO4 compounds, with M being Ti, V, Cr or Co [148–154], with
only small distortion of the tetrahedra due to Jahn-Teller active electron configuration.
Inside the tetrahedron, Fe4+ adapts the electronic configuration e2t22, with a total spin of
S = 2, e.g. high spin, which is the only observed spin state in solid state materials [28].
On the other side, for similar compounds with smaller A-site cations, e.g. Sr2FeO4 [150],
the Fe4+ cation coordination is an almost perfect octahedron, though the site symmetry of
4/mmm would allow for significant stretching of the octahedron. As a simple conclusion,
the increase of coordination number for barium seems to induce the lowering of the coor-
dination number for the tetravalent iron species within polyhedra of reduced coordination
number.
To derive the most plausible allocation of the tetravalent iron atoms, bond valence
sums [155] were calculated based on Fe-O distances derived from the structure opti-
mized by the ab initio calculations. These calculations clearly indicate that Fe4+ is located
on the tetrahedrally coordinated site (Fe2, see Table 3.5). This is in principle agreement
with what we found for isotypic BaCoO2.667 [137], in which d5 configured Co4+ was also
located on the tetrahedral site, and for which neutron diffraction data could be recorded
in order to obtain precise Co-O bond distances. The magnetic moments derived from the
Bader analysis (see Table 3.6) are found to be smaller than expected from the nominal
oxidation numbers. Such a quantitative deviation is found also for transition metal oxides
like TiO2 [156] and actually under active discussion [157]. It is nevertheless noteworthy
that the Bader-derived magnetic moments of Fe well distinguish the tetrahedrally coor-
dinated site from the pyramidal or the octahedral site, consistently with BVS calculated
from the DFT optimized model (again see Table 3.5).
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Table 3.5.: Bond valence sums (BVS) [155] calculated for different cations. Magnetic
moments on atoms derived from the Bader analysis (Table 3.6) are also shown
for comparison.

Atom Distances to oxygen (Å) BVS M (µB)
Ba1 1x 2.676

2x 2.752
2x 2.763
1x 2.809
2x 2.877
2x 3.165 +2.32

Ba2 1x 2.744
2x 2.836
2x 2.847
2x 2.949
2x 3.088
1x 3.165 +1.85

Ba3 1x 2.812
2x 2.845
2x 2.851
2x 2.902
1x 2.946
2x 3.018
2x 3.186 +2.12

Fe1 1x 1.916
(pyramidal) 2x 1.974

2x 2.047 +2.71 3.88
Fe2 1x 1.742

(tetrahedral) 1x 1.776
2x 1.852 +3.58 3.19

Fe3 1x 1.971
(octahedral) 2x 2.036

2x 2.038
1x 2.463 +2.61 3.94

The allocation of Fe4+ on the tetrahedral site is further in agreement with the Mössbauer
data, where the Bhf values and isomer shifts for octahedral / square pyramidal coordi-
nation of Fe3+ are similar to what was found in BaFeO2.5 [33] and BaFeO2.333F0.333 [12].
Thus, we conclude that although Jahn–Teller stabilizing coordination geometries (octahe-
dral / square pyramidal) are available in the structural setting of BaFeO2.667, there is a
size-driven tendency of Fe4+ to be located on the tetrahedrally coordinated site. However,
a conclusion about the distortion of the tetrahedron cannot be drawn due to a lack of
fully reliable experimentally determined positional parameters of the anions. Further, it is
also appropriate to discuss the structure found for BaFeO2.667 with reference to earlier
reported structural models for this compound. Though no diffraction data and details of
powder preparation are presented in the early report from Mori in 1965 [158], we assume
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that the author might have prepared this phase (which was described as triclinic-II) before
by heating BaFeO2.5 (which was referred to as triclinic-I phase) between 400-500 °C in
oxygen atmosphere. However, the lattice parameters reported (a ≈ b ≈ 405.0 pm, c ≈
402.4 pm, α ≈ 91°44’, β ≈ 88°16’, γ ≈ 91°51’) are implausible, since in such a small unit
cell only compositions according to ABX3−n (n = 0, 1, 2, or 3) will be possible; clearly,
the obtained splitting pattern cannot well describe the splitting of the main reflections
and also does not cause superstructure reflections. The fact that many perovskite related
barium ferrates were originally discovered in the 1960s, but could be only structurally
solved in the early 90s or even later by neutron or electron diffraction, points to the high
structural complexity found for this class of materials, the difficulty of growing single
crystals due to the topochemical nature of the oxygen uptake / release, and the difficulty
to solve such structures based on powder diffraction datasets previously.

3.1.3.4. Comments on Bader analysis of BaFeO3 and BaFeO2.667 (SI)

Table 3.6 summarizes the ab initio computed atomic properties of BaFeO3 and Ba3Fe3O8

based on the Bader analysis. First, for FM BaFeO3, it is confirmed that the Bader analysis
can qualitatively reproduce the expected positive charges for Ba and Fe and negative
charges for O. The absolute charge values are, however, much smaller than those predicted
from nominal oxidation numbers (Ba2+, Fe3+/4+, and O2−), which implies strong covalency
in BaFeO3. The magnetic moment of Fe is as high as 3.57 µB, indicating that the Fe cation
is in a high-spin state.
We note that the Bader charge on Fe in BaFeO2.667 at the tetrahedral site is not substantially
different from those at the octahedral and the pyramidal sites. This may be because the
Bader charge of Fe at the tetrahedral site includes the contribution of the oxygen-vacancy
region, as indicated by its Bader volume being even larger than that of the octahedral site.
Namely, the contribution of the electrons in the oxygen-vacancy region may be largely
included in the tetrahedral sites, which makes its Bader charge similar to those at the
other Fe sites.

3.1.3.5. Magnetic characterization of BaFeO2.667

Figure 3.13 a,b shows the magnetization of BaFeO2.667 as a function of temperature and
the magnetization as a function of external field, respectively. Since the powder used
for magnetic characterization also contains a small amount of tetragonal BaFeO2.81 (see
previous sections), we also performed a magnetic characterization (see Figure 3.15 in
Electronic Supplementary Material) of a BaFeO2.81 rich sample. From the significantly
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Table 3.6.: Ab initio computed atomic properties of FM BaFeO3 and G-AFM Ba3Fe3O8

with Ueff = 2.5 eV based on the Bader analysis [127]. For the Fe atoms, the
coordination environments are also shown. The order of inequivalent sites is
the same as in [12]. ν: atomic volume. q: atomic charge. |m|: absolute value
of the atomic magnetic moment. (SI)

Element Wyckoff Coordination ν (Å3) q (e) |m| (µB)
BaFeO3 Ba 1a 20.34 1.57 0.02

Fe 1b octahedral 6.65 1.94 3.57
O 3c 12.25 -1.17 0.14

Ba3Fe3O8 Ba 2e 22.28 1.55 0.00
2e 23.94 1.58 0.01
2e 21.91 1.54 0.00

Fe 2e pyramidal 8.33 1.81 3.88
2e tetrahedral 8.13 1.79 3.19
2e octahedral 7.54 1.83 3.94

O 2b 13.01 -1.31 0.00
2e 13.99 -1.19 0.11
2e 13.01 -1.30 0.04
2e 17.41 -1.15 0.13
4f 13.60 -1.31 0.04
4f 15.07 -1.27 0.10

different behavior, we conclude that the magnetic properties measured above 150 K, likely
even above 80 K, most plausibly correspond to the monoclinic BaFeO2.667 phase with
P21/m symmetry, since BaFeO2.81 is paramagnetic with a very low overall magnetization
above this temperature.
Above about 310 K, the magnetization curves of BaFeO2.667 in Figure 3.13 a,b show a
plateau which might be a result of small (anti)ferromagnetic domains. Furthermore,
close to 350 K, the zero-field-cooled magnetization increases slightly with increasing
temperature, which could indicate an antiferromagnetic (possibly short-range) transition
at higher temperatures. A Néel temperature above room temperature is also in agreement
with the Mössbauer spectra recorded at room temperature (Figure 3.12), which show the
presence of a dynamic sextet along with singlet and two doublets next to it. This indicates
on-going loss of long-range magnetic ordering. At around 300 K, the magnetization curves
show a ferromagnetic-like transition, which is probably due to weak ferromagnetism
on top of the dominant antiferromagnetic order, as the magnetization measurements
(Figure 3.13 b) do not show any saturation or hysteresis at 250 K. Below the transition at
around 300 K, the FC and ZFC curves diverge notably, confirming a weak ferromagnetic
(or a spin-glass-like) behavior, which is common in oxygen defect materials with canted or
locally uncompensated spins [159]. At about 55 K there is a maximum visible in the ZFC
curve and to a lesser extent in the FC curve (which both are not found for BaFeO2.81), which

81



could be related either to gradual strengthening of the magnetic order with the decreasing
temperature or presence of the magnetic coercivity. Indeed, at low temperatures, magnetic
hysteresis was observed in the magnetization curves, with coercivity reaching about
0.7 T at 10 K, as shown in the inset in Figure 3.13 b. The M(H) curve measured below
and above the transitions (Figure 3.13 b) showed linear behavior without saturation,
which again indicates a prevailing antiferromagentic order with spin canting or locally
uncompensated spins in the whole temperature range. However, we acknowledge that
the behavior below 150 K cannot be fully assigned to BaFeO2.667 with high certainty, due
to a similar response of BaFeO2.81 below 150 K, which might overlap with the magnetic
feature of BaFeO2.667. Previous experiments for barium ferrates such as BaFeO2.5 [33] or
BaFeO2.333F0.333 [12], which are both oxygen-vacancy-ordered derivatives of the cubic
perovskite aristotype structure, found the G-AFM ordering according to the Wollan–
Koehler notation [160]. This magnetic ordering is in general favoured for iron-based
perovskites, due to the fact that the Fe-O-Fe bond angle only slightly deviates from 180°,
thus inducing strong antiferromagnetic superexchange interactions [161]. Attempts
were made to confirm the principle stability of an antiferromagnetic configuration over
ferromagnetic and nonmagnetic configurations by ab initio calculations for BaFeO2.667.
Indeed, G-type AFM ordering (see Figure 3.14 a) was found to be energetically most stable
as compared to the FM and the NM configurations (see Figure 3.14 b) regardless the Ueff
value, giving good agreement to the observed experimental findings. Our DFT results also
show that the ordered oxygen vacancies in Ba3Fe3O8 change the stable magnetic state
as compared to BaFeO3 (i.e., of the perfect cubic perovskite without oxygen vacancies),
for which the FM ordering is energetically more stable than various other AFM orderings
within collinear spin polarized calculations [132–134]. Further, for G-type AFM Ba3Fe3O8,
all magnetic moments on Fe are larger than 3 µB for all the sites, indicating again that
the Fe cations are in high-spin states (see Table 3.5 and Table 3.6).
Though the above made interpretation of the magnetic behavior observed experimentally is
fully consistent with the DFT calculations and to what has been found previously on related
iron-based perovskite, we acknowledge that further experiments, including temperature
dependent neutron diffraction studies, would be required to achieve a final proof for the
suggested magnetic behavior and a precise magnetic ordering temperature in special.

3.1.3.6. Magnetic measurements of BaFeO2.81 (SI)

We performed an additional SQUID measurement on BaFeO2.81 obtained by further
oxidation during cooling of BaFeO2.667 and it showed saturation and hysteresis only below
80 K; thus, we can conclude that our measurement is dominated by the properties of

82



Figure 3.13.: a) Field cooled and zero field cooled curves and b) Field-dependent mag-
netization of BaFeO2.667 at various temperatures with the coercivity at 10 K
shown in the inset.

BaFeO2.667 above 80 K. In addition, the low temperature magnetization appears to be one
order of magnitude higher, compared to BaFeO2.667. Above about 200 K the sample looks
pretty much paramagnetic, but there are some interactions happening, as the inverse
susceptibility is not linear. The M-H curves are linear, so no notable FM behaviour. Below
1̃50 K the susceptibility increases, which looks like ferro- or ferrimagnetic transition. Also,
at 80 and 10 K, the M-H curves show a small amount of saturation and at 10 K also
some hysteresis. This can be due to ferro- or ferrimagnetism, but it is quite weak (small
saturation magnetization). Below 7̃0 K the FC and ZFC curves split, which looks like a
spin-glass behaviour. Probably at low T the sample is either antiferromagnetic with spin
canting, causing some ferromagnetic-like behaviour, or ferrimagnetic.

3.1.4. Conclusions

In this study, we have presented a detailed analysis of the structural, electric and mag-
netic properties of charge-ordered BaFeO2.667, which reveals itself to be isotypic to
BaFeO2.333F0.333. XRD experiments together with ab initio calculations confirm the struc-
tural model based on the space group P21/m. Mössbauer spectroscopy indicates three
differently coordinated iron sites with Fe3+ being coordinated inside an octahedron and in
a square pyramid, while Fe4+ is found to be coordinated inside of a tetrahedron. Magnetic
measurements suggest an antiferromagnetic behavior, and ab initio GGA+U simulations
also support the G-AFM ordering of Ba3Fe3O8, and the Bader-analysis-obtained atomic
magnetic moments on Fe as well as bond valence sums can be interpreted consistently with
the expected oxidation numbers from the Mössbauer spectroscopy. Based on these results
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Figure 3.14.: a) Energetically most stable G-type AFM ordering of Ba3Fe3O8, with only the
Fe atoms shown. The red and the blue arrows indicate spin-up and spin-
downmagneticmoments, respectively. For each Fe atom, its six neighboring
Fe atoms have opposite magnetic moments; b) ab initio computed energies
of Ba3Fe3O8 as a function of Ueff. For each Ueff, the energy of the NM phase
is set as the reference.
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Figure 3.15.: Field cooled and zero field cooled curves (left) and Field-dependent magne-
tization of BaFeO2.81 at various temperatures (right).

we can state, to the best of our knowledge, that BaFeO2.667 exhibits the only tetrahedrally
coordinated Fe4+ cation inside a vacancy ordered perovskite lattice, which is derived from
the cubic aristotype structure.
The performed HT-XRD and TG/DTA experiments reveal the complex oxidation and reduc-
tion of the mother compound BaFeO2.5 and suggest a lattice enthalpy driven structural
transition. On the other side, the high temperature cubic configuration is shown to
preserve the oxygen stoichiometry while undergoing the strongly endothermic phase
transition from the oxygen vacancy ordered P21/c structure. In addition, the formation
and stability of the presented oxidized phase seems to be strongly depending of the oxygen
partial pressure as suggested by comparative HT-XRD experiments under air.
Further, we found that changes of the synthesis procedure can also alternate the oxygen
uptake and release behavior of BaFeO2.667, which alters the electrical properties of the
material significantly, and we aim to address this finding in more detail in a follow-up
study.
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Abstract In this study, symmetrical films of BaFeO2.67, BaFeO2.33F0.33 and BaFeO2F
were synthesized and the oxygen uptake and conduction was investigated by high tem-
perature impedance spectroscopy under an oxygen atmosphere. The data were analyzed
on the basis of an impedance model designed for highly porous mixed ionic electronic
conducting (MIEC) electrodes. Variable temperature X-ray diffraction experiments were
utilized to estimate the stability window of the oxyfluoride compounds, which yielded a
degradation temperature for BaFeO2.33F0.33 of 590 °C and a decomposition temperature
for BaFeO2F of 710 °C. The impedance study revealed a significant change of the catalytic
behavior in dependency of the fluorine content. BaFeO2.67 revealed a bulk-diffusion limited
process, while BaFeO2.33F0.33 appeared to exhibit a fast bulk diffusion and a utilization
region δ larger than the electrode thickness L (8 µm). In contrast, BaFeO2F showed very
area specific resistances due to the lack of oxygen vacancies. The activation energy for
the uptake and conduction process of oxygen was found to be 0.07/0.29 eV (temperature
range-dependent), 0.33 eV and 0.67 eV for BaFeO2.67, BaFeO2.33F0.33 and BaFeO2F, re-
spectively.

Keywords: thin film fluorination; ORR catalysts; oxyfluorides; barium ferrate; impedance
spectroscopy
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3.2.1. Introduction

The currently rising awareness for the future need of clean and green energy increases
the demand for energy storage and battery applications. Already existing systems like
the well-known lithium ion batteries (LIB) and fuel cell based power sources experience
an increase in interest. However, struggling with limited power output or high operating
temperatures, these systems have to be revised and improved further to cope with future
high-performance demands.
Nowadays fuel cell systems are based on several types of archetypes, including alkaline fuel
cells (AFCs), phosphoric acid fuel cells (PAFCs), polymer electrolyte membrane fuel cells
(PEMFCs), molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs). While
PAFCs and PEMFCs require precious metals for their operability at low temperatures and
AFCs, PAFCs and MCFCs suffer from corrosion problems due to their liquid electrolytes,
SOFCs offer the cleanest and most efficient way to transform chemical into electrical
energy [162]. SOFCs are characterized by all-solid components and hence, mostly high
operating temperatures (>800 °C). However, the high operating temperature leads to
cheaper building materials for electrolytes and electrodes such as perovskite type oxides.
The high temperature can be an advantage in terms of performance; therefore, the focus on
nowadays research lies on reducing it to intermediate temperatures of 500–700 °C, to limit
disadvantageous reactions between cell components and thus, prolonging the cell lifetime.
Current SOFCs are built of yttria-stabilized zirconia (YSZ) electrolyte, a La0.8Sr0.2MnO3

(LSM) perovskite type cathode and a nickel–YSZ cermet anode [7, 10, 162]. A critical
reaction in such fuel cells is the reduction of oxygen to oxide ions (oxygen reduction
reaction, ORR), which requires the transfer of found electrons and is therefore a complex
catalytic step [5]. For this reaction, a simple reduction of the operating temperature leads
to an increase in cell polarization resistance due to the lack of activation energy [163, 164].
Attempts are made by the introduction of stacking multiple materials to profit from their
specific characteristics [165] but also by utilizing nanoscale designs [85]. Further, the
catalytic activity of the cathode is highly composition dependent, and tremendous efforts
have been made to adopt the composition of the perovskite type catalyst by changing
the La/Sr ratio or replacing Mn by other metals such as Fe or Co, both showing a strong
impact on the average transition metal oxidation state. Recently, also doping of the anion
sublattice of the cathode material was targeted [10, 166]. In this case, the introduction of
anions alters the electronic structure, which directly affects the surface oxygen exchange
and the oxygen bulk diffusion [167, 168]. Possible anionic dopants are F− and Cl− which
reportedly increase the catalytic performance of perovskite oxides [100, 101].
For anion doping with fluoride, it is important to keep in mind that most of the perovskite
type oxyfluoride materials are only metastable, and decompose into alkaline earth flu-
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orides and transition metal oxides at temperatures between 400–800 °C [10, 36]. In
addition, it is normally not trivial to monitor the detailed fluorine content easily, since
O2− and F− are indistinguishable within the commonly used powder diffraction meth-
ods [21, 37, 169]. The combination of difficult preparation, limited understanding of
detailed compositional stability and challenging characterization of materials requires the
analysis of systems with well-characterized fluorination behavior in order to develop basic
knowledge on general structure-composition-property relationships.
Therefore, the aim of this study is to understand and elaborate the impact of the fluorine
content and anion composition on a model system which is known to possess differently
well characterized non-fluorinated and fluorinated phases with distinct fluorine contents.
To do so, we target the system BaFeOxFy, for which the phases BaFeO2.5 (Ba2Fe2O5 [33]),
BaFeO2.67 (Ba3Fe3O8, article in preparation), BaFeO2.33F0.33 (Ba3Fe3O7F [12, 116]) and
BaFeO2F [11, 40] are known. The structures of these compounds can all be derived
from the cubic perovskite type structure (aristotype); they distinguish by the detailed
anion content, which leads to different distortion and ordering variants which are well
distinguishable from the observed reflection splitting and superstructure reflections by
powder diffraction. We emphasize already at this state the selection of these compounds is
not based on high performance criteria since anion ordering is known for a potential neg-
ative impact on oxygen ion diffusion [170–172], but only on the fact of their well-known
fluorination chemistry. Compounds of composition of, e.g., Ba0.5Sr0.5Fe1−xCoxO3−yFy
might be more suitable for their overall electrocatalytic activities, but are only poorly
understood with respect to their fluorination behavior. In order to make the reader aware
with the manifold phases found in the barium ferrate system and their structural and
compositional behavior, these aspects will be summarized in the following:
BaFeO2.5 (BFO) crystallizes in a vacancy ordered 28-fold supercell of the cubic perovskite
structure with space group P21/c [33]. The adaption of this monoclinic structure is
highly dependent on the anion composition, and can only be found for compositions
close to BaFeO2.5+d with d < 0.01 [173]. BaFeO2.5 can be prepared by spray pyroly-
sis approaches [118, 174]; this method is known to provide powder morphologies for
perovskite-type compounds which are suitable to prepare symmetrical films [85] on 8
mol %-yttria-stabilized zirconia button substrates (YSZ8), serving as the solid electrolyte.
Only recently, we found that this phase can be topochemically oxidized to BaFeO2.67

(BFO’, space group P21/m) at 250 °C (article in preparation). Further, BFO can form
two different oxyfluoride phases, BaFeO2F (BFOF, space group Pm3m) or BaFeO2.33F0.33
(BFOF33, space group P21/m) on topochemical fluorination, which have already been
well understood structurally and compositionally [11, 12]. For fluorine contents 2x be-
tween 1/3 and 1 in the system BaFeO2.5−xF2x, two phase mixtures were observed [12].
BaFeO2.67 and BaFeO2.33F0.33 are isotypic, but show a significantly difference in unit cell
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volume, which makes them well distinguishable, and also allows to approximate potential
intermediate compositions according to BaFeO2.67−zFz (0 ≤ z ≤ 1/3) from the change of
lattice parameters.
Further, since these compounds have only limited stability, it is not possible to use such
oxyfluoride powders to sinter them into symmetrical films. Therefore, thin film suitable
vapor transport related fluorination methods [175, 176] are used for the preparation of
symmetrical films of BaFeO2F, and extended by a newly developed interdiffusion approach
for the preparation of symmetrical films of BaFeO2.33F0.33.
All the compounds differ with respect to their level of anion vacancies starting with the high-
est concentration BaFeO2.5□0.5 (P21/c), BaFeO2.67□0.33 (P21/m), BaFeO2.33F0.33□0.34

(P21/m) and BaFeO2F1□0 (Pm3m), with □ representing an oxygen vacancy, as well
as the average iron oxidation state (Fe3+ for BFO, BFOF33 and BFOF, Fe3.33+ for BFO’).
The oxidation states of iron were formerly investigated in [12, 33, 161] by Mößbauer
spectroscopy and were found to be 3+ only for BFO and its fluorinated counterparts. The
oxidation state of BFO’ is 3.33+ in average, and has been confirmed by Mößbauer as well
as thermogravimetric studies (article in preparation2). Figure 3.16 depicts the different
structures highlighting the defect structure of the oxygen vacancies. Figure 3.16a shows
the vacancy channels of BFO which would suggest a high oxygen ion mobility, however,
due to the oxygen vacancy ordering, oxygen ions are highly immobile [33]. On the other
hand, BFOF33 exhibits a different channel like vacancy ordering in Figure 3.16b, while
BFOF (Figure 3.16c) is free of defects. It might be noteworthy that hitherto the defect
structure of BFO’ has not been investigated yet. Nevertheless, it is likely to be highly
similar to BFOF33 due to the identical space group and super cell; however, the distribu-
tion of anions on the different anion sites needs to be confirmed by neutron diffraction
experiments, but is of subordinate importance for the present study. The isotypic nature
of BaFeO2.67 and BaFeO2.33F0.33 could give an indication for the influence of fluorine
incorporation without apparent change of the symmetry. In summary, the compounds are
able to separate the influences of parameters important for the ORR, such as iron oxidation
state, filling degree of the anion lattice and a potential impact of the fluoride ion itself
due to its higher mobility than an oxide ion. This is elaborated in detail within this article
by a combination of powder diffraction studies with temperature dependent impedance
spectroscopy on symmetrical films on YSZ8. It was found that the data can be analyzed
on the basis of impedance models describing the charge-transfer and non-charge-transfer
process of a porous mixed ionic electronic conducting (MIEC) cathode, and that the filling
degree of the anion lattice has indeed a major impact on the electrocatalytic properties of
the samples.

2Valid back then. Currently under 2nd revision in Inorganic Chemistry, Sec. 3.1.
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Figure 3.16.: Defect structure of (a) BaFeO2.5 (P21/c) and (b) BaFeO2.67/BaFeO2.33F0.33
(P21/m) with bars/crosses indicating oxygen vacancy channels/relax-
ations [12, 33], (c) depicts a defect free structure of BaFeO2F (Pm3m).
Though BaFeO2.67 is confirmed to have the same overall anion content
BaFeX2.67 than BaFeO2.33F0.33, neutron diffraction studies are yet needed
to confirm the identical vacancy ordering pattern within the
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monoclinic superstructure of the cubic perovskite modification.
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3.2.2. Experimental

3.2.2.1. Sample Preparation

Nanocrystalline powder of BaFeO2.5 (BFO) was synthesized using the nebulized spray
pyrolysis (NSP) method, see Figure 3.17. The aqueous precursor solution contained the
nitrate salts of the corresponding metals with a concentration of c(Ba2+) = c(Fe3+) =
0.06 mol/L. For that, Ba(NO3)2 (Sigma Aldrich, Saint Louis, Missouri, USA, 99.99%) and
Fe(NO3)3 · 9 H2O (Sigma Aldrich, Saint Louis, Missouri, USA, 99.99%) were weighed in
the stoichiometric ratio and mixed with deionized water. The as-prepared solution was
then stirred for 1 h to dissolve the salts and to form a homogenous transparent solution.
The yellowish solution was nebulized inside the nebulizer unit with an ultrasonic nebulizer
membrane (TDK, NB-59S-09S-0, Chuo, Pref Tokio, Japan), which was operated at a
voltage of 48 V and 0.5 mA. The mist was then carried with a constant gas stream of argon
with a flow rate of 2.5 SLM (standard liter per minute) through the hot wall reactor, held
at a constant temperature of 700 °C. The pressure inside the setup was kept at 900 mbar
applied by a membrane pump and controlled by a butterfly valve. The precursor solution
level was kept constant with a syringe pump at a rate of 1.3 mL/min. The as-synthesized
powder was collected on a filter, which was kept at a temperature of 130 °C in order to
prevent any condensation of water. The collected powder was then calcined in an airtight
tube furnace at a temperature of 900 °C for 20 h under a constant flow of argon to achieve
formation of phase pure, water-free BaFeO2.5. Another identical powder was prepared at
a reactor temperature of 1050 °C. The preparation of two different powders is used to
emphasize the influence of the synthesis parameters onto the product powder. Previous
reported synthesis approaches rely on a salt-assisted approach where the addition of NaCl
to the precursor solution leads to a fine grained morphology of the product. The use of
NaCl in the precursor solution of BaFeO2.5 resulted in the formation of chlorine containing
hexagonal perovskites [90], which are structurally not easy comparable to the compounds
under study here.
Symmetrical oxidic template films were produced by spin-coating a stabilized homoge-
nous dispersion of the as-prepared powder onto YSZ8 button substrates (fuelcellmaterials,
Nexceris, Lewis Center, OH, USA) followed by sintering. The homogenous dispersion was
prepared by mixing the calcined powder with an acidic solution of diluted HNO3 (pH =
4). The stability of the dispersion was investigated by a zeta potential measurement using
a ZetaSizer Nano SZ (Malvern Instrument, Malvern, UK). HNO3 and NaOH were used
to adjust the pH level and NaCl was added to the solution to improve the measurement
signal. An ultrasonicator was used to distribute the powder evenly in the acidic solution.
The insertion of an interlayer, such as GDC, between YSZ substrate and film was not
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Figure 3.17.: NSP experimental setup with the schematical precipitation process.

necessary, since no reaction between YSZ and BaFeO2.5 was observed. The as-prepared
films where sintered at 1060 °C for 1 h under a steady flow of argon.
The topochemical fluorination of the as-prepared BFO films was done in two different ways
to achieve the desired fluorine content in the symmetrical films: BaFeO2.33F0.33|YSZ8|
BaFeO2.33F0.33 and BaFeO2F|YSZ8|BaFeO2F. The films were fluorinated either via an
interdiffusion or a vapor transport process, respectively; both processes are schematically
depicted in Figure 3.18. The approach of interdiffusion (Figure 3.18a) allows for con-
trolled fluorine content, whereas the vapor transport related technique (Figure 3.18b)
is less aggressive method for the preparation of high fluorine content phases without
decomposition into the thermodynamically stable compounds. The fluorine content of
the partial fluorinated BaFeO2.33F0.33|YSZ8|BaFeO2.33F0.33 was adjusted by covering the
pure oxide films with a sufficient amount of separately prepared BaFeO2.33F0.33 pow-
der, which serves as a type of infinite reservoir due to its high excess in comparison
to the film (the preparation of BaFeO2.33F0.33 powder is described in [12]). The films
and powder were kept at a temperature of 450 °C under argon for 20 h to enable inter-
diffusion and compositional equilibration between powder and film. In contrast, fully
fluorinated BaFeO2F|YSZ8|BaFeO2F was prepared by utilizing the vapor transport related
technique [159]. The films and the polymer polyvinylidene fluoride (PVDF) were put into
a tube furnace (Sigma Aldrich, Saint Louis, Missouri, USA) at an elevated temperature of
450 °C and an argon gas stream. By this, the PVDF is decomposed and decomposition
products such as traces of HF are transported over the samples leading to the desired
topochemical under formation of the highly fluorinated state.
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Figure 3.18.: Topochemical fluorination of oxidic films to achieve (a) partial fluorinated
BaFeO2.33F0.33|YSZ8|BaFeO2.33F0.33 via an interdiffusion approach and (b)
fully fluorinated BaFeO2F|YSZ8|BaFeO2F via the vapor transport related
technique.

We would like to emphasize that the use of an inert atmosphere during the preparation
processes as well as for storage must be ensured, since it is known that BaFeO2.5 is prone
to attract moisture leading to a basic reaction with atmospheric CO2 resulting into the
decomposition into BaCO3 and BaFe2O4 [177].

3.2.2.2. Ambient and Variable Temperature In Situ Diffraction Experiments

The ambient and variable temperature X-ray diffraction (XRD) experiments were carried
out with a Bruker D8 diffractometer (Bruker, Karlsruhe, Germany). The setup uses
a Bragg–Brentano geometry, a Cu-Kα source and a PSD VANTEC detector. Ambient
measurements were carried out over an angular range of 20° to 80° 2θ with a step size
of 0.0066° per step and 1 s measurement time per step. For the variable temperature
measurements, an HTK 1200 N temperature chamber with a TCU 1000 N (Anton–Paar)
was used. The angular range was set from 20° to 60° 2θ with a step size of 0.015 and 0.22
s measurement time per step. Diffraction experiments were carried out at temperatures
ranging from room temperature to 800 °C under argon atmosphere. Scans were carried
out in a timed interval of 30 min including a ramping with 5 °C/min and an equilibration
time of 10 min for an equal temperature distribution inside the sample chamber. For each
scan, the obtained data were qualitatively and quantitatively refined using the Rietveld
method with the program TOPAS 6 (Bruker AXS, Karlsruhe, Germany) [73].

3.2.2.3. Scanning Eelectron Microscopy

The scanning electron microscopy (SEM) was carried out on a Philips XL30-FEG (Philips,
Amsterdam, Netherlands) secondary electron microscope with an acceleration voltage of
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20 kV. The powder samples and films were sputtered with gold to avoid electric charging
of the surface.

3.2.2.4. High Temperature Impedance Spectroscopy

To investigate the electrical properties of the films, high temperature impedance spec-
troscopy was used and samples were measured under oxygen. The frequency range was
chosen to be from 1 MHz down to 100 mHz in a temperature window of 400 °C to 600 °C
with 20 °C steps. Prior to each measurement, the temperature was kept at the desired
set point for 15 min for equilibration. Though the temperature is equilibrated, small
temperature fluctuations in the order of +/−1 K cannot be avoided in our setup, and
cause visible fluctuations in the impedance spectra only in the range of ~100 to 10−1
Hz according to our experience. Further, the temperature for the evaluation process was
taken from a thermocouple directly mounted near the sample inside the furnace. An
AC amplitude of 100 mV was applied. For the measurement, a Solartron 1260 (Ametek,
Berwyn, Pennsylvania, USA) was used. Prior to the measurement, both sides of the films
were sputter-coated with a thin gold layer for improved contacting.

3.2.3. Results and Discussion

3.2.3.1. Powder Preparation

The XRD pattern (Figure 3.19) of the precursor powder obtained via NSP at 700 °C
shows a mixture which mainly consisted out of barium nitrate and iron oxide (Fe2O3).
However, after the calcination step at 900 °C, this mixture completely reacted to BaFeO2.5

(BFO). The SEM micrographs in Figure 3.20 show the morphology of as-prepared powder
(Figure 3.20a) as well as (Figure 3.20b) after the calcination. Right after the synthesis
the powder shows the typical hollow sphere morphology [84–86, 178] resulting from the
precipitation at the surface of the nebulized droplets inside the reactor during the process.
After the calcination, the hollow-sphere morphology is changed into finely shaped granular
particles. A zeta potential measurement was used to determine the stability of the aqueous
dispersion of BFO in deionized water as a function of the pH value. Figure 3.21 shows
the recorded zeta potential curve for the performed measurement. The measurement
indicates the highest stability of the dispersed sample material in the acidic region around
pH = 3.5, with a maximum zeta potential of ~65 mV. At lower pH, the sample tends to
dissolve. Taking this into account, a pH of 4 was used as the best compromise to obtain a
stable dispersion in the absence of particle agglomeration. We would like to emphasize
that the reactor unit temperature plays a crucial role for the preparation of BFO precursor
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Figure 3.19.: XRD of as-prepared NSP powder and after the calcination step at 900 °C.

Figure 3.20.: SEM micrographs of (a) as-prepared NSP powder at 750 °C and (b) after
calcination at 900 °C.
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Figure 3.21.: Zeta potential measurement of an aqueous solution of BFO in the pH range
from 2–10.

powders suitable for the subsequent fabrication of thin films. On increasing the reactor
temperature to 1100 °C, a single phase water containing variant of BaFeO2.5 (BFO(OH))
is formed [117, 118], with some impurities of BaCO3 and BaFe2O4 due to the sensitivity
towards CO2, see XRD in Figure 3.22. Upon drying at 450 °C, the compound transforms
into monoclinic BaFeO2.5. The SEMmicrograph of the dried powder (Figure 3.22) revealed
hollow-sphere morphology. It was found that this morphology could not be broken into
smaller nanoparticles by ultrasonication due to the sintering process, which already took
place inside the reactor. In addition, NaCl assisted approaches which helped to obtain
non-agglomerated particles for Ba-free SOFC catalysts were attempted, but resulted in
the formation of a hexagonal perovskite type modification [90] due to the incorporation
of chloride into the anion lattice. Though similar acidic solutions can be used for the
dispersion of hollow-sphere BFO powder, attempts to manufacture symmetrical films via
high temperature routes led to unstable films which delaminated easily and could not be
characterized further.

3.2.3.2. Variable Temperature XRD

The metastability of oxyfluorides combined with the intention to investigate these mate-
rials for their ORR activity urges the necessity of knowing the decomposition behavior
at elevated temperature. It was already shown that BaFeO2F decomposes at elevated
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Figure 3.22.: XRD pattern of as-synthesized water-containing BFO and SEM micrograph
of the dried BFO.

temperatures into BaF2 and BaFe2O4 [36], however a detailed study of the temperature
dependent structural stability was not performed so far. The same holds true for the de-
composition of BaFeO2.33F0.33, for which no data have been reported yet. Hence, variable
temperature XRD (VT-XRD) studies were performed to estimate the suitable heating limits,
which might also serve as an indication in which temperature range the compounds could
in principle be targeted to be used as electrode catalysts in SOFC applications.
The results of the VT-XRD studies in Figure 3.23 for BaFeO2F and Figure 3.24 for BaFeO2.33

F0.33, and representative powder patterns are depicted for the compounds around their
respective temperatures of decomposition. For BaFeO2F, a first indication for the formation
of BaF2 (reflex at 24.7° 2θ) was given around 670 °C. Between 670 °C and 710 °C, only
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Figure 3.23.: Variable temperature XRD of BaFeO2F under argon, 690–730 °C.

a small amount of BaF2 (1.45 wt.%) is formed besides a stable main phase of BFOF. At
around 710 °C, the amount of this phase increases, and at 730 °C the compound has
decomposed into BaF2 and BaFe2O4 according to

2BaFeO2F → BaF2 + BaFe2O4 (3.4)

As shown previously [36], quantification of the decomposition products for BaFeO2F
can also serve to confirm the composition of the starting compound, which was also
performed here and confirmed the sample to be close to BaFeO2F within errors (48.5
mol.% of BaF2/51.5 mol.% of BaFe2O4). In contrast, BaFeO2.33F0.33 exhibits an earlier
onset of degradation with extended structural changes over a broader temperature range.
At 590 °C the XRD shows the formation of a small amount of BaF2 combined with the
formation of presumably one of the hexagonal perovskite polytypes, which are well known
for system BaFeO3−y−dFy (6H, 10H, 12H, 15R) [38, 39, 90, 111, 113, 161, 179, 180]. The
behaviors on temperature increase of the low fluorine content phase BaFeO2.33F0.33 (onset
around 590 °C) and the high fluorine content phase BaFeO2F are partly counterintuitive. In
previous works, the metastability of oxyfluorides was mainly attributed to the high stability
of the alkaline earth fluorides and lanthanide oxyfluorides. This is certainly true as the
general driving force, but it cannot serve to explain the findings shown here. Therefore,
the structural stability (transformation between different AX3 stacking sequences or
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Figure 3.24.: Variable temperature XRD of BaFeO2.33F0.33 under argon, 570–630 °C.
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formation of vacancy ordered modifications) dominated by the respective lattice energies
as a function of fluorine content seems to be more complex than thought, indicating that
fluoride richer metastable systems must not necessarily be less stable for the same A/B
composition of an ABX3−d perovskite type system. Nevertheless, the findings here indicate
that a testing of the oxyfluoride compounds up to 600 °C is experimentally justified.

3.2.3.3. Film Preparation

Figure 3.25 shows the XRD patterns of sintered BFO films on YSZ8. A Rietveld refinement
revealed the presence of exclusively BFO and YSZ8 in both cases. Hence, it is evident
that there was no reaction occurring between the substrate material YSZ8 and the film
compound BFO (e.g., with formation of BaZrO3 [181, 182]), further confirmed by the
energy dispersive X-ray EDX studies shown later within this article. The formation of phase
pure products of BFO’, BFOF and BFOF33 could be confirmed by the diffraction studies
(again, see Figure 3.25). In addition, the cubic YSZ8 substrate (Fm3m, a = 5.17 Å). This
becomes clear on comparing the refined lattice parameters and crystal symmetries (which
are known to be highly sensitive on the detailed composition of the anion sublattice [33])
of the compounds within the film to what has been reported in literature (see Table 3.7).
The SEM analysis (Figure 3.26) reveals a film consisting of a porous network of BFO
with a thickness of around 8 µm. The spin coated material, shown in Figure 3.26a, is
already in a network-like arrangement before sintering, which is counterintuitive since
the stabilized dispersion should guarantee a densely packed deposition of the spin coated
sample powder after the evaporation of the dispersant. After sintering, Figure 3.26b,
the film density is lowered; however, a certain degree of porosity is retained. Since the
fluorination reaction is a low-temperature topochemical process (reaction temperature
at T ≤ 450 °C), which does not result in grain growth, the EDX in Figure 3.26c supports
the observation made in the XRD pattern, and proves that no diffusion between film and
substrate took place, hence, the use of an intermediate layer between film and substrate
rendering an intermediate layer unnecessary, such as GDC [9, 117, 183, 184], was not
required. No traces of zirconium or yttrium can be found in the film, no barium or iron
diffused into the electrolyte and fluorine can only be found in the oxide film and no
fluorination of the substrate occurred.

3.2.3.4. High Temperature Impedance Spectroscopy

Figure 3.27 depicts the Nyquist and Bode plots of the measured symmetrical films of
BFO, BFOF33 and BFOF at selected temperatures in the range of 390 to 600 °C. In this
temperature range, the Nyquist plots of BFO (Figure 3.27a) show a small semicircle
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Figure 3.25.: XRD of as-prepared films with sputtered Au electrodes on top after
topochemical oxidation and fluorination.

Table 3.7.: Lattice parameters and cell volume per formula unit Z of BaFeXy (X = O, F) for
the sintered and topochemically modified films.

Films
Compound Composition SG a (Å) b (Å) c (Å) β (°) VZ (Å3)

BFO BaFeO2.5 P21/c 6.9751(5) 11.7237(9) 23.4553(15) 98.865(6) 67.682(8)
BFO’ BaFeO2.67 P21/m 10.1185(8) 5.6431(5) 6.9425(6) 92.298(7) 66.016(9)

BFOF33 BaFeO2.33F0.33 P21/m 10.1450(8) 5.6877(5) 6.9792(6) 92.246(8) 67.067(9)
BFOF BaFeO2F Pm3m 4.0583(1) - - - 66.839(7)

Literature Data
Reference Composition SG a (Å) b (Å) c (Å) β (°) VZ (Å3)

[33] BaFeO2.5 P21/c 6.9753(1) 11.7281(2) 23.4507(4) 98.813(1) 67.692(2)
article in prep. BaFeO2.67 P21/m 10.1635(3) 5.6489(1) 6.9537(2) 92.064(2) 66.495(3)

[12] BaFeO2.33F0.33 P21/m 10.1059 5.7094 6.9770(1) 93.107(1) 66.995(2)
[11] BaFeO2F Pm3m 4.05884(3) - - - 66.866(1)
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Figure 3.26.: SEM before (a) and after (b) sintering. EDX (c) of a topochemically fluori-
nated BFOF film, mapping the main elements of the used materials: Zr, Y,
Ba, Fe, F.
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at high frequencies, while in the mid frequency range the Nyquist plots first exhibit
an open depressed semicircle, which closes between 434 and 450 °C into a depressed
semicircle with nearly linear part with a 45° angle on its high frequency side. This
mid to low frequency half tear-drop shaped response can generally be described by the
Gerischer impedance element [81] and is typically found for porous mixed ionic-electronic
conducting oxide cathode materials [75, 185, 186]. This response is described by:

Zchem =
Rchem√︁

1 + (jωtchem)φ
(3.5)

with Rchem being a chemical resistance associated with non-charge transfer processes
inside the electrode, namely oxygen exchange between gas phase and electrode material
and oxygen ion diffusion inside the MIEC material, and tchem the corresponding time
constant. The exponent φ turns the proposed ideal model into a “fractal” model as
discussed in [186], which is comparable to the transformation of a pure capacitive into a
constant phase element (CPE) related response. This equivalent circuit element represents
an electrochemical non-charge transfer process, which is limited by the transport of
oxygen ions with a fast exchange of oxygen at the gas phase and cathode interface. This
element is derived from the model developed by Gerischer for the oxygen ion exchange
on the surface of a metallic membrane [81]. Adler et al. [75] adapted this model for
porous MIEC oxide cathode films, discussing the influences of the overall film morphology
onto electrochemical and impedance behavior under the assumption of the electrode
characteristics determined by bulk kinetics and transport processes. This Gerischer type
model will be used for describing the measured response of the symmetrical BFO films.
In order to account for the charge transfer processes occurring in a MIEC cathode, such
as electron and oxygen ion exchange at the interfaces between cathode and gold top
electrode and cathode and YSZ electrolyte, respectively, the model was extended by
two additional R|CPE-elements [19]. We acknowledge that it is not always possible to
resolve all processes easily. Often, the Bode plot (e.g., Figure 3.27b) only shows one
broad maximum in the mid to low frequency range and one maximum at high frequencies,
leading to the assumption that the non-charge transfer and charge transfer process possess
a similar relaxation time. Hence, leading to the following fitting models:

RSI− (R|CPE)1 − (R|CPE)2 − (R|CPE)3 for T < 435 °C (3.6)

and
RSI− (R|CPE)1 − (R|CPE)2 −Gsu for T > 435 °C (3.7)

with Gsu representing the fractal Gerischer model. The indices 1 and 2 represent the
electronic and ionic charge transfer processes, respectively [19]. For T < 435 °C, the third
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circuit (R|CPE)3 may represent gas phase diffusion inside the porous cathode which then
turns into the Gerischer type response at higher temperatures. In contrast, the response
of BFOF33 shown in Figure 3.27c exhibits also open semicircles up to a temperature of
435 °C, with closed semicircles above this temperature. However, it does not exhibit a
45° angle of the last semi-circle in the temperature range under investigation. Hence,
the response appears mainly to be of capacitive nature without a diffusive part as it has
been observed in the pure oxide film. The Bode plot in Figure 3.27d consists of a broad
maximum at low to mid frequencies and another one at high frequencies. From this, it was
found that a plausible fitting model of a series of (R|CPE) models is sufficient to achieve a
satisfying fit:

RS − (R|CPE)1 − (R|CPE)2 − (R|CPE)chem (3.8)

This is enforced by testing the models derived for the different compounds on the other
compounds (e.g., the model derived for BFO’ on BFOF33). Figure 3.28 compares the two
discussed models on the basis of the obtained impedance data for BFO’ and BFOF33. This
comparison shows that

(1) BFO’ can be roughly fitted with the model used for BFO33. However, this series of
(R|CPE)x elements only shows significant misfits and deviations in frequency range
103 to 101 Hz, indicating that it does not describe the occurring oxygen exchange
at the gas phase/MIEC interface correctly.

(2) In case of BFOF33 (Figure 3.28b), the (R|CPE)-based fit yields a better result than
a Gerischer-based, which again is expressed by systematic misfits in the frequency
range of 103 to 101 Hz where the third semicircle expresses most significantly.

BFOF exhibits a different response as shown in the Nyquist and Bode plots, Figure 3.27e,f.
The measured polarization resistance is three orders of magnitude higher than in case
of BFO’ and BFOF33. The Bode plot shows two discriminable maxima in the mid to low
frequency range. It was noted that in contrast to the semicircles observed for BFO’ and
BFOF33, more semicircles are apparent in the high frequency range up to a temperature
of 520 °C. On the other side, the Nyquist plots show two semicircles with an open
end for temperatures <488 °C in the mid to low frequency range, which show up as a
maximum in the frequency representation of the corresponding Bode plots. Following
this argumentation, the Nyquist and Bode plots may suggest a simple series of four
(R|CPE) circuits. The first two semicircles, apparent only for BFOF, may correspond
to a bulk and grain boundary conduction since the capacities are in the order of 10−12

and 10−10 F, respectively. Due to the comparably high ionic conductivity of YSZ, these
resistive contributions must be assigned to the film material, while the contributions of
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Figure 3.27.: (a,c,e) Nyquist and (b,d,f) Bode plots of symmetrical films of BFO, BFOF33
and BFOF. The recorded data are represented by symbols, while the fits are
drawn with solid lines.
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Figure 3.28.: Comparison of fitting models describing diffusive and/or capacitive re-
sponses for (a) BFO’ and (b) BFOF33, where each, (a) and (b), contain a
comparison of the used models inside Nyquist and Bode plots.

YSZ can be summed up in the low resistive contribution of serial resistor RS as described
in the preceding discussions. Hitherto, we described the electrochemical processes inside
the MIEC with a 3D model. However, the impedance spectra observed for BFOF do not
allow for the application of such a complex model due to the high resistances and less
complex spectra observed. Thus, the fitted parameters were reduced to the electrochemical
processes to the triple phase boundary (TPB) between electrode, electrolyte and gas phase
captured by two serial (R|CPE) elements. We must acknowledge that the fits in the
Nyquist and Bode representation still show systematic deviations. However, increasing
the number of circuits or using other models, e.g., a Warburg-type element, did either
result in over-parametrization and fit divergence or resulted in worse description of the
data respectively. Hence, the following models were used for BFOF:

RS − (R|CPE)B − (R|CPE)GB − (R|CPE)1 − (R|CPE)2 for T < 520 °C (3.9)

RS − (R|CPE)GB − (R|CPE)1 − (R|CPE)2 for T > 520 °C (3.10)
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The impedance spectra recorded relate to the effects of oxygen dissociation at the electrode
surface and to the incorporation into the bulk lattice of the electrode material. This can
be expressed by the following formalism according to [187]:

adsorption: O2 + V qs
Os

+ qadse
− ⇌ (O2)

qO2
Os

(3.11)

dissociation: (O2)
qO2
Os

+ V qs
Os

+ qdiss.e
− ⇌ 2OqO

Os
(3.12)

incorporation: OqO
Os

+ V ···
Ob

+ qincorp.e
− ⇌ OX

Ob
+ V qs

Os
(3.13)

with b and s representing the corresponding bulk and surface site, respectively. Due to
the topochemical nature of the fluorination reactions, which do not enforce any signif-
icant morphological changes, microstructural effects must be expected to be low and
the differences found between the oxide and oxyfluoride compounds can be assumed to
relate to the processes of oxygen transfer and oxygen ion incorporation/release within
the symmetrical films.
Figure 3.29 compares the area specific resistances of all three compounds. It is evident
that BFO’ and BFOF33 show similar EIS responses, whereas BFOF exhibits much higher
resistances by three orders of magnitude. The incorporation of oxygen at the electrode re-
quires the presence of anion vacancies, which were below the detection limit by diffraction
methods for cubic BaFeO2F [12]. This most likely also limits the generation of vacancies
at the surface of the compound. Due to the nearly full occupation of the anion lattice
and the pinning of the iron valency to a trivalent state, which limits electron transport,
this process is strongly blocked. This well explains the difference of BFOF as compared to
BFOF33 as well as BFO’. The compounds BFO’ and BFOF33, which both possess a large
amount of vacancies of cV,oxygen ≈ 0.33 per Fe, exhibit only smaller conceptual differences
regarding the electrochemical processes expressed by the differences found for the Bode
plots. The Gerischer type model considers the oxygen uptake at the gas phase/electrode
interface together with the bulk diffusion as the co-limiting factors in this process. Adler
et al. [19] elaborated the case of a surface limitation due to an exceeding of the utilization
zone throughout the whole electrode thickness. Figure 3.30 depicts the two special cases
of the penetration of the utilization region. Further, it connects the mentioned limits with
the mathematical description for Zchem and representation inside a Nyquist plot. Adler et
al. derived the solution for these boundary conditions in [19] for the equation:

Zchem =
Rchem√

1 + jωtchem
|Tanh(L

δ

√︁
1 + jωtchem) (3.14)

with L as electrode thickness and δ the utilization region inside the electrode. For an
infinite electrode thickness L, the term Tanh(L/δ) approaches unity, yielding Equation 3.5.

109



Figure 3.29.: Logarithmic plot of the area specific resistance. Dashed fitting lines high-
light the behavior in case of BFOF33 (•) and BFOF (▲). BFO/BFO’ (■) exhibits
a bend trajectory. Hollow symbols represent the temperatures with open
semicircles.

As δ becomes larger than L, Equation 3.14 turns into a linear relation, which impedance
is related to 1/L:

Zchem = A
Rchem

L(1 + jωtchem)
(3.15)

with A including thermodynamical and morphological parameters. In addition to the
underlying theory of a utilization zone penetrating the electrode material, Figure 3.30 also
takes into account the role of the triple phase boundary (TPB). The TPB was suggested to
be the crucial region where the electrochemical process of oxygen uptake and dispersion
happens. However, with the introduction of the Gerischer type impedance model, Adler et
al. [75] extended the one dimensional TPB reaction into the electrode material in case of
a porous mixed ionic-electronic conductor. Recent studies gave indication that the model
of a spot-sized region is insufficient and does not capture the whole process [188]. The
linear case results in a more semicircle like shape as depicted in Figure 3.30b. It may only
occur if solid-state diffusion within the electrode is fast allowing for a utilization of the
whole internal surface area for oxygen uptake limited by the film thickness L.
This behavior is in principle indicated for BFOF33 and might be interpreted as follows:
The introduction of fluorine into the anion sub-lattice might provide a way to slightly
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Figure 3.30.: Schematic of the penetration of the utilization region δ into the electrode in
dependency of its thickness L with the corresponding impedance models:
(a) depicts the relation represented by Equation 3.5; (b) illustrates the case
discussed for Equation 3.15.
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enhance the oxygen ion mobility within the oxyfluoride lattice once a sufficient amount of
vacancies is available. In a simple picture, F− is a more mobile ion than O2−, and by this
the fluoride ion might be able to allocate a vacancy to an oxide ion which is in the process
of moving. Thus, the inner mobility of ions might be increased in BaFeO2.33F0.33□0.33,
and the electrode limiting process might be dominated by the fast ion diffusion and the
utilization of the whole electrode surface according to the model elaborated by Adler et
al. [19].
Evaluation of the area specific resistance in Figure3.29 shows that the pure oxide BFO’
does not exhibit a linear Arrhenius type behavior, while the fluorinated films show Arrhe-
nius type behavior, as indicated by the dashed lines. Within a VT-XRD study (article in
preparation), it was found that BFO transforms to BFO’ under incorporation of O2 (hence
oxidation) above 250 °C. The oxygen is then released above 500 °C and BFO’ is reversed
to BFO. Hence, the kink and the unsteady trajectory at temperatures above 450 °C are
a result of chemical processes related to the incorporation of oxygen and the resulting
phase transformation. With this oxygen uptake, BFO’ becomes isotypic to BFOF33, and
the linear behavior above 450 °C up to 590 °C agrees well with a fairly stable composition
within this temperature range. The Gerischer related impedance response can in this case
be interpreted as bulk diffusion limited, which is in agreement with the availability of high
amounts of vacancies, the increase of amounts of Fe4+, which acts as holes for electron
transport, and the fact that ionic re-arrangements are restricted to the less mobile O2−

ion only.
Table 3.8 lists the activation energies extracted from the Arrhenius plots shown in Fig-
ure 3.31 (note that two activation energies were extracted for BFO due to the apparent
temperature dependent differences in composition). In the temperature range 390–470 °C
the activation energies for BFO’ and BFOF33 appear to be similar (0.29 to 0.33 eV) and
half of the value of BFOF (0.67 eV). Around 490 °C the conductivity of BFO levels and the
activation energy drops down to 0.07 eV. Again, these differences in activation energies
agree well with the conclusions described in the previous paragraph. Above 490 °C BFOF33
exhibits its highest conductivity reaching a value of 1·10−5 S/cm at T = 575 °C, which is
close to the decomposition temperature, while BFO and BFOF show values of 3·10−6 S/cm
and 2·10−7 S/cm, respectively.

Table 3.8.: Activation energies as calculated from the Arrhenius plots in Figure 3.29.
Activation Energy, Ea BFO/BFO’ BFOF33 BFOF BaxSr1−xCo0.8Fe0.2O3−d SrCo0.8Fe0.2O3−d [188] La2NiO4 [75]

Ea (0.3 ≤ x ≤ 0.7) [187]
(eV) 0.07(1)/0.29(1)* 0.33(1) 0.67(2) 0.32–0.40 2.4–2.6 1.00

*: note that the extraction of an activation energy for BFO is difficult due to the structural instabilities (changes in oxygen content) beginning around 490 °C,
thus a linear fit over the whole temperature range is not possible.
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Figure 3.31.: Arrhenius plot for the conductivity of BFO/BFO’ (■), BFOF33 (•) and BFOF
(▲). Dashed lines represent the performed fit for the activation energy.

3.2.4. Conclusion

In this work, highly porous symmetrical films of BaFeO2.67, BaFeO2.33F0.33 and BaFeO2F
were successfully synthesized on YSZ8 without the need of an intermediate layer. The
porosity is achieved by spin coating nano-powder produced by the NSP process on YSZ
substrates followed by a short sintering step. The as-prepared films feature a thickness
of around 8 µm. The topochemical fluorination of the films is successfully performed
by an interdiffusion and vapor approach for BaFeO2.33F0.33 and BaFeO2F, respectively.
HTXRD revealed an upper temperature limit of 590 °C and 710 °C for BaFeO2.33F0.33 and
BaFeO2F, respectively. The interdiffusion approach introduced in this work has proven to
give an easy option to adjust a desired fluorine level in a thin film opening up topochemical
fluorination for metastable oxyfluorides, which cannot be directly synthesized.
Recent studies have already revealed an enhancing effect of fluorine doping of oxide
materials on the oxygen reduction and transportation [10, 20, 99]. A small amount of
fluorine may lower the activation energy for the non-charge transfer processes, such as
oxygen reduction or bulk transportation. In this study, we focused on the evaluation of
the impedance data by applying a 3D model developed for porous MIEC cathodes. By
this, it is indicated that the non-charge transfer process is limited by the oxygen uptake
rather than by bulk diffusion as it is the case for the parent oxide. In addition, the fluorine
can also help to stabilize the phase of the parent oxide, especially for Ba-rich compounds
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with large structural complexity. However, we have shown that it is of crucial importance
to adjust the fluoride concentration to a compound specific content, as high fluorination
degrees with high overall occupation of anion sites and absence of vacancies will have a
detrimental effect on the overall cathode performance.
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Abstract In this article, we report on the synthesis and characterisation of fluorinated
epitaxial films of BaFeO2F via low-temperature fluorination of thin films of BaFeO2.5+d

grown by pulsed laser deposition. Diffraction measurements show that fluoride incorpo-
ration only results in a contraction of the film perpendicular to the film surface, where
clamping by the substrate is prohibitive for strong in-plane changes. The fluorinated films
were found to be homogenous regarding the fluorine content over the whole film thickness,
and can be considered as single crystal equivalent to the bulk phase BaFeO2F. Surprisingly,
fluorination resulted in the relieve of the tetragonal distortion to a nearly cubic symmetry,
which results in a lowering of anisotropic orientation of the magnetic moments of the
antiferromagnetically ordered compound, confirmed by Mössbauer spectroscopy and
magnetic studies.
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3.3.1. Introduction

Perovskite-type transition metal oxides such as the stoichiometric ABO3, A2BO4, A3B2O7

and non-stoichiometric ABO3−x, (where A: rare earth or alkali earth ion, and B: 3d, 4d, or
5d transition metal ion) can exhibit fascinating physical and chemical properties, including
multiferroicity [189–191], high temperature superconductivity [192], colossal magne-
toresistance [193], and photocatalytic activity [194]. One of the most interesting aspects
of these oxides is the ability to engineer/tune their physical properties by tailoring the
composition of the cation sites (i. e. the 12-fold coordinated A- and/or the 6-fold coordinated
B-site) and/or partially replacing the oxygen by other anionic species such as hydride [195,
196], fluoride [21, 37, 169, 197], or nitride [198] ions. This most often originates from a
tuning of the electronic structure and coordination chemistry of the constituent species.
One of the methods that has been used to incorporate fluoride ions to change oxidation
states of transition metals within perovskite type (or perovskite related) materials are
low-temperature topochemical fluorination routes [21, 37, 47, 169, 176]. The necessity
for using low temperature topotactic fluorination routes originates from the fact that the
majority of oxyfluoride perovskites are only metastable and will decompose at elevated
temperature to form alkaline earth fluorides or lanthanide oxyfluorides. Therefore, for
most of these compounds it is not possible to grow single crystals at elevated temperatures.
Within the last years, adopted approaches have been reported for fluoride incorporation
into epitaxially grown thin films [47, 168, 175, 176, 199, 200]. This does not only
provide the opportunity to investigate such films as a grain boundary free model system
to study bulk related properties, but also to use strain engineering [201] to further modify
materials’ properties. Bulk BaFeO2.5 (BFO) crystallizes in a complex vacancy ordered
modification of the cubic perovskite type structure [33, 110, 202]. This monoclinic modi-
fication is centrosymmetric with space group P21/c. This compound can be fluorinated
using polymer-based routes, and BaFeO2.33F0.33 (vacancy ordered, P21/m) [12, 116]
and BaFeO2F (BFOF) (no significant amounts of vacancies, cubic, Pm3m) [11, 36, 203].
As is common for perovskites with trivalent iron mainly, these compounds show G-type
antiferromagnetic ordering with Néel temperatures above 500 K. Although the structure
of BFOF appears simple at first glance, the local structure around the iron seems to deviate
significantly from having perfect octahedral symmetry. Heap et al. [11, 203] were the
first to notice an unusual high atomic displacement parameters of the Fe3+ cations, and
different configurations of fluoride ions within the FeO4F2 octahedra (cis = both fluoride
ions at the same edge; trans = fluoride ions located at opposite corners) were discussed
in the context of the compound lacking long-range anion ordering. In combination with
Mössbauer spectroscopic studies, a non-centrosymmetric cis environment around a major-
ity of Fe cations from mainly statistic distribution of fluoride ions was concluded [203].
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The fact that there seems to be chance given for the absence of centrosymmetry around
the Fe3+ cations makes the compound of principle interest for possessing multiferroic
properties. To approach such applications, an additional understanding of the structure
within fluorinated epitaxially grown thin films seems to be appreciable. Here, we report
two different approaches to topochemical fluorination of epitaxially grown BFO thin films
on single crystalline (001) oriented substrates of SrTiO3 [117, 204]. We show that the
films can be chemically fluorinated via different approaches under formation of BFOF with-
out significant substrate fluorination. Via a combination of structural analysis, Mössbauer
spectroscopy as well as magnetic studies, an improved understanding of the structural
and magnetic behaviour of the films could be gained.

3.3.2. Experimental

3.3.2.1. Growth of BFO thin films

The BFO target was prepared using a conventional solid state synthesis route. Stoichio-
metric ratios of solid BaCO3 (Alfa Aesar, >99.8%) and Fe2O3 (Sigma–Aldrich, >99%)
were ground, uniaxially pressed and heated twice to 1100 °C for 24 h under flowing Ar
with intermediate regrinding.

BFO thin films with a thickness of ∼85 nm were grown on (001)-oriented SrTiO3 (STO)
substrates via pulsed laser deposition (PLD) in the custom made ultra-high vacuum PLD
system which is a part of the Darmstadt Integrated System for Battery Research (DaISy–
Bat). The BFO target was ablated with a KrF excimer laser (λ = 248 nm) at a repetition
rate of 1 Hz and at a fluence of 1.4 Jcm−2. During deposition, the substrates were heated
up to a temperature of 700 °C from their back side, using a high power near infrared
diode laser at 938 nm. A background oxygen pressure of 0.018 mbar was used for all
depositions. After deposition, the films were cooled down to room temperature at a rate
of 50 K min−1. These conditions were chosen in accordance with previous experiments
within our group [117, 204].

3.3.2.2. Thin Film Fluorination

Two fluorination approaches were attempted to fluorinate thin films of BFO to BFOF, which
did not show strong differences with respect to the quality, structure and composition of
the films reported within this article. In the first approach [47] (see Fig. 3.32), a solution
of 10 wt-% of poly-(vinylidene difluoride) (PVDF) in acetone is ‘dropped’ onto an as-grown
oxygen deficient BFO film. This method will be referred to as “drop fluorination” in the
following. The film was then heated in air for 24 h at 375°C. In a second approach [47]
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Figure 3.32.: Representation of drop fluorination method of fluorination as carried out
on BFO films. The figure is recreated and related to the scheme shown in
ref. [47].

Figure 3.33.: Vapour transport process carried out on as-grown oxygen deficient BFO
placed downstream from PVDF pellets in a heated alumina tube in the
presence of a flowing carrier gas. The figure is recreated and related to the
scheme shown in ref. [47].

(see Fig. 3.33), a PVDF powder is placed in a tube furnace heated to 240 °C in front of a
BFO film with respect to the gas flow direction. Decomposition products of PVDF, such
as HF or small chain components, are then carried over the film and fluorinate it. This
approach will be referred to as “vapour transport” fluorination in the following. For this
process, a large excess of 2̃ g of dry PVDF were used (the estimated amount of polymer
necessary for full fluorination of the film is in the order of 1-5 µg). Within this reaction,
the fluorine from the decomposition of PVDF under formation of HF can be expected to
occupy the interstitial vacancies and replace oxygen from the lattice equally in the film
according to

OO + Vi + 2HF → FO + Fi +H2O (3.16)
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3.3.2.3. Structural characterisation

The X-ray Diffraction (XRD) θ–2θ measurement of the BFO target was performed using a
Bruker D8 Advance diffractometer in Bragg-Brentano geometry showing phase purity of the
target material as reported previously [117]. The thin-film XRD θ–2θ measurements were
performed in parallel beam geometry using a Cu-Kα1 Rigaku SmartLab X-ray diffractometer
with a Ge(220) 2-bounce monochromator.

3.3.2.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were performed within the DAISY-
BAT system with a PHI Versaprobe 5000 spectrometer equipped with a monochromated Al
Kα X-ray source at 1486.6 eV. All the measurements were carried out at room temperature
at a pass energy of 23.5 eV and an energy step size of 0.1 eV. The as-grown BFO films were
transferred into the XPS chamber under UHV conditions (< 10−8 Torr) and, therefore,
were not exposed to ambient atmosphere prior to the XPS measurements. For fluorinated
films, adsorbates such as carbon could not be avoided on the surface of the films as
the fluorination reaction was performed outside the UHV system. To probe the inward
homogeneous incorporation of fluoride into the films, XPS depth profile analysis was
performed via Argon ion sputtering at accelerating voltage of 4 kV and ion current of
3 µA. The adventitious carbon contaminations were detected at the surface of the film
only before Ar ion sputtering. Following the first sputtering cycle, no carbon peak could
be detected.

3.3.2.5. SQUID Magnetometry

Magnetic properties of the samples were measured as a function of the applied mag-
netic field and temperature using a magnetic property measurement system (MPMS) by
Quantum Design, equipped with a superconducting quantum interference device (SQUID).
The magnetization data were corrected for diamagnetic contributions from the SrTiO3

substrate. Two different sets of measurements were performed on the same films in
non-fluorinated and fluorinated states. Magnetization M for each film was measured as
a function of the applied magnetic field H between -2 T and 2 T at 10 K. Magnetization
versus temperature curves were recorded between 298 and 10 K at H=200 Oe in a field
cooled (FC) and zero field cooled (ZFC) regimes.
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3.3.2.6. Conversion Electron Mössbauer Spectroscopy (CEMS)

Conversion Electron Mössbauer Spectroscopy (CEMS) was measured with a 57Co in Rh
matrix source (5̃0 mCi) and the velocity was varied with a constant acceleration drive.
The conversion electrons from the resonant absorption of gamma-rays were detected with
a custom-built gas-proportional counter, with a mixture of CH4 (4 %) in He as detector
gas. The velocity scale was calibrated with a bcc Fe standard and all isomer shifts are
given relative to bcc Fe at room temperature.

3.3.3. Results and discussion

3.3.3.1. Structural analysis

In agreement with our previous findings [117, 204], the XRD measurements showed, that
the BFO film can be grown in a pseudo-cubic phase (see black curves in Fig. 3.34a,b). The
extracted out-of-plane lattice parameter c = 4.13 Å of the BFO film (differs strongly from
the lattice parameter of the STO substrate (a = 3.905 Å). The inset in Fig. 3.34b shows
a rocking curve measurement, showing a full-width at half-maximum (FWHM) of 0.05°
for the (002) BFO reflection. The narrow FWHM indicates a high degree of crystallinity
and low mosaicity throughout the depth of the film. The value of the lattice parameter
c = 4.13 Å lies between the values of 4.11 Å observed by Benes et al. [117] for 200
nm thick films and of 4.15 Å reported by Sukkurji et al. [204] for 20-30 nm thick films.
This indicates that the tetragonal distortion due to the epitaxial strain depends on the
film thickness. After fluorination, the BFOF films do not show any significant change in
orientation or strong relaxations within the film, as no additional reflections are observed
in the XRD patterns. However, strong shifts of the film (00l) XRD reflections are observed
independent of the fluorination method used (see red curves in Fig. 3.34a,b as well as
Fig. 3.35), which implies a small BFOF lattice parameter c ≈ 4.066 Å. Remarkably, this
value is similar to what has been reported for the bulk phase of BFOF by Heap et al. [11]
(a = 4.058 Å). For the BFOF film, the slightly larger FWHM=0.08° has been extracted
from the rocking curve of the (002) reflection (see Fig. 3.36) than for the BFO film (FWHM
= 0.05°), which indicates a small additional broadening after fluorine incorporation. This
indicates a small increase of mosaicity after the topochemical incorporation of fluoride ions.
X-ray reciprocal space mapping (RSM) was carried out to determine the in-plane lattice
parameter and to understand the topochemical fluorination of the film in better detail.
For this purpose, mapping around the STO (103) reflection of the BFO and BFOF films was
performed, as shown in Fig. 3.37a,b). The shift in the film peak of the BFO film (Fig. 3.37a)
along Qx in comparison with the one of peak from the STO substrate indicates that the
lattice mismatch is too high for the growth of a fully strained film. This observation is in
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Figure 3.34.: (a) High resolution X-ray diffractograms of an as-deposited BFO (black) and
fluorinated BFOF (red) films on SrTiO3 substrate (b) Expanded view of the
(001) BFO and BFOF reflections.

Figure 3.35.: a) XRD 2θ− θ patterns of the BFO film and BFOF films on STO. b) Expanded
view of the 001 reflection. (SI)
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Figure 3.36.: Rocking curve scans of the (002) reflection of a film of BFO (a) and BFOF
(b). (SI)

Table 3.9.: Calculated lattice parameters of the films from RSM.
Film ain-plane (Å) cout-of-plane (Å)
BFO 4.065(5) 4.128(6)
BFOF 4.066(3) 4.066(4)
STO 3.902 3.903

agreement with our previous study [204] which showed the presence of dislocations at the
film/substrate interface. The in-plane and out-of-plane lattice parameters of a = 4.065
and c = 4.128 Å, respectively, were calculated from the RSM measurements (see Tab. 3.9).
After fluorination, the BFOF film stays fully strained on the SrTiO3 substrate and the
Qx position of the (103) BFOF film reflection is not changed (see Fig. 3.37b). This fact
gives a strong support for the topotactic nature of the fluorination, which does not break
clamping of the film to the substrate and allows only relaxation of the film perpendicular
to the substrate plane. Meanwhile, significant changes of the RSM pattern of the BFOF
are found along Qz, implying a strong decrease of the c value to approximately 4.066 Å
(Tab. 3.9). Thus, it is remarkable that the film fluorination indeed results in basically cubic
cell metrics, with an average lattice parameter being close to what is found for powders
of BaFeO2F (a = 4.058 Å [11, 203]). Therefore, (taking into account the results of the
compositional analysis presented below in Sec. 3.3.3.2, the BFOF films can be considered
as being a close approximation to a single crystal of this metastable phase, which cannot
be obtained by classic techniques of crystal growth.
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Figure 3.37.: X-ray Reciprocal Space Mapping of the (a) BFO and (b) drop-fluorinated
BFOF films measured around (103) STO reflection.

3.3.3.2. Compositional analysis

Fig. 3.39 shows a depth profile of the normalized elemental concentration in the BFOF film
as extracted from the XPS measurements. In agreement with previous findings [47, 168,
200, 204], fluorine is only observed throughout the complete thickness of the BFOF film.
No fluorine is detected in the SrTiO3 substrate within the resolution limit of about 0.1
at.% of the XPS system. This is well plausible as PVDF does not have sufficient reductive
power to form low-valent Ti species [205]. The detected sudden emergence of the Sr 3d
and Ti 2p peaks indicates a sharp interface between the film and the substrate with no
sign of interdiffusion of the metal species into the BFOF film. Note that in the interface
region denoted with the vertical black lines, the elemental concentration is imprecise
and not given. Within the BFOF film, a rather homogenous distribution of the elements
Ba, Fe, O, and F could be confirmed. The Ba:Fe ratio of 1̃:1 in combination with a O:F
ratio of 2̃:1 indicates the composition of BaFeO2F, indicating a fully fluorinated state
of the sample, in agreement with the Mössbauer spectra which indicate the presence
of Fe3+ only (see section 3.3). Deviations from the ideal composition are within the
reliability of the method and should be interpreted neither as anion rich films (i. e., lower
oxidation states, as ruled out from Mössbauer spectroscopy, see section 3.3.3.3), nor
the presence of, e. g. Ruddlesden-Popper related, Ba2FeO4 type defects (not indicated
within the XRD analysis, see previous section). We would also like to emphasize a very
similar compositional behaviour indicated the formation of BaFeO2F films also for the
second fluorination method (see Fig. 3.38). Thus, a BaFeO2.33F0.33 [12, 116] phase with
intermediate fluorine concentration and ordered anion vacancies could not be synthesized
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Figure 3.38.: Normalized concentration-depth profile for BFOF-VT. (SI)

with these methods. This phase is either unstable in the investigated strained BFOF films
on the SrTiO3 substrates or requires precise control of the fluorine concentration in the
film at the level of about 1 µg (only few µg of fluorine are necessary for a full fluorination
of the film), which has not been achieved in the presented fluorination methods.

3.3.3.3. 57Fe Mössbauer spectroscopy

57Fe conversion electronMössbauer spectra were recorded for the BFO and drop-fluorinated
BFOF films at 298 K (see Fig. 3.40a,b). It should be noted that the signals from the films
were quite weak, which can be explained by the low thickness (8̃5 nm) of the films.
Although the signal-to-noise ratio is low, certain conclusions can still be drawn from the
measurements.

(1) The spectrum observed for BFO is similar to our previous study of 200 nm thick
films [117]. It can be fitted with a similar distribution of sextets as reported for
bulk BaFeO2.5 [33] (see Tab. 3.10 and Fig. 3.40 a), which agrees with tetrahedrally
(low isomer shift, sextet 2), square pyramidally, and octahedrally (high isomer
shift, sextet 1 & doublet) coordinated iron species within this film. The fit shows
that although no long-range ordering of anion vacancies can be obtained within a
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Figure 3.39.: Normalized concentration-depth profile for BFOF film corresponding to all
the elements observed in XPS spectra.

Figure 3.40.: 57Fe conversion electron Mössbauer spectrum recorded from (a) BFO and
(b) BFOF at room temperature.
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strained film, the overall distribution of coordination polyhedra must be considered
to be similar to the bulk state [117].

(2) On fluorination of the film to BFOF, the complexity of the spectrum strongly re-
duces. The spectrum can then be basically fitted with one sextet and one doublet
(see Tab. 3.11 and Fig. 3.40 b). All isomer shifts are indicative for iron being
present in its trivalent oxidation state, in agreement with a composition following
BaFe+IIIO2+xF1−2x (x ∼ 0). Further, the isomer shift observed for the main sextet
is indicative for octahedral environments, where the reduction compared to the
octahedrally coordinated FeO6 species in BaFeO2.5 indicates the presence of the
fluoride ions within the coordination environment, and therefore well agrees with
the formation of FeO4F2 octahedra [161].

(3) The presence of mainly sextet species clearly evidences magnetic ordering of films.
In this respect, we observed that the intensity ratio of the individual sextet lines
changed from the non-fluorinated BFO film to the fluorinated BFOF film. For BFO,
magnetic anisotropy was already observed in our previous study [117], which is
indicated by a change of the relative intensities of the signals of the sextets. Namely a
strong decrease of the second and fifth line, which shows a alignment of the magnetic
moments parallel to the gamma ray, hence in out-of-plane direction of the thin films
along the c-axis of the lattice. After fluorination, the BFOF film shows amore isotropic
orientation of the magnetic moments indicated by the altered relative intensities of
the Mössbauer lines of the sextets towards what would be expected for a randomly
oriented powder (intensity ratio of first to second to third line 4:3:1). This agrees
with the absence of significant straining after fluorination and a cubic symmetry of
the film and is in agreement of the literature for bulk BaFeO2F [203]. The doublet
species are commonly found for the various modifications of BaFeO2F [161] and most
likely are related to magnetically disordered regions within the films. Furthermore,
the values of the observed hyperfine field splittings are high and agree with the
presence of magnetically ordered high-spin Fe3+ at temperatures well below the
magnetic ordering temperature [109].

(4) For bulk BaFeO2F, a random distribution of fluoride ions, forming cis (two fluoride
ions at the same edge of the octahedron) and trans (two fluoride ions at oppo-
site corners of the octahedron) was considered as the most plausible structural
scenario [203]. It is difficult to determine whether more than one sextet signal is
present within the BFOF film. The fact that the sextet is considerably broadened
by a Gaussian distribution (width of 1.7 T) might indicate that the different crys-
tallographic sites cannot be resolved and are thus compiled in the broad sextet.
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Table 3.10.: Fitting parameters for the 57Fe Mössbauer spectra for BFO.
sextet 1 (pink, 40 %) sextet 2 (blue, 48 %) doublet (green, 12 %)

isomer shift (IS) (mm s−1) 0.43(4) 0.12(3) 0.54(5)
quadrupole splitting (QS) (mm s−1) -0.49(7) 0 0.54(8)

hyperfine field (T) 47.2(4) 39.3(2)
Lorentzian width (mm s−1) 0.30(11) 0.39(13) 0.4 (fixed)

Gaussian width 2.3(4) 1.2(4) –

Table 3.11.: Fitting parameters for the 57Fe Mössbauer spectra for BFOF.
doublet (blue, 88 %) doublet (pink, 12 %)

isomer shift (IS) (mm s−1) 0.35(2) 0.40(3)
quadrupole splitting (QS) (mm s−1) -0.49(7) 0.62(6)

hyperfine field (T) 50.0(2)
Lorentzian width (mm s−1) 0.66(11) 0.4 (fixed)

Gaussian width 1.7(4) –

However, the small quadrupole splitting of the sextet species might indicate a nearly
centrosymmetric environment, which is only the case for the trans configuration of
anions within FeO4F2 octahedra.

3.3.3.4. Magnetic analysis

Fig. 3.41 shows the results of the magnetization measurements of the BFO and BFOF films.
For both films, the measured saturation magnetic moments are below 0.015 µB/Fe at
10 K in agreement with usually observed antiferromagnetically ordered Fe3+-containing
perovskites [11, 33, 38, 39, 161, 203, 206, 207]. A small difference between the FC and
ZFC measurements is similar to the previously reported data for bulk BaFeO2.5 [33] and
BaFeO2F [203]. In agreement with previous discussions with respect to the magnetic
hyperfine field splittings observed via Mössbauer spectroscopy [203], these results indicate
a canted antiferromagnetic ordering of Fe3+ ions in both BFO and BFOF films with a small
canting angle below 0.1°. Overall, no difference could be observed for the magnetic
behaviour of the non-fluorinated BFO and the fluorinated BFOF films. Their similar low
magnetic moments at low temperatures and curvature of the magnetization temperature
dependence indicate that no significant change in the Fe3+ antiferromagnetic ordering
occurs after fluorination. Thus, we cannot confirm the previously reported decrease of
the Néel temperatures at higher fluorine contents (e.g. decreasing of the Néel temper-
atures from 750 K for LaFeO3 to 645 K for BaFeO2F, and even further to ∼480 K for
AgFeOF2) [208].
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Figure 3.41.: Dependences of the magnetization from the applied magnetic field at 10 K
for (a) non-fluorinated BFO and (c) drop-fluorinated BFOF films. Temperature
dependence of the magnetization for (b) BFO and (d) BFOF films, measured
at the applied magnetic field of 200 Oe in field-cooled (FC black) and zero-
field-cooled (ZFC red) regimes. The data were corrected for the diamagnetic
contribution of the SrTiO3 substrate.
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3.3.4. Conclusions

In this work we have shown that polymer based routes are efficient means in order to
prepare chemically homogenous epitaxial thin films of BaFeO2F via the low temperature
topochemical fluorination of thin films of BaFeO2.5 grown by PLD. No significant differences
in film quality were found for the investigated drop-fluorination and vapour transport
fluorination methods. The incorporation of fluorine results in a release of the tetragonal
distortion to a cubic symmetry, which lowers the magnetic anisotropy of the film of the
antiferromagnetically ordered moments. In addition, a small degree of ferromagnetic
canting could be observed, similar to what is found for bulk barium ferrates [203].
In future works, our group will also focus on the preparation of strained films of BaFeO2F by
using substrates which could allow for more strict cube-on-cube growth, which could then
result in additional decrease of symmetry, targeting to form novel multiferroic compounds.
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Abstract Monitoring the interdiffusion of oxygen and fluorine by diffraction methods
based on X-rays or neutrons is problematic because of the species’ similar form factors and
scattering lengths. In this study, we demonstrate through a judicious choice of system that
X-ray diffraction (XRD) can be used to monitor such an interdiffusion process. Specifically,
we investigated the interdiffusion process of oxide and fluoride ions in the model system
BaFeO2.5−x/2Fx, focussing on the formation of BaFeO2.333F0.333 from BaFeO2.5 and BaFeO2F
by the exchange of two fluoride ions for one oxide ion. By virtue of their different lattice
symmetries, the phases can be easily identified in isothermal, high-temperature, in situ
XRD measurements, thus permitting the interdiffusion process to be followed. The time-
dependent isothermal changes of the three phase fractions (at various temperatures
between 380 °C and 480 °C) were extracted by Rietveld analysis, and these data were
analysed in terms of three kinetic approaches. We show that, based on such evaluations,
the activation energy for the interdiffusion reaction can be calculated assuming a first
order reaction. By extracting the Johnson-Mehl-Avrami fitting parameters, the formation
process of BaFeO2.333F0.333 could be further characterized, and was found to be diffusion
controlled with the crystallization starting at grain boundaries. A strong temperature
dependence could be shown. Employing the Boltzmann-Matano model for diffusion
allowed the calculation of an average interdiffusion coefficient.
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3.4.1. Introduction

Perovskite oxide materials are a possible solution for current challenges in various fields
of application, also related to the rising awareness for demands of clean and green energy.
Perovskite based oxyfluorides have thus gained attention in two such fields: Besides the
need for extended energy-storage capabilities comparable to already well-known systems
like the lithium ion battery within so-called fluoride ion batteries [209], the developing
new electrode catalysts for the oxygen reduction reaction (ORR) within fuel cells is another
challenging aspect [162]. For the latter application, perovskite materials in general may
overcome the limits of current fuel cell systems, such as a limited power output or a
high operating temperature. Solid oxide fuel cells (SOFCs) are here the system of choice.
They are characterized by all-solid oxide materials, and thus require a high operating
temperature (> 800 °C) to guarantee a satisfying oxygen reduction reaction (ORR) and
ion conduction within the compounds. This high operating temperature can in turn
lead to reactions among the oxide materials decreasing their performance and lifetime.
In addition, such high temperatures also require sufficient safety measures. A simple
decrease in operating temperature would lead to an increase in cell polarization resistance
due to the high activation energy of the ORR [5, 163]. Current SOFCs consist out of a
yttria-stabilized zirconia (YSZ) electrolyte, a La0.8Sr0.2MnO3 (LSM) perovskite cathode,
and a nickel–YSZ cermet anode [7, 10, 162]. Another promising candidate for a per-
ovskite cathode material is the system BaxSr1−xCoyFe1−yO3−δ (BSCF), which has shown
to exhibit outstanding characteristics as a mixed ionic electronic conductor (MIEC) [8, 17,
94, 182]. It is possible to maintain a cubic symmetry with an oxygen deficiency of up to δ
= 0.8 [210, 211]. However, the system requires an operation temperature of > 850 °C
to prevent any phase decomposition or degradation [17]. To improve the functionalities
of such compounds, various doping attempts have presented promising approaches to
lower the activation energy for the ORR and to increase the performance of the SOFC
materials. Among them, the doping of the anion sublattice has achieved a high amount of
attraction [10, 20, 99, 166]. Possible candidates for such a sublattice doping are F− and
Cl− which reportedly increase the catalytic performance of perovskite oxides [100, 101],
and it assumed that the introduction of fluorine anions alters the electronic structure,
which directly affects the surface oxygen exchange and the oxygen bulk diffusion [83,
167, 168]. However, for the synthesis and subsequent application of such oxyfluoride
materials, it is important to consider that most of them are metastable and decompose
at higher temperatures. Therefore, the formation of such phases, which is most often
based on topochemical reactions [21] which are based on the interdiffusion of oxide and
fluoride ions needs to be well understood.
Gaining such understanding poses an additional experimental challenge: the detection
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and reliable estimation of the true amount of dopant inside the materials is most often
not easily feasible, due to the indistinguishability of the oxide and fluoride ions within
the most commonly used diffraction methods. The anions O2− and F− are equal in their
electron configuration (1s2 2s2 2p6) making it nearly impossible to distinguish between
the two species by X-ray diffraction (XRD). In addition, the similar scattering lengths
(5.803(4) fm and 5.654(1) fm for oxygen and fluorine, respectively [23]) and atomic
form factors make them also indistinguishable by neutron diffraction [21, 22]. Therefore,
suitable model systems are required to approach this interdiffusion reaction experimentally.
Here, we suggest the use of vacancy-ordered BaFeO2.5 (BFO), for which the incorporation
of fluoride ions by interdiffusion leads to symmetry changes that can easily be detected by
X-ray diffraction, and for which the oxyfluoride phases formed have specific compositions
and crystal symmetries. BFO crystallizes in a complex oxygen-vacancy ordered mono-
clinic structure (P21/c). Upon fluorination, it either can form monoclinic BaFeO2.333F0.333
(BFOF33, P21/m) [12, 116] or cubic BaFeO2F (BFOF, Pm3m) [203], with narrow com-
position dependent stability range. Since all these oxyfluorides in the Ba-Fe-O-system are
metastable, their formation requires interdiffusion reactions at low temperatures in order
to avoid diffusion of cations. Thus, heating above a certain transition temperature, cause
BFOF and BFOF33 to decompose into their thermodynamically most stable decomposition
products BaF2 and BaFe2O4 [83], which requires a reorganisation of the cation sublattice.
The aim of this study is to understand and elaborate the anion diffusion in the per-
ovskite oxide system BaFeO2.5−x/2Fx. Powders of the monoclinic oxide BFO and the cubic
oxyfluoride BFOF were mixed in a 2:1 ratio and the time dependent phase changes were
studied by in-situ X-ray diffraction. In this process, the annealing enables the interdiffu-
sion of fluorine and oxygen between both compounds, and the formation of monoclinic
BaFeO2.333F0.333 [12] according to

2BaFeO2.5 + BaFeO2F → 3BaFeO2.333F0.333 . (3.17)

Since all three phases are distinguishable in X-ray diffraction, this methodology can deliver
time-dependent phase fraction profiles for all phases, which then can be used for further
evaluation. By this, we found that the data can be used to perform basic evaluations
of kinetic parameters as well as the derivation of Johnson-Mehl-Avrami kinetic parame-
ters [91]. Their evaluation showed that a conceptual understanding of the interdiffusion
based chemical reaction can be gained by the examination of isothermal experiments via
in-situ X-ray diffraction. The phase quantities and crystallite sizes obtained from XRD data
enabled the revealing of underlying interdiffusion mechanisms and activation energies.
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3.4.2. Experimental

3.4.2.1. Sample Preparation

BaFeO2.5 was prepared by mixing the stoichiometric amount of BaCO3 and Fe2O3. The
powder was ground in a ball mill (15 min, 300 rpm) and heated twice under air for 8 h and
once under Ar for 8 h at 1100 °C with intermediate grinding steps. BaFeO2F was prepared
by mixing stoichiometric amounts of BaFeO2.5 with polyvinylidene fluoride (PVDF) with
4 % excess PVDF. The mixture was thoroughly ground in acetone and afterwards slowly
heated (20 °C/h) in air to 375 °C (24 h dwell), to minimize the risk of BaF2 formation [39].
The as-synthesized BaFeO2.5 and BaFeO2F where then mixed in a ratio of 2:1 and ground
again in acetone by using a ball mill (10 min, 300 rpm, 3 times with brakes of 20 min to
avoid a warming up of the powder).

3.4.2.2. High temperature in-situ diffraction experiments

All diffraction experiments were carried out with a Bruker D8 diffractometer with Bragg-
Brentano geometry and Cu anode. A PSD detector and a fixed divergence slit were used.
The angular range was 20 ≤ 2θ/◦ ≤ 60. The step size was set to 0.0075° per step with
a measurement time of 0.25 seconds per step. The parameters were set in order to
guarantee a satisfactory intensity output, despite the absorbing argon atmosphere, and
more importantly to capture snapshots of the ongoing change in phase fractions due to the
ongoing interdiffusion reaction. The temperature was controlled by using an HTK 1200 N
temperature chamber with a controlling unit TCU 1000 N (Anton-Paar). Interdiffusion
experiments were carried out at temperatures of 380 °C, 400 °C, 420 °C, 440 °C, 460 °C and
480 °C. Scans were carried out in a timed interval. For each scan, the obtained data was
quantitatively refined using the Rietveld method with the program TOPAS 6 (Bruker AXS,
Karlsruhe, Germany) [73]. Therefore, the instrumental contribution to the convolution
function was extracted empirically from a set of fundamental parameters utilizing a
reference scan of a LaB6 standard (NIST 660a). The as-refined weight percentages for
BaFeO2.5 (monoclinic, P21/c), BaFeO2F (cubic, Pm3m) and BaFeO2.333F0.333 (monoclinic,
P21/m) were used for the kinetic evaluation of the underlying diffusion process including
the order of reaction and reaction rate constant kr and extraction of the activation energy
EA, as-well as the fitting of the JMA model with fitting parameters nJMA and kJMA. A
diffusion coefficient was estimated related to the Boltzmann-Matano method. We would
like to emphasize that the estimated standard deviations (esds) reported for the phase
quantities are only numerical errors from the analysis method and do not represent an
interval of confidence (which is in the order of ∼1-2 % for this kind of analysis).
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3.4.2.3. SEM examination

The scanning electron microscopy was carried out on a Philips XL30-FEG secondary
electron microscope with an acceleration voltage of 20 kV. The powder samples were
sputtered with gold.

3.4.3. Results and discussion

3.4.3.1. A detailed crystallographic and chemical description of the model system

Monoclinic BaFeO2.5 is one of the most complex perovskite-type superstructures with a
large 28-fold supercell of the cubic perovskite aristotype (P21/c a = 6.9753(1) Å, b =
11.7281(2) Å, c = 23.4507(4) Å, β = 98.813(1)°, and Z = 28) [33]. Its complexity
results from the ordering of oxygen vacancies and the tendency of Ba to maintain large
coordination numbers at the same time.
BaFeO2.5 can be fluorinated via polymer-based routes under the formation of cubic BaFeO2F
(Pm3m). This phase is the fluorine-rich end-member of the series BaFeO2.5−xF2x with
2x = 1, which describes the substitutive fluorination of BaFeO2.5 (under maintenance
of the trivalent iron oxidation state). The symmetry relationship can be illustrated as
shown in Figure 3.42, and can be used to emphasize that the Ba and Fe sublattices of both
compounds are very similar, and that only the anion/vacancy sublattices undergoes the
strongest relaxation.
If BaFeO2.5 is heated with lower equivalents of PVDF, BaFeO2.333F0.333 can be formed,
also a member of the aforementioned system with 2x = 0.33. This partially fluorinated
perovskite BaFeO2.333F0.333 crystallizes in the space group P21/m (a = 10.1059(1) Å, b
= 5.7094(1) Å, c = 6.9770(1) Å, β = 93.107(1)°, and Z =6), and this is also a subgroup
structure of the aristotype Pm3m (again with maintenance of the Ba/Fe sublattices), as
shown in Figure 3.43 [12].
These three phases are the only (meta)stable compositions in the system BaFeO2.5−xF2x.
It was found that for x ̸=0, 1/3, 1, mixtures of two of the three phases are formed, which
overall fluoride composition 2x is chosen [12].
We would like to emphasize that the symmetry tree does not necessarily describe the
symmetry changes on the transformation process; since intermediate states cannot be time-
resolved, it is not possible to identify a step-wise change of the anion sublattice. Hence, it
is not identifiable from the tree, whether the system transforms along the branches or if it
transforms through an intermediate yet unknown global (or even local) symmetry.
Due to the complexity of the unit cell, all three phases have a very characteristic reflection
pattern in X-ray diffraction (see Figure 3.44). Although phase mixtures of the three phases
show strongly overlapping reflections, it is therefore possible to deconvolute the phase
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Figure 3.42.: Group-subgroup relationship of the cubic aristotype and its monoclinic
derivative structures.

fraction of each phase from a Rietveld analysis under the use of reasonable constraints
(demonstrated for the two (three) highest intense reflection groups, see Figure 3.45).
The thermal parameters were kept the same for each atom of each phase and only small
variations of the lattice parameters in comparison [12, 33, 203] were allowed; these
lattice parameters were determined for independently for each temperature from the
measurement at t = 0 (for BFO and BFOF) and t → ∞ (for BFOF33). The reflection width,
taken into account by the crystallite size within the fundamental parameters approach
chosen, was set to be identical for BFO and BFOF; this choice is justified from the fact that
BFOF was prepared via a polymer based topochemical fluorination of BFO, which does
not result in a change of crystal morphology and similar reflection widths (i. e., crystallite
sizes). For BFOF33, an independent crystallite size parameter was used, since the width
of this phase was found to strongly change on extended heating. No positional parameters
of atoms were refined, and these values were fixed for the monoclinic phases BaFeO2.5

and BaFeO2.333F0.333 to the positional parameters given in [33] and [12], respectively.

3.4.3.2. Reaction kinetic analysis

Figure 3.45 shows the start and end composition (a) as well as a changing of the main
reflexes between 29 ° and 33 ° (b) for the lowest temperature of 380 °C and (c) highest
temperature 480 °C. A quantitative Rietveld refinement of the initial pattern yields a ratio
of 2:1 BaFeO2.5 to BaFeO2F as it would be expected from the weighing of the starting
powders, see Table 3.12. As mentioned above, the conversion of BFO and BFOF into
BFOF33 follows the chemical equation 3.17.
The driving force in this reaction is the concentration gradient in fluorine and oxygen
concentration between BFO and BFOF. Saturation for the interdiffusion, e.g. coming to a
hold, is therefore depending on steepness of the concentration gradient and the activation
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Figure 3.43.: Comparison of the coordination of iron inside the vacancy ordered struc-
tures of BaFeO2.5 (a,b) and BaFeO2.333F0.333 (c,d). 5- and 6-fold coordinated
iron atoms are surrounded by blue polyhedra, while yellow polyhedra mark
tetrahedrally coordinated iron atoms. The tetrahedra form a channel-like
vacancy ordering inside BaFeO2.5.

Figure 3.44.: Selected ranges of the X-ray diffraction patterns of (a) BFO, (b) BFOF33 and
(c) BFOF.
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energy for the interdiffusion process. To maintain charge neutrality, this interdiffusion
of ions must occur simultaneously; however, at this point, it is unclear if the diffusion
of fluorine or oxygen ions is rate controlling, which cannot be resolved by XRD. The
performed XRD experiments mirror only the exchange of fluorine ions versus oxygen ions
and vacancies from the determination of the overall amount of the respective phases. This
interdiffusion reaction can be described by separating the oxygen and fluorine exchange
and relaxation in the corresponding anion sublattice reaction for the starting compounds,
BFO and BFOF, on the basis of previous topochemical fluorination studies [12, 21, 83,
116]: The anion sublattice of BFOF releases fluorine anions and takes up oxygen anions
accompanied by the formation of interstitial vacancies and a subsequent relaxation of the
lattice:

3BaxBa + 3FexFe + 6Ox
O + 3F x

F +O2−
from second phase

−−−−−→
diffusion

3BaxBa + 3FexFe + 6Ox
O + 1F x

F + 1O′
F + V ·

F + 2F−
to second phase

−−−−−−−−−−−−−−−−−−→
lattice reorganization to P21/m

3BaxBa + 3FexFe + 7Ox
O + 1F x

F + V x
i (3.18)

On the other hand, BFO takes up fluorine anions and releases oxygen anions, which fill
up already present interstitial vacancies after the lattice has relaxed:

3BaxBa + 3FexFe + 7.5Ox
O + 1.5V x

i + F−
from second phase

−−−−−→
diffusion

3BaxBa + 3FexFe + 7Ox
O + 0.5F ·

O + 0.5F ′
i + V x

i + 0.5O2−
to second phase

−−−−−−−−−−−−−−−−−−→
lattice reorganization to P21/m

3BaxBa + 3FexFe + 7Ox
O + 1F x

F + V x
i (3.19)

The above mentioned equations formalize the underlying processes according to the
Kröger-Vink notation without taking into account the morphology of the sample. As
explained in the beginning, the sample is a mixture of BFO and BFOF in the ratio 2:1,
which means, that approximately 1 BFOF grain is surrounded by 2 BFO grains. Upon
starting of the interdiffusion the ions/vacancies first have to overcome the grainboundaries;
after this process and after crystallization of BFOF33 in the chemically equilibrated range,
diffusion has to occur through the layer of BFOF33. By these considerations it becomes
evident that first interdiffusion has to occur to result in compositional equilibration, and
second BFOF33 crystallisation need to occur within the chemically equilibrated region,
which then further grows into the bulk of the BFO and BFOF grains.
Upon heating the mixture, the interdiffusion starts and a refinement of the merged final
four XRD patterns reveal a phase composition of 25.6(5) wt.% BFO, 13.2(7) wt.% BFOF
and 61.2(7) wt.% BFOF33 after 110 h at 380 °C (see Figure 3.45 (b)). These phase
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Figure 3.45.: Rietveld refinements of the mixtures at RT and at the end of the isothermal
experiments at 380 °C and 480 °C with the refined phase fractions (BFO –
green, BFOF – red, BFOF33 – blue) for the angular ranges 29 – 33° 2θ and
42 to 46° 2θ. The overall refinement is coloured in black. The differences
are given underneath (grey dotted line). For a better signal to noise ratio,
the last 4 patterns for each temperature were merged and the refined phase
fractions can be found in Table 3.12.
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fractions are in accordance with equation 3.17. At this temperature, the experiment does
not yield a fully conversed product. By increasing the temperature to 480 °C one can see a
conversion to almost 100 % already after 20 h (see Figure 3.45 (c)). Therefore, these were
considered as the temperature ranges to be studied to record sufficient time dependent
compositions in an experimentally accessible overall reaction time. It is noteworthy, the
signal to noise ratio does not allow for a precise estimation of the educt phases when
their phase fraction drops below a critical value, which leads to unreliable results for
the refined phase fractions. To overcome these refinement restrictions, the last four
patterns of each temperature step were merged into one corresponding single pattern to
increase the statistical signal. These merged patterns were then refined to estimate the
final composition of the powder mixtures. The trajectories of the changes in the weight
fractions for the isothermal experiments are depicted in Figure 3.46 and the final weight
percentages can be found in Table 1 as well as plotted in the inset in Figure 3.47 (a). It may
be noted at this point, that due to the need to find a compromise between measurement
time and reaction progress, the signal to noise ratio is rather high, which results in high
Rwp values of ̃17 % (noise driven), with good GOF values of ̃1.04 (signal driven). Merging
the patterns reduced the Rwp values to ̃8.6 % while the GOF remained around 1.05. We
also would like to acknowledge that the constraints used help to avoid implausible results
for the quantities of phases when their fraction turns low, which can happen without
providing limits to the reflection broadening. The strong temperature dependence of
the interdiffusion becomes easily evident: The diffusion process at 380 °C is rather slow
compared to the fast conversion at the elevated temperature of 480 °C. Further, at low
temperatures the educts are not fully reacted after a sufficient amount of time, whereas
at 480 °C nearly 100 % are converted for t = ∞. Thus, the question arises whether the
system arrives in an equilibrium state or the driving force is not strong enough to overcome
the reaction barrier, namely diffusing through BFOF33 and crossing the grainboundaries.
In order to be able to extract the activation energy for this process, the order of reaction
has to be determined. The reduced time plot in Figure 3.47 (a) for the phase fraction
of BFOF33 does not exhibit any systematic changes or deviations in dependence of the
temperature and hence indicate the same mechanism for all isothermal experiments. It
was found, that the interdiffusion reaction can be approximated with a first order rate
law for each reaction participant i (BFO, BFOF, BFOF33):

−d[Ci]

dt
= kr,i[Ci] → ln[Ci] = −kr,it (3.20)

Figure 3.47 (b) depicts the rate laws with fits of the linear parts. Values given are taken
from the product phase BFOF33, however, the evaluation can be equally conducted from
the product phases. Figure 3.47 (c) shows the corresponding Arrhenius plot for all involved
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Table 3.12.: Weight percentages of the quantitative Rietveld analysis of the isothermal
experiments at RT and for the merged final four measurements.
T (°C) RT 380 400 420 440 460 480
tend (h) 110 98 73 62 25 24

BFO (wt.%) 64.8(1) 25.6(5) 12.1(4) 8.2(4) 6.2(5) 4.1(4) 5.0(4)
BFOF (wt.%) 35.2(1) 13.2(7) 6.4(6) 3.7(6) 2.7(7) 3.5(6) 2.5(2)

BFOF33 (wt.%) 61.2(7) 81.5(7) 88.1(8) 91.1(9) 92.4(7) 92.5(5)

Table 3.13.: Johnson-Mehl-Avrami kinetic from fitting the model on the recorded XRD
data of BFOF33.

T (°C) 380 400 420 440 460 480
nJMA 0.93±0.01 0.83 ±0.01 0.76 ±0.01 0.74 ±0.01 0.61 ±0.01 0.59 ±0.02
kJMA (6.39±0.55) ·10−5 (4.08±0.48) ·10−5 (2.14±0.24) ·10−4 (3.62±0.59) ·10−4 (2.03±0.22) ·10−3 (4.13±0.88) ·10−3

compounds with the corrected values for the kinetic parameter kr calculated from the
fitting parameter in Figure 3.47 (b). The correction is made according to the reaction
equation (1). It is apparent that the calculated values are in a good agreement with
each other. The calculated activation energies Ea for the depletion reactions for BFO and
BFOF and the formation of BFOF33 are Ea,BFO = 0.48(1) eV, Ea,BFOF = 0.50(2) eV and
Ea,BFOF33 = 0.47(1) eV, respectively. In addition, the linear thermal expansion coefficients
were calculated for the temperature range between 380 – 480 °C from the temperature
dependence of the cubic (pseudocubic) lattice parameters to be (7.09±0.7)·10−5K−1,
(8.37±0.58)·10−5K−1 and (7.42±0.86)·10−5K−1 for BFO, BFOF and BFOF33, respectively,
showing that the structural distortions and anion compositions do not have a strong impact
on the expansion behaviour of barium ferrates in general.

3.4.3.3. JMA Modell analysis

Phase formation can also be described with other models. Therefore, we found that the
obtained phase fraction data of the BFOF33 phase can be well fitted with a Johnson-Mehl-
Avrami (JMA) model [91, 92]:

γ(t) = (1− ekJMAt
nJMA ) (3.21)

With γ(t) being the phase fraction percentage of BFOF33 at time t, nJMA the Avrami
exponent and kJMA the rate constant of formation. Figure 3.48 (a) – (f) shows the
trajectories of each weight percentages of BFOF33 with the corresponding JMA model fits.
The fit parameters are given in Table 3.13, showing a strong temperature dependency.
The Avrami exponent nJMA can be interpreted as a descriptor for the underlying crystal
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Figure 3.46.: Phase fractions over time upon heating at the different temperatures from
380 °C to 480 °C, (a) – (f).
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Figure 3.47.: (a) reduced time plot for the extracted weight percentages of BFOF33 (inset:
depiction of the maximum phase fractions over corresponding tempera-
ture); (b) linearization of the reaction constant k for first order reaction
mechanism for the formation of BFOF33 with corresponding fits (dotted
lines); (c) linearized Arrhenius plot of k(T ) with corresponding fit (dotted
line).
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growth process. In literature, a value of nJMA = 0.5 to nJMA = 1.5 was ascribed to
a diffusion controlled transformation mechanism, where nJMA = 1.5 describes a slow
diffusion process, where the transformation process takes much longer, compared to
nJMA = 0.5, which can be found for a fast diffusion resulting in a shorter time needed
for the transformation [212]. In addition, a value of nJMA = 1 can also be attributed to a
grain boundary nucleation [213].The underlying diffusion transformation reaction starts
at a grain boundary, but the succeeding crystallization processes of BFOF33 in the bulk of
either educt phases is penetrating further into the bulk material. The time dependency of
this crystallization and formation process is obvious by comparing the plots in Figure 3.46.
In addition to the phase fraction evolutions of the observed phases, the volume weighted
crystallite sizes LV ol-IB of BFOF33 were extracted during the Rietveld refinements, plotted
in Figure 3.48, blue curves. Apparently the crystallize growth is strongly depending on
the temperature, but also limited to a value of around 80 to 90 nm, which is similar to
the crystallite size of the initial phases. From this it follows that no recrystallization is
occurring besides the exchange of oxygen and fluorine anions in the anionic sub lattice. In
addition, the data also supports the assumption that for lower temperatures the diffusion
path of the anions may be mainly along the grain boundaries separating the crystallites
inside the particles and leading to many slowly growing nucleation sites. While for high
temperatures, the diffusion can instantly occur into the bulk material. This is in well
agreement with other interpretations for the values of nJMA in literature, i.e. a value of
nJMA≈1 supports the diffusion and crystallization alongside the grain boundaries inside
the particles, while approaching a value of nJMA≈0.5 represents the diffusion and a more
rapid crystallization into the crystallite bulk material [214].

3.4.3.4. Diffusion and SEM analysis

Based on the assumptions made concerning the reaction equation and kinetics, the analysis
can be extended and the data can be used to calculate an average interdiffusion coefficient.
The considerations are related to the Boltzmann-Matano method and an approach based
on the root-mean-square penetration depth. In the following the work of Dayananda [52]
will be outlined and introduced into this work. The formulated interdiffusion equations
show, that the underlying phase formation depends on the diffusion of the anions O2− and
F−. From this it follows, that the diffusing particles have to cross the grain boundary and
the BFOF33 phase, formed later during the process, in both directions which results in
the growth of the BFOF33 phase. It was already shown in the XRD and JMA analysis that
the BFOF33 phase forms along the grain boundary and grows into the grains. This allows
the introduction of the basic idea to treat the grain boundary as the Matano plane and
use the penetration depth to the left and right to calculate the (inter)diffusion coefficient.
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Figure 3.48.: Fitting of JMA model (red) on XRD data (black) combined with the corre-
sponding crystallite volume (blue) of BFOF33 phase for 380 – 480 °C, (a) –
(f). The crystallite size is described as the volume weighted average column
length from the integral width of the reflections LV ol(IB).
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Figure 3.49.: Schematic diffusion process during an isothermal experiment at different
times. The concentration profiles of fluorine and oxygen are coloured in red
and green, respectively.
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(a) - pristine

(b) - 380 °C (c) - 480 °C

Figure 3.50.: SEM micrographs of (a) pristine powder and (b,c) powder after the isother-
mal interdiffusion experiment at temperatures of 380 and 480 °C, respec-
tively.

148



Figure 3.49 depicts the interdiffusion schematically based on the findings of the XRD
and JMA evaluations. The Boltzmann-Matano method requires the knowledge of the
concentration profile inside the diffusion pair over the diffusion range xi from the Matano
plane at position x0 after the reaction time t. From this, the interdiffusion coefficients and
for the left and right hand side of the Matano plane and the average effective interdiffusion
coefficient can be calculated by

˜︁Di,R =

∫︁ C0
i

C+
i

(x− x0)
2dCi

2t[C0
i − C+

i ]
(3.22)

˜︁Di,L =

∫︁ C−
i

C0
i
(x− x0)

2dCi

2t[C−
i − C0

i ]
(3.23)

˜︁Di,C =

∫︁ C−
i

C+
i

(x− x0)
2dCi

2t[C−
i − C+

i ]
(3.24)

respectively, where C−
i and C+

i correspond to the concentration on the left and right hand
side and C0

i equals the concentration at the Matano plane. By expressing the integrals for
the left and right hand side through the mean squared distance from the Matano plane
(x− x0)i,L

2 and (x− x0)i,R
2, the root mean-squared penetration depths xi,L, xi,R and

xi,C can be evaluated:

xi,R =

√︂
2 ˜︁Di,Rt (3.25)

xi,L =

√︂
2 ˜︁Di,Lt (3.26)

xi,C =

√︂
2 ˜︁Di,Ct (3.27)

The process represented here is strongly simplified by means of geometry and morphology,
considering the complex morphology of the starting powders observed in the SEM micro-
graphs in Figure 3.50. The true grain morphology is quite more irregular, which would
lead to a much more complex distribution of diffusion paths. Hence, the assumptions made
in the following can be seen as a basic consideration towards a simple way to estimate
the interdiffusion coefficient of the present diffusion pair. The XRD evaluation revealed,
that the system contains only three different phases (BFO, BFOF, BFOF33) while those
are highly sensitive towards the fluorine content, e.g. that no intermediate phases occur.
From this it follows, that the concentration profile during the growths of the BFOF33
phase inside the grains is comparable to a step function as shown in Figure 3.49. The
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concentrations of the diffusing anions c(F−) and c(O2−
eff.) are then either 1, 0.333 or 0

and 1, 0.666 or 0 (note, that for sake of simplicity the concentration of O2− is limited to
the effective stoichiometric amount taking part in the reaction, namely 0.5). Further, it is
unlikely for BFOF33 to form somewhere inside the grains beside the diffusion front. In
addition, the relative weight fractions obtained from XRD evaluations strongly support
the stoichiometric relation of BFOF and BFO is in the ratio of 1:2. For further discussion,
it is reasonable to transform the collected weight percentage data into volume percentage
data. The densities of the phases are 5.624 g/cm3, 5.975 g/cm3 and 5.745 g/cm3 for
BFO, BFOF and BFOF33, respectively. Due to the minor differences between the densities,
this transformation yields curves similar to the original data, but with the correct unit.
The volume percentage of the BFOF33 phase can be associated with an average lateral
penetration depth related to the grain size Lparticle and hence, can be connected to the
above introduced mean squared penetration depth:

xBFOF33/C = CV,BFOF33 · Lparticle =
√︂
2 ˜︁DBFOF33/Ct (3.28)

xBFOF33/BFO = 2/3 · CV,BFOF33 · Lparticle =
√︂

2 ˜︁DBFOF33/BFOt (3.29)

xBFOF33/BFOF = 1/3 · CV,BFOF33 · Lparticle =
√︂
2 ˜︁DBFOF33/BFOFt (3.30)

SEM investigations before and after the isothermal experiments do not give any indication
for significant particle growth or change in particle morphology. Therefore, by extracting
the grain crystallite size from the SEM micrographs shown in Figure 3.50, one gets an
estimated grain size Lparticle of 6.5µ m. Plotting equation 3.27 as a squared function,
the interdiffusion coefficient ˜︁DBFOF33/C can be extracted. Figure 3.51 (a) depicts the
squared penetration depths for each isothermal experiment together with the linear fits
for the extraction of the diffusion coefficients which are listed in Table 3.14. The fitting
was performed in the linear regime of the curves, where the interdiffusion processes
are only depending on the thermal activation. The extracted average interdiffusion
coefficients ˜︁DBFOF33/C for each temperature exhibit an Arrhenius type behaviour, presented
in Figure 3.51 (b). The extraction of anion specific interdiffusion coefficients ˜︁DBFOF33/i
was not performed, due to the fact, that the interdiffusion process requires the uniform
exchange of both species, thus it is limited by the slowest diffusing anion. Hence, a
separate evaluation following equation 3.29 and 3.30 would not yield reliable values. The
evaluation of the activation energy resulted in a value of E

a, ˜︁D = 0.46(2) eV, which is
similar to the activation energy found for the reaction rate constant kr (0.47 eV). The
interdiffusion process of oxide and fluoride ions will be governed by the migration of the
slower moving species. Examination of the literature [215, 216] indicates that activation
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Table 3.14.: Average interdiffusion coefficients extracted from the squared penetration
depth plots.

T (°C) 380 400 420 440 460 480˜︁DBFOF33/C (10−13cm2/s) 2.82±0.03 5.45 ±0.05 13.51 ±0.14 21.72 ±0.03 32.94 ±0.16 60.05 ±0.28

Figure 3.51.: (a) Penetration depth over time based on equation 3.30 with linear fits to
extract the diffusion coefficient; (b) Arrhenius plot of the extracted diffusion
coefficients.

enthalpies for oxide-ion migration in oxide perovskites are 0.5 − 1.5 eV, whereas for
halide-ion migration in halide perovskites they are 0.25− 0.54 eV. Our value lies at the
border between the two, so the consideration of the activation enthalpy alone does not
provide an answer. We expect, however, that the lower activation enthalpies for the singly
charged ions will give rise to higher mobilities, and we thus tentatively conclude that the
interdiffusion process is governed by the migration of the slower, doubly charged oxide
ions.

3.4.4. Conclusion

The interdiffusion reaction between BFO and BFOF was studied using isothermal high
temperature in situ XRD experiments. It was possible to extract the relative weight
fractions of the participating phases during the interdiffusion reaction in a satisfying
quality. Hence, the refined phase fractions allowed an extensive evaluation of underlying
kinetic processes. The calculation of an average activation energy assuming a first order
reaction was performed and found to be Ea,BFOF33 = 0.47(1) eV.
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By fitting the JMA model to the experimental data, the formation kinetics of the diffusion
process supported the assumption of diffusion controlled process with grain boundaries
serving as crystallization sites with growth direction into the bulk material of the grains.
These findings were in agreement with the results of the crystallite sizes calculated by
the performed Rietveld refinements. The application of the Boltzmann-Matano method
onto the present data, allowed the calculation of an average interdiffusion coefficient. By
assuming step-like concentration profiles for the diffusing oxygen and fluorine anions,
which was supported by the results of the JMA analysis, the derived function of the
root mean-squared penetration depth could be applied. SEM micrographs indicate no
significant particle growth or change in morphology during the isothermal experiments.
Thus, the diffusion length, which was chosen to be the equivalent to the mean grain size,
remained constant and the interdiffusion solely comprises the exchange of oxygen, fluorine
and vacancies. The found average interdiffusion coefficients followed an Arrhenius-like
behaviour allowing the extraction of an activation energy, E

a, ˜︁D = 0.46(2) eV.
The activation energies extracted for the phase formation and interdiffusion suggest the
oxygen ions to be the rate limiting species in this interdiffusion reaction. The precision of
the experiments and thus of the performed analysis can be enhanced by improving the
experimental setup. The increase of measurement speed and the lowering of the signal to
noise ratio of the diffractometer by using synchrotron based techniques would lead to more
accurate Rietveld refinements. However, we show that for suitable model systems, such
kinetic parameters can also be well extracted with laboratory based techniques. Therefore,
this article sheds light on the interdiffusion process of anions, which normally can be
hardly determined by simple diffraction techniques. The new methodology presented
in this work might also be applicable to other material systems, with stoichiometric and
structurally precise intermediate compounds. This would allow for a better understanding
of the underlying processes or it could support findings of additional experiments.
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3.5. Supplemental and additional topics

This section contains pursuing topics which represent follow-u studies rounding up the
findings reported within the publications. Thereby, the focus will lie on questions arising
from the presented work. In order to give an answer or at least an educated guess to these
questions, it is necessary to combine the key findings of the included publications.

3.5.1. Phases inside the system Ba-Fe-O-F

The presented work is motivated and based on the very important fact, that the oxyfluorides
BaFeO2.5−xF2x adopt either the monoclinic P21/m or the cubic Pm3m configuration upon
fluorination at a temperature of 450 °C. In contrast, hexagonal and trigonal configurations
inside the system Ba-Fe-O-F can be formed through direct synthesis with BaO2, Fe2O3 and
BaF2 as precursors, or topochemical fluorination of hexagonal/trigonal oxides, such as 6H-
BaFeO3−δ and 15R-BaFeO3−δ. They will be left out during this discussion and the reader is
kindly referred to literature, e.g. the work by Sturza et al. [180, 217, 218]. Any deviations
from the exact stoichimetry is resolved by the formation of a phase mixture as presented
in [12]. Upon fluorination, the system Ba-Fe-O-F adopts either the monoclinic P21/m
structure with the composition BaFeO2.333F0.333 or the cubic structure Pm3m with the
composition BaFeO2F. Depending on the fluorine stoichiometry BaFeO2.5−x/2Fx, the system
is either a mixture of BaFeO2.5/BaFeO2.333F0.333 for 0 < x < 0.333 or BaFeO2.333F0.333
and BaFeO2F for 0.333 < x < 1. The interdiffusion study in Sec. 3.4 and also the
electrochemical experiments in Sec. 3.2 take advantage from this well defined composition
of different compounds. Especially in Sec. 3.4 it was shown, that no intermediate phase is
formed during the isothermal interdiffusion experiment.
Besides fluorination, as presented in literature and also highlighted in Sec. 3.1, the
system is susceptible towards oxidation with stoichiometries between 2.5 < x < 3. These
oxidized structures can be isotypical to the metastable fluorinated phases. At this point it
may be noted, that the synthesis conditions for the topochemical fluorination are much
more simpler compared to the topochemical oxidation, which require precise tuning
of temperature and oxygen partial pressure or the use of ozone [34]. On the other
hand, the oxyfluoride compounds are metastable at room temperature and decompose at
elevated temperature as presented in Sec. 3.2, Fig. 3.23 and 3.24. They are also resistant
towards further oxidation [175]. BaFeO2.333F0.333 would offer oxygen vacancies, but is
resistant against oxidation (see Sec. 3.2 and Sec. 3.5.4). Another important fact is, that
the topochemical fluorination is purely substitutional, thus, the iron cation maintains a
valence state of 3+, while the oxidation leads to a mixed valency of 3+ and 4+, eventually
to almost purely 4+ in case of BaFeO3.

153



As a base for the further discussion, the cell volume of BaFeO2.5, which is used as the
educt phase for subsequent topochemical reactions, is suitable. This phase has the biggest
volume per formula unit compared to the product phases. Tab. 3.15 lists the volume per
formula unit for a selected range of compounds which are part of the work, except BaFeO3.
Space groups are also given for comparison. First, it is obvious, that the system tends to
reduce its volume with increasing anion content together with an increase in symmetry.
Second, the oxidation leads to much smaller volumes (∆ = 5.1Å

3
(7.5%)) compared to

the oxyfluoride phases (∆ = 0.9Å
3
(1.3%)). The occupation of vacancies and the breaking

of the vacancy ordering leads to the volume decrease. But, as shown in Tab. 3.15, this is
not equally true for oxides and oxyfluorides. The important role plays the ionic radius of
each participating ion inside the compounds (the size of Ba remains equal in all cases and
is thus neglected). The anion O2− (140 pm) is bigger than F− (133 pm), and the cation
Fe4+ (58.5 pm) is much smaller than Fe3+ (65.5 pm), both in high spin state [219]. One
might assume, that Fe4+, due to its electronic configuration of t32ge1g in high spin state,
is responsible for an additional change in volume due to its Jahn-Teller activity and the
subsequent distortion of the coordination polyhedra around it. In contrast, Fe3+ exhibits
an electronic configuration of t32ge2g and is thus not Jahn-Teller active. Surprisingly, BaFeO3

does not show any Jahn-Teller distortion [34, 134, 220], which would result in a symmetry
decrease, and prefers to remain perfectly cubic.
From this, it follows, that BaFeO2.5 is able be oxidized by the introduction of further
oxygen, and thus, the increase of Fe4+ leads to a strong volume decrease, together with
the occupation of oxygen vacancies. In contrast, BaFeO2.333F0.333 and BaFeO2F cannot be
further oxidized by the introduction of fluorine (or oxygen) and the iron cation maintains
a valency of 3+ (see also Sec. 3.5.4 below). This points towards a higher redox potential
for Fe4+ inside oxyfluorides, compared to the pure oxides, where BaFeO2.5 can be oxidized.
However, as seen in Fig. 3.7 a,c, the system is strongly governed by the ordering of its
anion vacancies. Fig. 3.7 a,c emphasizes the conditions at which the vacancy ordered
BaFeO2.667 is stable. Though both structures are vacancy ordered, BaFeO2.5 exhibits the
lower symmetry and the much more complex unit cell. This vacancy ordering seems
to be overcome, if enough activation energy is offered to take up oxygen to adopt the
P21/m (BaFeO2.667) and P63/mmc (BaFeO2.65 or BaFeO2.67) symmetry. During this
oxygen uptake, the unit cell volume is reduced and Fe3+ becomes oxidized to Fe4+ which
possesses a smaller ionic radius and is Jahn-Teller active. A possible Jahn-Teller distortion
leads to an additional reduction of lattice enthalpy additionally to the volume reduction
and symmetry increase. However, both structures become reduced to BaFeO2.5 and adopt
either again the monoclinic P21/c structure or the cubic Pm3m. Fig. 3.7 e indicates the
temperature dependency since an almost linear thermal expansion relation can be seen
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Table 3.15.: Unit cell volume per formula unit VZ and space groups (SG) for selected
topochemically modified phases inside the systems Ba-Fe-O and Ba-Fe-O-F.

System Ba-Fe-O Ba-Fe-O-F
Phase BaFeO2.5 BaFeO2.667 BaFeO2.82 BaFeO3 [34] BaFeO2.333F0.333 BaFeO2F
VZ (Å3) 67.7 66.0 63.5 62.6 67.1 66.8

SG P21/c P21/m P4/mmm Pm3m P21/m Pm3m

between the P21/c and Pm3m structure. Hence, this vacancy ordering may be broken
either by a high oxygen partial pressure or by high temperature/thermal expansion which
relieves the vacancy ordering. From this the conclusion may be drawn that in case of
oxyfluorides the vacancy ordering is responsible for the only three stable configurations
BaFeO2.5F0, BaFeO2.333F0.333 and BaFeO2F1 for x = 0, 0.333, 1.

3.5.2. Group-subgroup relations of the structural changes observed by
topochemical reactions

The cubic perovskite, which is the aristotype of the modifications described in this thesis,
has the space group Pm3m. This structure is either adopted if the anion sublattice is
(nearly) fully occupied as in case of BaFeO3−δ or if the oxygen vacancy ordering inside
BaFeO2.5 is broken at high temperatures. By introducing fluorine into the system, the fully
fluorinated BaFeO2F can be added to the list. The work presented in Sec. 3.4 is based on
the group-subgroup relations between the participating space groups P21/c (BaFeO2.5),
P21/m (BaFeO2.333F0.333) and Pm3m (BaFeO2F). Also the newly found modification of
BaFeO2.667 presented in Sec. 3.1 crystallizes in the space group P21/m and is isotypic
to BaFeO2.333F0.333. By further oxidizing this modification by slow cooling under an
oxygen atmosphere, the compound can be described by the tetragonal space group
P4/mmm and a composition of BaFeO2.81 may be assigned. Thus, for topochemical
oxidation, the phase formation upon heating could be reformulated as P4/mmm →
P21/m → P21/c. Seemingly these transitions between the space groups are governed
by the formation of oxygen vacancy ordering and corresponding changes of the symmetry.
Figure 3.53 and 3.54 show the vacancy ordering (pink connections) inside both monoclinic
structures. The symmetry relations between the compositions BaFeO2.5 (P21/c) [33]
and BaFeO2.333F0.333/BaFeO2.667 (P21/m) [12] and the aristotype BaFeO2F (Pm3m) are
well-described (see also Fig. 3.42). The transition from P21/m to P4/mmmmay be taken
as a cause for a deeper discussion, since P4/mmm can be found in the above mentioned
group-subgroup relations on the branch for P21/c. P4/mmm can also be found on a
branch leading to P21/m. Fig. 3.52 sketches these symmetry relations. However, BaFeO2.5
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Figure 3.52.: Shortened symmetry tree for the cubic aristotype Pm3m and the mono-
clinic subgroups P21/c and P21/m with the corresponding transformation
matrices and with P4/mmm indicated as a possible route for the transition
between both monoclinic phases.

(P21/c) cannot be described as a subgroup of BaFeO2.333F0.333/BaFeO2.667 (P21/m) due
to different translational symmetry. This becomes clear by comparing the transformation
matrices for each structure:

• BaFeO2.5 (P21/c):
(︃

1 0 4 0
−1 2 3 1/2
−1 −2 3 0

)︃
;
√
3|acubic|,

√
8|acubic|,

√
34|acubic|

• BaFeO2.333F0.333/BaFeO2.667 (P21/m):
(︂

2 0 1
−1 1 1
−1 −1 1

)︂
;
√
6|acubic|,

√
2|acubic|,

√
3|acubic|

The monoclinic distortion cannot occur perpendicular to the room diagonal lattice vector
of the cubic aristotype, since the threefold symmetry along this axis in Pm3m can not
be reduced to the twofold symmetry element along the monoclinic axis in either P21/c
or P21/m. In addition, as discussed in Sec. 3.1, the monoclinic axes a and c lie along
different directions with respect to the aristotype structure.
Figure 3.53 and 3.54 depict the anion ordering inside BaFeO2.5 [33] and BaFeO2.333F0.333/
BaFeO2.667 [12], respectively. The ordering of the vacancies (grey balls) is highlighted
with pink channels for each structure and, in case of BaFeO2.333F0.333/BaFeO2.667, the
relaxation of the O4/F4 site (2e) to stabilize the tetragonal coordination of the Fe2
site is additionally indicated by black arrows [12]. The barium atoms are neglected to
highlight the anion coordinations (blue polyhedra) around the iron atoms (blue balls)
and anion vacancies. Inside BaFeO2.5, the vacancies form interpenetrating channels along
the [0 1 1]P21/c and [0 1 -1]P21/c directions with non-connected layers, while inside
BaFeO2.333F0.333/BaFeO2.667, the vacancies ordering occurs along the b-axis in form of
isolated channels. By transforming these directions back into the ideal cubic lattice with
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the above transformation matrices3, one gets:

• BaFeO2.5 →cubic:
(︂−2

0
6

)︂
and

(︂−2
4
0

)︂
• BaFeO2.333F0.333/BaFeO2.667 →cubic:

(︂−1
1
1

)︂
Within the ideal cubic symmetry, the channels within BaFeO2.5 would intersect with those
in BaFeO2.333F0.333/BaFeO2.667 at angles of ∼43°and ∼39°.
From these considerations, the conclusion can be drawn, that in order to transform the
compound BaFeO2.5 into BaFeO2.333F0.333/BaFeO2.667, i.e., P21/c into P21/m, the system
has to undergo a change in symmetry, with loss in the symmetry of the anion sublattice
and maintenance of a high symmetry within the cation sublattice. By the occupation
of the oxygen vacancies, the splitting of the oxygen sites during the phase formation
is reversed, what results in an increase in the symmetry. Afterwards, the monoclinic
distortion occurs again to form P21/m with the new ordering of the vacancies. Above it
was mentioned, that P4/mmm could be found in both branches of the symmetry tree,
thus, could represent the intermediate symmetry of the cation sublattice. But it could also
be possible, that the transition occurs over an orthorhombic phase, since it would require
a lesser increase in symmetry from the monoclinic symmetry.

3.5.3. Oxygen cycling and morphological influences

The TG/DTA experiments in Sec. 3.1 suggest that the system is capable of storing oxygen
and releasing it depending on the thermodynamic conditions, such as temperature and oxy-
gen partial pressure. Thus, this storing behaviour was investigated by TG measurements
by cycling powder (prepared by high temperature NSP) of BaFeO2.5 in a pure oxygen
atmosphere. Complementary, this oxygen uptake and release was studied on symmetri-
cal films of BaFeO2.5 by measuring EIS under pure oxygen atmosphere and cycling the
temperature. The performed cyclic TG measurements exhibited a shift in temperature for
the oxygen uptake and a continuous release of oxygen over the investigated temperature
range compared to the TG measurements presented in Sec. 3.1, i.e. it was indicated that
the O2 uptake/release properties are highly connected to smaller changes induced by the
chosen synthesis parameters.
This synthesis dependence came to attention during the film synthesis in Sec. 3.2, the
hollow-spheremorphology found for NSP-powder synthesized at high temperature (1050 °C)
would not sinter onto the used substrate. To overcome this issue, salt-assisted NSP was
not suitable, since the chlorine prohibited the phase formation of hydrated BaFeO2.5. The
3a⃗monoclinic = a⃗cubicP → a⃗monoclinicP

T = a⃗cubic, with P being the transformation matrix.
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Figure 3.53.: Anion ordering in a 3×3×3 supercell of BaFeO2.5 viewing along (a) a-axis,
(b) b-axis and (c) c-axis. The oxygen vacancies are depicted as grey balls
with pink connections highlighting the formed oxygen vacancy channels. A
detailed list of the atomic positions is given in Tab. C.2.
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Figure 3.54.: Anion ordering in a 3×3×3 supercell of BaFeO2.333F0.333/BaFeO2.667 viewing
along (a) a-axis, (b) c-axis and (c) b-axis. The anion vacancies are depicted
as grey balls with pink connections highlighting the formed oxygen vacancy
channels. Dark red balls indicate the ideal anion position and black arrows
show the displacement after relaxation leading to additional vacancy posi-
tions. A detailed list of the atomic positions is given in Tab. C.1.
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solution was a low temperature NSP process followed by an annealing at 900 °C under
argon which resulted in fine grained powder. This low temperature powder lead to smooth
films, and a similar powder (annealed for 10 h) was also used in the TG experiments
in Sec. 3.1. Fig. 3.55 sketches the step-by-step synthesis routes for all powders and the
subsequent film preparation step together with the crystallite sizes of each product. Due
to this morphology dependency, the results from the cyclic TG and EIS measurements will
be discussed with respect to the crystallite sizes of the used powders and films.
The crystallite sizes were extracted from XRD patterns of the corresponding powders
and are listed in Tab. 3.16. As a result of the additional annealing for several hours at
900 °C, the low temperature powder exhibits a bigger crystallite size compared to the
directly synthesized hydrated powder as refined from the XRD patterns in Fig. 3.19. A
refinement yields a crystallite size of 7̃4 nm and 2̃4 nm for the powders synthesized at
low and high temperatures, respectively, while the powder used in Sec. 3.1, which was
annealed for 10 h, exhibits a crystallite size of 64 nm. Thus, the used powders differed in
morphology, fine grained vs. hollow-sphere, and crystallite size. The heat treatment and
the accompanied increase in crystallite size may play a crucial role.
Phase formation and changes in crystal properties can directly be related to crystallite
sizes [221–225]. In case of zirconia, it was proposed by Garvie [221, 222] that the
tetragonal phase can be stabilized and the transition temperature to monoclinic be shifted.
This stabilization may be due to the lower surface free energy of the tetragonal phase,
which dominates the overall energy term if the particle is sufficiently small. According
to him, this crystallite size would be 300 Å. Based on thermodynamic requirements, the
following relation is established at the transition temperature [226, 227] for two phases
M1 and M2:

(GM1 −GM2) + (SM1γM1 − SM2γM2) + (VM1 − VM2) = 0 (3.31)

where G, S, γ and V are the free energy, molar surface, surface energy and strain energy
of the phases, respectively. But it was shown, that also other factors, such as the availability
of nucleation sites, may play a role, and it was always assumed, that the transformation
inside zirconia is of martensitic nature. In the present case during the phase transitions,
diffusion occurs when the oxygen from atmosphere is incorporated into the lattice and
transported into the particles, while iron is oxidized, and vice versa. The redox reaction
may be included in the first term, since the redox potential is an intrinsic factor and
independent of the crystallite size. Further, no information is available on the strain
energy of BaFeO2.5 and BaFeO2.667. But it can be assumed, that above the phase transition
temperature, the free energy term is positive. From this it follows, that the second term,
the surface energy term, must be negative in order to satisfy Eqn. 3.31 (by neglecting
the third term). In Sec. 3.5.1 it was discussed, that BaFeO2.667 possesses a smaller cell
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Figure 3.55.: Schematical synthesis route for the preparation of low and high temperature
NSP powder and the subsequent film preparation. For both powders and
the film the crystallite size and the synthesis temperature are given.
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Table 3.16.: Crystallite sizes of the investigated sample powders and films depending on
the synthesis temperature.

LT powders HT powder film
(700 °C, 20 h annealing) (700 °C, 10 h annealing) (1050 °C)

Crystallite size (nm) 74(3) 64(4) 24(2) 64(3)

volume per formula unit than BaFeO2.5. Assuming that the BaFeO2.667 (P21/m) phase
exhibits a much smaller surface energy than BaFeO2.5 (P21/c), it could be concluded, that
the smaller the crystallite size, the higher the phase transition temperature for the phase
transition P21/m → P21/c due to a possible phase stabilization by energy minimization.
In the following, the results of TG/DTA, EIS and XRD will be discussed on the background
of the crystallite sizes of each powder/film.
The results of cyclic TG and EIS of directly synthesized NSP powder with a crystallite size
of 2̃4 nm, which was annealed for 1 h under argon at 900 °C prior to the measurement,
will be presented and compared to the low temperature powder (crystallite size 64 nm,
annealing time 10 h).
TG/DTA measurements in Sec. 3.1 under pure oxygen for the low temperature powder
have shown that the oxygen stored inside BaFeO2.667 is released over a very broad tem-
perature range between 360 – 520 °C to only minor extents (about 0.2 % mass loss),
by maintaining the P21/m symmetry as confirmed by in situ XRD, thus, the released
oxygen must lead to defects inside the anion-ordered lattice. Above 450 °C, a gradual
transformation under further release of oxygen to BaFeO2.5 (P21/c) is observed, and this
phase becomes the main phase at 525 °C, according to the XRD data in Figure 3.7 a. The
peculiarity of the TG measurement in Fig. 3.8 is the sudden release of oxygen and the
transformation back to BaFeO2.5.
Figure 3.56 shows two cyclic TG measurements for BaFeO2.5/BaFeO2.81 for three cycles
between 420 and 650/750 °C each under pure oxygen including the heating and cooling
process. The TG measurement presented in Fig. 3.8 is given as a reference (dashed grey
line). It is evident, that BaFeO2.5 is oxidized up to BaFeO2.667 around 375 °C showing a
local maximum. Afterwards the sample releases oxygen with increasing temperature up
to 650 °C and takes it up again during cooling to 420 °C (∆ ≈ 0.45%). The hysteresis
observed results from less oxygen released than incorporated. The mean mass differ-
ence during heating, i.e. oxygen release, is around 0.31 % while 0.36 % mass is gained
during cooling, i.e. oxygen uptake. After the cycling process, the hysteresis leads to a
difference of 0.3 % in mass at 375 °C. Upon cooling to RT, the sample takes up further
oxygen, which points towards the formation of BaFeO2.81. In the beginning of the second
measurement, the sample mass drops down to BaFeO2.667 following the oxygen uptake
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process during cooling of the prior measurement. The upper temperature limit was raised
to 750 °C in order to increase the insight into the materials behaviour. Besides their cyclic
trajectories, both measurements deviate strongly from the reference measurement. The
sudden release of oxygen at around 500 °C could not be observed and the oxygen is
released more continuously over the investigated temperature range. In addition, the
mass hysteresis observed points towards an incomplete release of oxygen which means,
that the incorporated oxygen partially remains in the lattice.
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Figure 3.56.: Cyclic TG measurement of BaFeO2.5 prepared by NSP at 1050 °C under pure
oxygen between 420 and 650 °C. The start of the measurement is marked
with a star and the end with a diamond. Dotted and dashed lines are guides
for the eye to highlight important features. The cyclic measurement is
compared to the TG measurement presented in Sec. 3.1. For both powders
the crystallite size (CS) and the synthesis temperature (NSP-T) are given.

To investigate the electrical properties of BaFeO2.5 and BaFeO2.667 during this oxygen
release/uptake, cyclic impedance spectroscopy measurements were performed in the
temperature range between 440 and 540 °C on a porous symmetrical film. A porous
film offers the advantage of a more homogeneous of uptake and release of oxygen and
it can compensate any strains arising from volume differences during the experiments
due to its porosity compared to a dense pellet. Figure 3.57 shows the recorded area
specific resistances (ASR) of a symmetrical BaFeO2.667 film on a YSZ8 button substrate
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Figure 3.57.: Area specific resistance of a four-times cycled symmetrical film of BaFeO2.5

and BaFeO2.667. The heating and cooling ramps are indicated by solid and
hollow symbols, respectively. The dashed line highlights the non-linear
behaviour of the area specific resistance.

during four cycles under an oxygen atmosphere. The film differs in terms of morphology
and crystallite size from the powder used for TG. The film consists of a network-like
structure (compare Fig. 3.25) with a volume weighed crystallite size of roughly 64 nm
(from XRD). Nyquist and Bode plots and the corresponding fits are shown in Figure D.1
and D.2. The dashed line shown in Figure 3.57 indicates the non-linear behaviour of the
material even at the 4th cycle. A hysteresis in the area specific resistance can be observed
similarly to the TG measurements: at 420 °C the difference in ASR from the first to last
measurement is 662 Ωcm2 and at 540 °C 118 Ωcm2. The hysteresis comes with a small
increase in cell volume and crystallite size, from 66.02 Å³/f.u. to 66.39 Å³/f.u. and 64 nm
to 81 nm before and after the impedance measurement (see Table 3.17, film was quenched
from 420 °C), respectively, derived from XRD measurements before and after thermal
cycling (see Figure 3.58). The results from the TG, impedance measurements and XRD
suggest a reversibility of the oxygen release and uptake. However, the hystereses observed
in mass, ASR and volume uncovered during the investigations indicate a remaining of
oxygen inside the lattice, what makes this redox process only partial reversible. The TG
measurement of the first cycle in Fig. 3.56 suggests a residual amount of oxygen in the
phase BaFeO2.667+0.013 based on a mass difference of 0.35 %. The difference in mass before
and after the TG cycling reveals that the incorporated oxygen is not released completely
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Figure 3.58.: XRD of symmetrical films of BaFeO2.667 on YSZ8 coated with Au electrode,
recorded before (a) and after (b) the high temperature impedance spec-
troscopy under oxygen. The * indicates a slight impurity of BaCO3.

and remains inside the lattice. On the other side, the XRD patterns of the films before
and after the cyclic EIS measurements show an increase in crystallite size (see Tab. 3.17),
which suggests that the remaining oxygen may be utilized for occupying defects in bulk
and grain boundaries. The non-linear behaviour of the ASR may be attributed to the chem-
ical changes inside the material, which arise from the formation and breaking of bonds
together with a lattice relaxation, as it was observed during the HT-XRD (Figure 3.7 e).
This response highlights the presence of oxygen incorporation/release accompanied by a
decrease in activation energy for the oxygen ion conduction as shown in Sec. 3.2 most
likely triggered by the phase changes between BaFeO2.5 (P21/c) and BaFeO2.667 (P21/m)
and the flexibility of the lattice during those. On the other side, the observed hysteresis
points towards a pinning of oxygen ions on their sites what leads to an overall lowered
oxygen ion conduction with increasing amount of oxygen ions incorporated into the lattice
as seen in the TG measurement. In addition, the phase transitions performed during
each cycle lead to a repetitive volume change which may be detrimental to the structural
integrity of the porous film.
The above made observations could be used to engineer a suitable material for electro-
catalytic or oxygen storage applications by choosing the right morphology. As discussed
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in Sec. 3.1 (see also the dashed line in Fig. 3.56), BaFeO2.5 is capable of storing 0.08 O2

by oxidation to BaFeO2.667 up to a high temperature of 475 °C, with traces of BaFeO2.667

inside the powder up to 700 °C. In addition, a second oxygen storage regime was observed
at even higher temperatures of 750 °C to 950 °C, involving the reconstructive phase
transition to the hexagonal modification. The precise oxygen uptake and release tempera-
tures, coupled with the well-defined stoichiometric amount of oxygen during this process,
would make this kind of BaFeO2.5/BaFeO2.667 redox couple, i.e. Fe3+/Fe4+, a suitable
candidate for chemical looping with oxygen uncoupling reactions (CLOU) [228–230]. But
it was previously reported that Ba-Fe-O based perovskites are susceptible for a passivation
by adhesion of CO2. The exchange of lattice oxygen and the atmosphere is completely
suppressed upon the formation of a passivation layer of adhesive CO2 [231, 232]. Thus,
there would be more experiments required to proof the performance related to this type of
topochemical oxygen uptake/release between BaFeO2.5 and BaFeO2.667. But also the mass
hysteresis observed in the cycling TG and EIS experiments has to be further investigated.
Concluding it can be stated, that the crystallite size influences the reactivity of BaFeO2.5

and BaFeO2.667. A lower crystallite size leads to a shift in the transition temperature from
BaFeO2.5 and BaFeO2.667, but also the release kinetics of oxygen are changed, as it was
discussed in the TG analysis above. In addition, the lower crystallite size prevented the
sintering between BaFeO2.5 and the YSZ8 electrolyte. This can be connected to the discus-
sion around Eqn. 3.31 and suggests a shift of the phase transition BaFeO2.667 →BaFeO2.5

to higher temperatures due to a minimization of the the surface energy. However, it
could not be explained why BaFeO2.667 releases oxygen over a broad temperature range,
though, the sharp phase transition observed for the powder with a crystallite size of 64 nm
was not present for the smaller sized powder (crystallite size of 24 nm). An inhomo-
geneous distribution of crystallite sizes may be the reason, but from Fig. 3.56 it can be
seen that the slopes of both measurements in the temperature range 350 to 500 °C is
similar, i.e. the mass loss is the same for both crystallite sizes. Also the phase transition
BaFeO2.5/BaFeO2.667 occurs at higher temperatures for the smaller sized powder, which
may be attributed to an increased activation energy of the phase transition. These findings
are counterintuitive since a smaller crystallite size should favour kinetical processes, which
appears to be outweighed by the energy minimization of the system.

3.5.4. Reduced fluorine doping

The work presented in Sec. 3.2 brings up a very critical and consequential question
with respect to literature. It is assumed, that only a little amount of fluorine as a
dopant is needed for improving the properties of an oxygen ion conductor in ones
favour, and more important, too much fluorine leads to reversed effect [20]. In this
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Table 3.17.: Lattice parameter and volume weighed crystallite sizes of BaFeO2.667 before
and after the cyclic impedance spectroscopy. The volume per formula unit
Vf.u. is given related to the volume of one BaFeO2.667±d unit.
a (Å) b (Å) c (Å) β (°) Vf.u. (3) LV ol(IB) (nm) strain ϵ0 (·10−4)

Before 10.118(1) 5.644(1) 6.942(1) 92.30(1) 66.02(1) 64(3) 3.4(3)
After 10.138(1) 5.654(1) 6.954(1) 92.19(1) 66.39(1) 81(5) 5.2(5)

study, La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) was fluorinated to La0.6Sr0.4Co0.2Fe0.8O2.95−δF0.05
(LSCFF0.05) and La0.6Sr0.4Co0.2Fe0.8O2.9−δF0.1 (LSCFF0.1). The lesser fluorinated sam-
ple LSCFF0.05 exhibited a significant performance increase (∼50 %), while LSCFF0.1
exhibited a higher area specific resistance (ASR) with a slight decrease in performance. In
Sec. 3.2, comparably high amounts of fluorine were chosen as dopants, but the formed flu-
orinated phases were not susceptible to further oxidation and showed phase stability until
their degradation/decomposition temperature. However, the important question is, how a
lower amount of fluorine would affect the properties of a BaFeO2.5−x/2Fx (x < 0.333) film.
First, as already discussed in literature [12] and throughout this work, e.g. especially in
Sec. 3.4, the cubic perovskite-type system Ba-Fe-O forms either the monoclinic or the cubic
phase upon fluorination which possess a well-defined fluorine content. As a result, one
can expect a cathode compound based on a lower level of fluorination to be a composite
of BaFeO2.5 and BaFeO2.333F0.333. The question is, whether this composite combines the
conduction properties found for the individual phases in Sec. 3.2, e.g. no significant
improvement of properties may be observed for this composite, or if an improvement can
be observed by overcoming the surface and bulk limitations due to beneficial influences of
fluorination postulated by literature.
In analogy to the study in [20], a symmetrical film with a lesser fluorine stoichiometry
than in BaFeO2.333F0.333 was prepared and investigated. The following evaluation will be
given on a qualitative base. The preparation was done according to the powder and film
synthesis presented in Sec. 3.1 and Sec. 3.2. The fluorination agent for the fluorination
via interdiffusion (see Sec. 3.2) was a mixture of BaFeO2.5 and BaFeO2.333F0.333 with
overall composition BaFeO2.43F0.14. As expected, the XRD in Fig. 3.59 a of the as-prepared
film confirms the composition of the composite and BaFeO2.5 and BaFeO2.333F0.333 are
identifiable independently prior to the impedance measurement. Fig. 3.59 b shows the
composite film after the impedance measurement after cooling down to RT. The monoclinic
BaFeO2.5 turned into the tetragonal BaFeO2.81 and only slight changes in BaFeO2.333F0.333
are visible which may be attributed to residual BaFeO2.667. From the XRD data a weight
percentage ratio of 38 % BaFeO2.333F0.333 to 62 % BaFeO2.5 can be estimated, which results
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Figure 3.59.: XRD of the composite film before (a) and after (b) the electrical impedance
measurement (c). The composite (red circles) is compared to a pure oxide
film (black squares).

in a stoichiometric amount of fluorine of BaFeO2.435F0.134. This relative quantification
highlights the good stoichiometry transfer forced by the concentration gradient between
powder and film, even though the mass of the symmetrical film is comparably low in
contrast to the powder used for the interdiffusion. Fig. 3.59 c compares the results of
an electrochemical impedance spectroscopy measurement of this composite film with a
purely oxidic BaFeO2.5 film (as presented in Sec. 3.1). It is evident, that the composite
film shows a higher ASR (around 500 Ωcm2) and thus, no improvement of the oxygen
ion conduction can be observed. On the other side, the trajectory of the ASR exhibits less
bending due to oxidation compared to the pure oxide which is fully susceptible towards
the process of oxygen uptake and phase transformation [83]. In conclusion, a film with
a low amount of fluorine comparable to literature [10, 20] could be synthesized. But
the composite film does not show any significantly improved conduction properties and
is still oxidized during the measurement. The results highlight the importance of phase
homogeneity for samples containing low amounts of fluorine.

4The estimation of a reliable weight percentage is not possible due to the layered structure of the film.
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4. Conclusion

Within this work, different topochemically modified compounds of the perovskite system
Ba-Fe-O-F were presented and studied in terms of kinetic and electrochemical properties.
Thereby, the work focussed heavily on the synthesis of these topochemically modified
compounds highlighting the importance of synthesis conditions and simultaneously devel-
oping a new technique for topochemical fluorination. A key result of this work was the
investigation of the interdiffusion kinetics and thermodynamics which allowed for a better
understanding of electrocatalytic properties. In the following, the main conclusions will
be summarized.
Besides the topochemical fluorination, the topochemical oxidation of BaFeO2.5 lead to
the discovery of a yet undescribed modification of an oxygen vacancy ordered compound
BaFeO2.667, which was found to be isotypic to BaFeO2.333F0.333. A peculiarity of the ox-
idized BaFeO2.667 phase is the tetrahedrally coordinated Fe4+ cation, which is unusual
for a perovskite-type oxide derived from the cubic aristotype. On the other hand, the
high temperature studies under oxygen and ambient atmosphere yielded new insights
into phase formations and their stabilities inside the Ba-Fe-O system. A low temperature
oxidation of BaFeO2.667 lead to the formation of the even higher oxidized tetragonal
modification BaFeO2.81.
The system Ba-Fe-O was chosen as a model system due to its well-defined structures formed
upon fluorination, namely BaFeO2.333F0.333 (P21/m) and BaFeO2F (Pm3m). Porous sym-
metrical films of BaFeO2.5 were synthesized and topochemically fluorinated to prepare
the compounds BaFeO2.333F0.333 and BaFeO2F. Electrochemical impedance spectroscopy
revealed a surface limited conduction process for BaFeO2.333F0.333 with no significant
conduction increase, compared to BaFeO2.5, which exhibited bulk-limitation. This shift in
limitations was attributed to a reduction of available oxygen ion vacancies, but also to the
change in bond characteristics due to the incorporation of fluorine. On the other side, full
fluorination to BaFeO2F lead to a detrimental effect on the conductivity increasing the
ASR by several order of magnitudes.
In comparison to the highly porous films, epitaxial films of BaFeO2.5 and BaFeO2F were
grown by PLD on STO substrates. The aim was to investigate possible structural properties
of the FeO4F2 octahedron. However, the fluorination lead to a relaxation of the already
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strained lattice forming an almost perfect cubic structure. This also lead to a homogeneous
distribution of spin domains inside a G-AFM ordering. But it could be concluded, that the
FeO4F2 octahedron exhibited a trans-configuration of the fluorine anions.
Finally, the interdiffusion kinetics and thermodynamics of the interdiffusion reaction
between BaFeO2.5 and BaFeO2F were investigated yielding new insights into this process.
The key technique inside this study were isothermal high temperature diffraction experi-
ments coupled with Rietveld refinements for monitoring the phase fractions during the
reaction. By this, the fluorine and oxygen exchange could indirectly be tracked due to the
distinct formed phases. The reaction was found to be of first order and the crystallization
process was controlled by the diffusion process. The adaptation of the Boltzmann-Matano
method to this special experiment made it possible to calculate an interdiffusion coefficient
which suggested the doubly charged oxygen anion to be the rate limiting species of the
interdiffusion process.
Throughout the thesis, the range of observed symmetries was limited to P21/c (BaFeO2.5),
P21/m (BaFeO2.333F0.333/BaFeO2.667), P4/mmm (BaFeO2.81) and Pm3m (BaFeO2F) de-
pending on the occupation of the anion sublattice. The monoclinic phases are subgroups
of the aristotype cubic structure, while the tetragonal P4/mmm can be found within the
symmetry trees. This symmetry relations were discussed on the base of group-subgroup
relations and the involved ordering of oxygen vacancies.
Further it was found, that the crystallite size and powder morphology played an important
role for the phase stabilization and sintering behaviour. It could be shown, that the smaller
crystallite size shifted the phase formation of BaFeO2.667 to higher temperatures and
hindered the reduction back to BaFeO2.5. Also the preparation of highly porous films
required a precursor powder with fine-grained morphology and a higher crystallite size.
Finally, the preparation of a symmetrical filmwith a fluorine stoichiometry of BaFeO2.435F0.13
was prepared by interdiffusion to investigate the impact of an even lower fluorine content.
The film turned out to be a composite between BaFeO2.5 and BaFeO2.333F0.333. Electro-
chemical impedance spectroscopy showed no performance increase, since the limitations
of each phase were still present. Further, the BaFeO2.5 inside the composite was oxi-
dized during the measurements, while the BaFeO2.333F0.333 remained unaffected, again
highlighting the stability of the fluorine phase.
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5. Outlook

The presented work offered new insights into oxyfluorides, but also highlighted the
influence of vacancy ordering. The motivation of this work was to investigate the impact
of topochemical fluorination onto electrochemical properties of the model system Ba-
Fe-O. Simultaneously, efforts were made to achieve a deeper understanding of fluorine
(inter)diffusion based on the chosen model system. The technique presented in Sec. 3.4
may be adopted for other compounds to study the (inter)diffusion kinetics under the
precondition of well identifiable phases. A possible candidate for this investigation would
be the system LaSrMnO4Fx (x = 0, 1, 2), which crystallizes in a tetragonal K2NiF4 structure
and can be used as cathode material for fluoride ion batteries [209]. In contrast to the
interdiffusion within this work, the diffusion reaction in LaSrMnO4Fx (x = 0, 1, 2) contains
the exchange of fluorine and electrons. A diffusion reaction also includes the oxidation
of Mn3+ to Mn4+ and Mn5+ in case of LaSrMnO4F1 and LaSrMnO4F2, respectively. This
diffusion reaction can be formalized by

LaSrMnO4 + F− → LaSrMnO4F+ e− (5.1)
LaSrMnO4F2 + e− → LaSrMnO4F+ F− (5.2)

⇒ LaSrMnO4 + LaSrMnO4F2 → 2 LaSrMnO4F . (5.3)

The K2NiF4 structure of LaSrMnO4Fx (x = 0, 1, 2) can be described by alternating layers
of perovskite units (ABX3) and rock salt units (AX) along the c-axis forming huge inter-
stitial positions which can be occupied by anions. Depending on the degree of fluorination,
the unit cell elongates along the c-axis. Thereby, the fluorine is inserted into the interstitial
sites filling first one layer between perovskite and rock salt units and then the second if
further fluorinated. This two-step fluorination behaviour comes with a symmetry lowering
and subsequent increase from I4/mmm to P4/mmm and back to I4/mmm.
The findings and understandings of Sec. 3.2 could now be applied on other systems
like the Ba-Sr-Co-Fe-O system, which is a promising candidate for SOFC applications.
Recent advances in literature found stable oxyfluoride compounds using the topochem-
ical fluorination route [233–235]. However, the topochemical fluorination route via
interdiffusion established in Sec. 3.2 may enable the preparation of otherwise unex-
plored metastable compounds. At this point it may be noted, that the optimization of
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the successfully engineered films was not an important part of this work. Hence, an
improvement of the synthesis conditions may lead to better conduction performances,
like the degree of film porosity and the crystallite size. But also the influence of the
interface between the YSZ substrate and the porosity was not yet investigated. It was
reported that the addition of electrolyte material to the film may decrease the ASR sig-
nificantly [7]. Further, a combination of cation and anion doping of the Ba-Fe-O system
should be considered. It was reported that Y [236] and Sn [237] improve the structural
stability and electrocatalytic performance. In addition, the chosen synthesis method for
the starting powders, the NSP process, proved to be an excellent method for producing
phase pure BaFeO2.5. A next step would be to attempt to directly synthesize fluorinated
phases of promising oxide candidates, e.g. Ba0.5Sr0.5Co0.2Fe0.803−y−δFy. Other methods,
like nitrate-citrate or sol-gel methods, have shown to be able to produce highly crystalline
oxyfluorides: Ba0.5Sr0.5Co0.2Fe0.802.9−δF0.1 [238], BaCo0.4Fe0.4Zr0.1Y0.1O2.95−δF0.05 [234],
LaBa0.5Sr0.5Fe2O5.875−δF0.125 [235], and more [239, 240]. In these methods, the fluorine
was introduced by adding the low soluble BaF2 or SrF2, which would also be an issue for
the NSP process, where in principle the nitrate-salts of the metal cations are dissolved in
an aqueous solution.
This work boosted the understanding of fluorination and the thermodynamics of inter-
diffusion, but also the role of oxygen vacancy ordering and symmetry relations could be
highlighted. In addition, the utilized synthesis techniques could enable the preparation
and finding of further oxide and oxyfluoride phases in complex systems.
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Figure A.1.: EIS sample holder.

Fig. A.1 shows a graphical representation of the sample holder manufactured for the
high temperature impedance spectroscopy measurements. The project was conducted in
accordance with Jochen Rank and Michael Weber of the workshop. Materials used are
indicated within the drawings. The experimental conditions required the usage of high
performance materials.
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B. TOPAS INP Example

In the following, a commented example INP file for TOPAS 6 will be presented. This INP
file was used during the analysis in Sec. 3.4. The file allowed the refinement of a set
of about 300 XRD patterns in a short time combined with the extraction of the desired
parameters, such as lattice parameters, weight fractions of the observed phases, crystallite
sizes, sample displacement and Rwp values. Similar INP-files were used in Sec. 3.1

Input file

r_exp 15.72714833 r_exp_dash 44.41053135 r_wp 16.06194152 r_wp_dash 45.35592
484 r_p 12.48470217 r_p_dash 46.33541329
weighted_Durbin_Watson 1.935055174 gof 1.021287597
iters 100000 ’iterations the refinement is running
do_errors
chi2_convergence_criteria 0.000001

’—————-
’Setting a list of cell parameters (prm) for each phase
’—————-
’BaFeO2.5

prm a_monoclinic 7.012079158 min =7; max =7.04; update = Val + Change;
prm b_monoclinic 11.75933297 min =11.75; max =11.816; update = Val + Change;
prm c_monoclinic 23.56297285 min =23.532; max =23.6; update = Val + Change;
prm be_monoclinic 98.97225088 min=98.90; max=99.1; update = Val + Change;
prm sc_monoclinic 8.399426949e-008 min =1e-10; max =15e-8; update = Val + Change;

’BaFeO2F
prm a_cubic 4.080132705 min =4.07; max =4.09; update = Val + Change;
prm sc_cubic =3.034023917e-005; min =1e-7; max =1e-4; update = Val + Change;

’BaFeO2.333F0.333
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prm a_oxyfluorid 10.10520876 min =10.100; max =10.16; update = Val + Change;
prm b_oxyfluorid 5.690618311 min =5.67; max =5.76; update = Val + Change;
prm c_oxyfluorid 6.988258929 min =6.9; max =7.03; update = Val + Change;
prm be_oxyfluorid 93.33983537 min =92.9; max =93.34; update = Val + Change;
prm sc_oxyfluorid 6.79337935e-008 min =1e-9; max =8e-6; update = Val + Change;

’—-additional parameters for the refinement—-
prm sd -0.257524692 min =-0.28; max =0; update = Val + Change;

prm beq -0.08 min=-3; max=1.5; update = Val + Change;

prm csl 100 min=80; max=10000; update = Val + Change;
prm csg 100 min=80; max=10000; update = Val + Change;

prm rn = Run_Number;

num_runs 300

’—————-
’Setting the output commands. First the file, then the data (parameter+output format)
’—————-
out 380dC_results1.txt append
Out(rn,”%5.0f”) Out(a_monoclinic,”%12.6f”,”%12.6f”) Out(b_monoclinic,”%12.6f”,”%
12.6f”) Out(c_monoclinic,”%12.6f”,”%12.6f”) Out(be_monoclinic,”%12.6f”,”%12.6f”)
Out(v_monoclinic,”%12.6f”) Out(sc_monoclinic,”%24.20f”) Out(wp_monoclinic,”%12.6f
”,”%12.6f”) Out(a_cubic,”%12.6f”,”%12.6f”) Out(v_cubic,”%12.6f”) Out(sc_cubic,”%24.
20f”) Out( wp_cubic,”%12.6f”,”%12.6f”) Out(a_oxyfluorid,”%12.6f”,”%12.6f”) Out(b_
oxyfluorid,”%12.6f”,”%12.6f”) Out(c_oxyfluorid,”%12.6f”,”%12.6f”) Out(be_oxyfluo-
rid,”%12. 6f”,”%12.6f”) Out(v_oxyfluorid,”%12.6f”) Out(sc_oxyfluorid,”%24.20f”) Out
(wp_oxyfluorid,”%12.6f”,”%12.6f”) Out(sd,”%12.6f”) Out(csl,”%7.1f”) Out(beq,”%12.6f”
,”\n”)

out 380dC_rwpgof.txt append
Out(Get(r_wp),”%6.2f”) Out(Get(gof),”%6.2f”,”\n”)

’—————-
’Loading of the XRD pattern
’—————-
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xdd X:\Stephan\Kinetik\380dC\380dc_100h.raw
r_exp 15.72714833 r_exp_dash 44.41053135 r_wp 16.06194152 r_wp_dash 45.35592484
r_p 12.48470217 r_p_dash 46.33541329
weighted_Durbin_Watson 1.935055174 gof 1.021287597
range Run_Number
bkg @ 28.03056718 -1.2073219 6.333183325 3.194204838 1.879289311
LP_Factor( 0)
Specimen_Displacement(sd, -0.257524692)
Rp 217.5
Rs 217.5
Slit_Width(!rsw, 0.11967566)
Divergence(!fds, 0.6478928122)
Tube_Tails(!srcw, 0.1409275773,!z1, -3.136468684,!z2, 3.052708582,!fraction,
0.001156089397_LIMIT_MIN_1e-005)
axial_conv
filament_length 12
sample_length 15
receiving_slit_length 12
primary_soller_angle !soller 3.107907286
secondary_soller_angle =soller; : 3.107907286
axial_n_beta 30
User_Defined_Dependence_Convolution(lor_fwhm, 1/Cos(Th) , , 0.01249402572)
User_Defined_Dependence_Convolution(gauss_fwhm, 1/Cos(Th) , , 0.01259960982)
User_Defined_Dependence_Convolution(lor_fwhm, Tan(Th) , , 0.01783736219)
lam
ymin_on_ymax 0.001
la =1-a2-a3; : 0.6630149801 lo 1.540596 lh !lor 0.1677946017
la !a2 0.3354152679 lo 1.544443 lh =lor+0.125; : 0.2927946017
la !a3 0.001569751969_LIMIT_MIN_1e-005 lo 1.392 lh =lor; : 0.1677946017
’—————-
’Loading of structures used for refinements
’—————-
str
LVol_FWHM_CS_G_L( 1, 229.7566414, 0.89, 321.2017906,(csg),
1410.072299_LIMIT_MIN_0.3,(csl), 360.9008884)
r_bragg 2.403229492
phase_MAC 264.752421
phase_name ”barium ferrite”
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MVW( 6528.774, 1927.839614, 0.006495399846)
prm wp_monoclinic =Get(weight_percent);
prm v_monoclinic =Get(cell_volume);
space_group P121/c1
scale =sc_monoclinic;
Phase_LAC_1_on_cm( 1488.846996)
Phase_Density_g_on_cm3( 5.623544408)
a = a_monoclinic;
b = b_monoclinic;
c = c_monoclinic;
be =be_monoclinic;’ min =98.9; max =99.1;
site Ba1 num_posns 4 x 0.0546 y 0.3517 z 0.1145 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba2 num_posns 4 x 0.25 y 0.6141 z 0.3283 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba3 num_posns 4 x 0.1431 y 0.1304 z 0.3215 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba4 num_posns 4 x 0.3257 y 0.6328 z 0.0379 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba5 num_posns 4 x 0.0547 y 0.6176 z 0.6001 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba6 num_posns 4 x 0.5603 y 0.3549 z 0.2558 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba7 num_posns 4 x 0.3544 y 0.1102 z 0.0364 occ Ba+2 1 beq =beq; : -0.0501627404
site Fe1 num_posns 4 x 0.5249 y 0.3531 z 0.1038 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe2 num_posns 4 x 0.3848 y 0.5816 z 0.186 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe3 num_posns 4 x 0.062 y 0.3996 z 0.2595 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe4 num_posns 4 x 0.1739 y 0.1525 z 0.4707 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe5 num_posns 4 x 0.4359 y 0.3817 z 0.3988 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe6 num_posns 4 x 0.2707 y 0.1045 z 0.1746 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe7 num_posns 4 x 0.1458 y 0.6217 z 0.4644 occ Fe+3 1 beq =beq; : -0.0501627404
site O1 num_posns 2 x 0 y 0 z 0 occ O-2 1 beq =beq; : -0.0501627404
site O2 num_posns 4 x 0.2972 y 0.7097 z 0.1485 occ O-2 1 beq =beq; : -0.0501627404
site O3 num_posns 4 x -0.0628 y 0.277 z 0.2271 occ O-2 1 beq =beq; : -0.0501627404
site O4 num_posns 4 x 0.0382 y 0.0449 z 0.4273 occ O-2 1 beq =beq; : -0.0501627404
site O5 num_posns 4 x 0.008 y 0.2474 z 0.0021 occ O-2 1 beq =beq; : -0.0501627404
site O6 num_posns 4 x 0.2954 y 0.5 z 0.4297 occ O-2 1 beq =beq; : -0.0501627404
site O7 num_posns 4 x 0.7133 y 0.2597 z 0.0766 occ O-2 1 beq =beq; : -0.0501627404
site O8 num_posns 4 x 0.0559 y 0.1195 z 0.1079 occ O-2 1 beq =beq; : -0.0501627404
site O9 num_posns 4 x 0.406 y -0.0138 z 0.1436 occ O-2 1 beq =beq; : -0.0501627404
site O10 num_posns 4 x 0.4063 y 0.2443 z 0.147 occ O-2 1 beq =beq; : -0.0501627404
site O11 num_posns 4 x 0.1173 y 0.0036 z 0.2168 occ O-2 1 beq =beq; : -0.0501627404
site O12 num_posns 4 x 0.45 y 0.1263 z 0.2497 occ O-2 1 beq =beq; : -0.0501627404
site O13 num_posns 4 x 0.1944 y 0.4907 z 0.211 occ O-2 1 beq =beq; : -0.0501627404
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site O14 num_posns 4 x 0.5416 y 0.4917 z 0.1449 occ O-2 1 beq =beq; : -0.0501627404
site O15 num_posns 4 x 0.3115 y 0.2406 z 0.4261 occ O-2 1 beq =beq; : -0.0501627404
site O16 num_posns 4 x 0.3596 y 0.3923 z 0.0364 occ O-2 1 beq =beq; : -0.0501627404
site O17 num_posns 4 x 0.2515 y 0.3583 z 0.3225 occ O-2 1 beq =beq; : -0.0501627404
site O18 num_posns 4 x 0.653 y 0.3669 z 0.4636 occ O-2 1 beq =beq; : -0.0501627404

str
LVol_FWHM_CS_G_L( 1, 229.7566414, 0.89, 321.2017906,(csg),
1410.072299_LIMIT_MIN_0.3,(csl), 360.9008884)
r_bragg 1.142321915
phase_MAC 231.2330478
phase_name ”BFOF”
MVW( 269.2919239, 68.26612365, 0.0004985955391)
prm wp_cubic=Get(weight_percent);
prm v_cubic =Get(cell_volume);
space_group Pm-3m
scale = sc_cubic;
Phase_LAC_1_on_cm( 1514.667767)
Phase_Density_g_on_cm3( 6.550394856)
Cubic(=a_cubic; )
site O num_posns 3 x 0.5 y 0.5 z 0 occ O-2 o_O2 0.9921875307_LIMIT_MIN_0.5 min
=0.5; max =1; beq =beq; : -0.0501627404
site Ba num_posns 1 x 0 y 0 z 0 occ Ba+2 1 beq =beq; : -0.0501627404
site Fe num_posns 1 x 0.5 y 0.5 z 0.5 occ Fe+3 1 beq =beq; : -0.0501627404
site F num_posns 3 occ F-1 =1-o_O2; : 0.007812469281 min =0; max =0.5; beq =beq; :
-0.0501627404 x 0.5 y 0.5 z 0

str
LVol_FWHM_CS_G_L( 1, 229.7566414, 0.89, 321.2017906,(csg),
1410.072299_LIMIT_MIN_0.3,(csl), 360.9008884)
r_bragg 2.533414295
phase_MAC 260.9463226
phase_name ”barium iron oxide fluoride”
MVW( 1421.020406, 410.5826738, 0.00263944218)
prm wp_oxyfluorid=Get(weight_percent);
prm v_oxyfluorid =Get(cell_volume);
space_group P121/m1
scale =sc_oxyfluorid;
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Phase_LAC_1_on_cm( 1499.685771)
Phase_Density_g_on_cm3( 5.747104445)
a = a_oxyfluorid;
b =b_oxyfluorid;
c =c_oxyfluorid;
be =be_oxyfluorid;
site Ba1 num_posns 2 x 0.2615 y 0.25 z -0.0223 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba2 num_posns 2 x 0.9129 y 0.25 z 0.7089 occ Ba+2 1 beq =beq; : -0.0501627404
site Ba3 num_posns 2 x 0.5713 y 0.25 z 0.341 occ Ba+2 1 beq =beq; : -0.0501627404
site Fe1 num_posns 2 x 0.2602 y 0.25 z 0.4961 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe2 num_posns 2 x 0.8823 y 0.25 z 0.2302 occ Fe+3 1 beq =beq; : -0.0501627404
site Fe3 num_posns 2 x 0.606 y 0.25 z 0.8474 occ Fe+3 1 beq =beq; : -0.0501627404
site O1 num_posns 2 x 0.769 y 0.25 z 0.028 occ O-2 0.875 beq =beq; : -0.0501627404
site O2 num_posns 2 x 0.5 y 0 z 0 occ O-2 0.875 beq =beq; : -0.0501627404
site O3 num_posns 2 x 0.405 y 0.25 z 0.655 occ O-2 0.875 beq =beq; : -0.0501627404
site O4 num_posns 2 x 0.028 y 0.25 z 0.129 occ O-2 0.875 beq =beq; : -0.0501627404
site O5 num_posns 4 x 0.673 y 0.023 z 0.689 occ O-2 0.875 beq =beq; : -0.0501627404
site O6 num_posns 4 x 0.842 y -0.014 z 0.355 occ O-2 0.875 beq =beq; : -0.0501627404
site F1 num_posns 2 x 0.769 y 0.25 z 0.028 occ F-1 0.125 beq =beq; : -0.0501627404
site F2 num_posns 2 x 0.5 y 0 z 0 occ F-1 0.125 beq =beq; : -0.0501627404
site F3 num_posns 2 x 0.405 y 0.25 z 0.655 occ F-1 0.125 beq =beq; : -0.0501627404
site F4 num_posns 2 x 0.028 y 0.25 z 0.129 occ F-1 0.125 beq =beq; : -0.0501627404
site F5 num_posns 4 x 0.673 y 0.023 z 0.689 occ F-1 0.125 beq =beq; : -0.0501627404
site F6 num_posns 4 x 0.842 y -0.014 z 0.355 occ F-1 0.125 beq =beq; : -0.0501627404
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C. Atomic positions in BaFeO2.5 and
BaFeO2.333F0.333/BaFeO2.667 for Sec. 3.5.2

Table C.1.: Atomic parameters of BaFeO2.333F0.333 [12] used for Fig. 3.54 plus the anion
vacancies.

Atom Wyck. Site x/a y/b z/c
Ba1 2e m 0.2615(2) 1/4 -0.0223(3)
Ba2 2e m 0.9129(2) 1/4 0.7089(3)
Ba3 2e m 0.5713(2) 1/4 0.3410(4)
Fe1 2e m 0.2602(5) 1/4 0.4961(7)
Fe2 2e m 0.8823(5) 1/4 0.2302(6)
Fe3 2e m 0.6060(5) 1/4 0.8474(7)

O1/F1 2e m 0.769(1) 1/4 0.028(2)
O2/F2 2b -1 1/2 0 0
O3/F3 2e m 0.405(2) 1/4 0.655(2)
O4/F4 2e m 0.028(1) 1/4 0.129(2)
O5/F5 4f 1 0.673(1) 0.023(2) 0.689(2)
O6/F6 4f 1 0.842(1) -0.014(2) 0.355(1)
Vac. 2a -1 0 0 0

Vac.ideal 2e m 1/12 1/4 1/3

199



Table C.2.: Atomic parameters of BaFeO2.5 [33] used for Fig. 3.53 plus the oxygen vacan-
cies.

Atom Wyck. Site x/a y/b z/c
Ba1 4e 1 0.0546(9) 0.3517(6) 0.1145(3)
Ba2 4e 1 0.250(1) 0.6141(6) 0.3283(3)
Ba3 4e 1 0.1431(9) 0.1304(6) 0.3215(3)
Ba4 4e 1 0.3257(10) 0.6328(5) 0.0379(4)
Ba5 4e 1 0.0547(11) 0.6176(7) 0.6001(4)
Ba6 4e 1 0.5603(10) 0.3549(6) 0.2558(3)
Ba7 4e 1 0.3544(13) 0.1102(5) 0.0364(4)
Fe1 4e 1 0.5249(8) 0.3531(5) 0.1038(3)
Fe2 4e 1 0.3848(8) 0.5816(4) 0.1860(3)
Fe3 4e 1 0.0620(9) 0.3996(5) 0.2595(3)
Fe4 4e 1 0.1739(10) 0.1525(5) 0.4707(3)
Fe5 4e 1 0.4359(9) 0.3817(5) 0.3988(3)
Fe6 4e 1 0.2707(9) 0.1045(5) 0.1746(3)
Fe7 4e 1 0.1458(11) 0.6217(4) 0.4644(4)
O1 2a -1 0 0 0
O2 4e 1 0.2972(13) 0.7097(8) 0.1485(4)
O3 4e 1 -0.0628(13) 0.2770(8) 0.2271(4)
O4 4e 1 0.0382(14) 0.0449(7) 0.4273(4)
O5 4e 1 0.0080(14) 0.2474(9) 0.0021(5)
O6 4e 1 0.2954(15) 0.5000(9) 0.4297(5)
O7 4e 1 0.7133(14) 0.2597(9) 0.0766(4)
O8 4e 1 0.0559(15) 0.1195(10) 0.1079(5)
O9 4e 1 0.4060(15) -0.0138(9) 0.1436(5)
O10 4e 1 0.4063(13) 0.2443(8) 0.1470(5)
O11 4e 1 0.1173(15) 0.0036(10) 0.2168(5)
O12 4e 1 0.4500(14) 0.1263(9) 0.2497(5)
O13 4e 1 0.1944(16) 0.4907(10) 0.2110(5)
O14 4e 1 0.5416(13) 0.4917(8) 0.1449(4)
O15 4e 1 0.3115(14) 0.2406(10) 0.4261(5)
O16 4e 1 0.3596(16) 0.3923(7) 0.0364(6)
O17 4e 1 0.2515(16) 0.3583(8) 0.3225(5)
O18 4e 1 0.653(2) 0.3669(7) 0.4636(6)
Vac.1 4e 1 0.21400 0.62500 0.82100
Vac.2 4e 1 0.14300 0.75000 0.21400
Vac.3 4e 1 0.07100 0.87500 0.60700
Vac.4 2c -1 0 1/2 0
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D. EIS data for Sec. 3.5.3

Figure D.1.: Electrical impedance spectra (Nyquist and Bode plots) of BaFeO2.667 sym-
metrical films at the temperatures a) 440°C, b) 460 °C and c) 480 °C. The
number denominates the cycle, while h and c indicate heating and cooling,
respectively.
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Figure D.2.: Electrical impedance spectra (Nyquist and Bode plots) of BaFeO2.667 sym-
metrical films at the temperatures a) 500°C, b) 520 °C and c) 540 °C. The
number denominates the cycle, while h and c indicate heating and cooling,
respectively.

202


	Zusammenfassung
	Abstract
	Acknowledgements
	Preface
	Introduction
	SOFC research
	Structure of this work

	Fundamentals
	Perovskite structure
	ABX3 crystal structure
	Jahn-Teller distortion
	Oxygen vacancy ordering
	Topochemical fluorination of perovskite oxides
	Oxygen ion conduction in perovskite materials
	Magnetic properties of perovskite materials

	57Fe Mössbauer spectroscopy
	Principles of diffusion
	Fick's laws of diffusion
	Boltzmann-Matano analysis

	X-ray diffraction
	Generation of diffraction radiation
	Principles of powder diffraction
	Experimental setups for powder XRD
	Intensity and shape of reflections inside powder diffraction patterns
	Thin film X-ray diffraction techniques
	Fundamental parameter approach
	Rietveld Refinement method
	X-ray diffraction and Rietveld refinement within this work

	Electrochemical impedance spectroscopy
	Fundamentals of electrochemical impedance spectroscopy
	Models for SOFC cathodes
	EIS and SOFC models within this work


	Topochemical reactions affecting the anion lattice inside the model system barium ferrate
	Structural and magnetic properties of newly found BaFeO2.667 synthesized by oxidizing BaFeO2.5 obtained via nebulized spray pyrolysis
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments

	On the Impact of the Degree of Fluorination on the ORR Limiting Processes within Iron Based Catalysts: A Model Study on Symmetrical Films of Barium Ferrate
	Introduction
	Experimental
	Results and Discussion
	Conclusion

	Synthesis and characterisation of fluorinated epitaxial films of BaFeO2F: Tailoring magnetic anisotropy via a lowering of tetragonal distortion
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments

	A kinetic study of the interdiffusion of fluorine and oxygen in the perovskite-type barium ferrate system BaFeO2.5-xF2x
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgments

	Supplemental and additional topics
	Phases inside the system Ba-Fe-O-F
	Group-subgroup relations of the structural changes observed by topochemical reactions
	Oxygen cycling and morphological influences
	Reduced fluorine doping


	Conclusion
	Outlook
	EIS sample holder
	TOPAS INP Example
	Atomic positions in BaFeO2.5 and BaFeO2.333F0.333/BaFeO2.667 for Sec. 3.5.2
	EIS data for Sec. 3.5.3

