Topochemical ﬂuorination and deﬂuorination in the context of
ﬂuoride-ion batteries and tuning of magnetic properties
Wissel, Kerstin
(2020)

DOI (TUprints):

https://doi.org/10.25534/tuprints-00013383

Lizenz:
CC-BY-SA 4.0 International - Creative Commons, Attribution Share-alike
Publikationstyp:

Ph.D. Thesis

Fachbereich:

11 Department of Materials and Earth Sciences

Quelle des Originals:

https://tuprints.ulb.tu-darmstadt.de/13383

Topochemical fluorination
and defluorination in the
context of fluoride-ion
batteries and tuning of
magnetic properties

Vom Fachbereich Material-und Geowissenschaften
der Technischen Universität Darmstadt
zur Erlangung des akademischen Titels
Dr. rer.-nat.
genehmigte Dissertation von
Kerstin Wissel, M.Sc.
aus Hanau
1. Gutachter: Prof. Dr. Oliver Clemens
2. Gutachter: Prof. Dr. Peter R. Slater
Tag der Einreichung: 18.06.2020
Tag der Prüfung: 20.08.2020
Darmstadt 2020
D17

Please cite this document as:
URN: urn:nbn:de:tuda-tuprints-133834
URI: https://tuprints.ulb.tu-darmstadt.de/id/eprint/13383
This document is published by TUprints,
TU Darmstadt publication service
http://tuprints.ulb.tu.darmstadt.de/
tuprints@ulb.tu-darmstadt.de
This publication is licensed under a Creative
Commons Attribution-ShareAlike 4.0 International
License (CC BY-SA 4.0).
https://creativecommons.org/licenses/

Erklärung zur Dissertation

Hiermit versichere ich, die vorliegende Dissertation ohne Hilfe Dritter und nur mit den
angegebenen Quellen und Hilfsmitteln angefertigt zu haben. Alle Stellen, die Quellen
entnommen wurden, sind als solche kenntlich gemacht worden. Diese Arbeit hat in gleicher
oder ähnlicher Form noch keiner Prüfungsbehörde vorgelegen.

Darmstadt, den

(Kerstin Wissel)

ii

The presented dissertation summarises in large parts the scientific findings reported in the
following peer-reviewed articles. The provided results have been to a great extent
restructured, rewritten or modified and additions have been applied; however, parts of this
work are excerpts from the original publications. Respective permissions have been granted
by the publishers (see footnotes).

1

Wissel, K.; Dasgupta, S.; Benes, A.; Schoch, R.; Bauer, M.; Witte, R.; Fortes, A. D.;
Erdem, E.; Rohrer, J.; Clemens, O., Developing intercalation based anode materials for
fluoride-ion batteries: topochemical reduction of Sr2TiO3F2 via a hydride based
defluorination process. J. Mater. Chem. A 2018, 6 (44), 22013-22026. a
2

Wissel, K.; Vogel, T.; Dasgupta, S.; Fortes, A. D.; Slater, P. R.; Clemens, O.,
Topochemical Fluorination of n = 2 Ruddlesden-Popper Type Sr3Ti2O7 to Sr3Ti2O5F4 and
Its Reductive Defluorination. Inorg. Chem. 2020, 59 (2), 1153-1163. b
3

Wissel, K.; Heldt, J.; Groszewicz, P. B.; Dasgupta, S.; Breitzke, H.; Donzelli, M.;
Waidha, A. I.; Fortes, A. D.; Rohrer, J.; Slater, P. R.; Buntkowsky, G.; Clemens, O.,
Topochemical Fluorination of La2NiO4+d: Unprecedented Ordering of Oxide and
Fluoride Ions in La2NiO3F2. Inorg. Chem. 2018, 57 (11), 6549-6560. c
4

Wissel, K.; Malik, A. M.; Vasala, S.; Plana-Ruiz, S.; Kolb, U.; Slater, P. R.; da Silva, I.;
Alff, L.; Rohrer, J.; Clemens, O., Topochemical reduction of La2NiO3F2: the first Ni-based
Ruddlesden-Popper n = 1 T’-type structure and the impact of reduction on magnetic
ordering. Chem. Mater. 2020, 32 (7), 3160-3179. d
5

Vasala, S.; Jakob, A.; Wissel, K.; Waidha, A. I.; Alff, L.; Clemens, O., Reversible
Tuning of Magnetization in a Ferromagnetic Ruddlesden–Popper‐Type Manganite by
electrochemical Fluoride‐Ion Intercalation. Adv. Electron. Mater., 2019, 6 (2),
1900974. e

a

Reproduced in part with permission from reference 1. Copyright 2018 The Royal Society of Chemistry.

b

Reproduced in part with permission from reference 2. Copyright 2020 American Chemical Society.

c

Reproduced in part with permission from reference 3. Copyright 2018 American Chemical Society.

d

Reproduced in part with permission from reference 4. Copyright 2020 American Chemical Society.

e

Reproduced in part with permission from reference 5. Copyright 2019 John Wiley and Sons.

iii

Abstract

Within this work, it was demonstrated that topochemical modifications of the anion
sublattices of Ruddlesden-Popper-type oxides An+1BnO3n+1 and derived metastable
oxyfluorides An+1BnO3n+1-xF2x with 0 < x ≤ 2 have a significant influence on the crystal and
electronic structures of the newly synthesised phases. This could be used to effectively tailor
and reversibly tune magnetic properties.
Different non-oxidative, reductive or oxidative modification routes, leading to fluoride
intercalation, exchange and/or deintercalation processes, were investigated. Such
topochemical reactions have been also found to take place upon the electrochemical
fluorination of Ruddlesden-Popper-type oxides in fluoride-ion batteries and have led to the
development of intercalation-based cathode materials. For the development of novel
intercalation-based electrodes, oxyfluorides, obtained via a prior non-oxidative topochemical
fluorination of the respective oxides, were examined concerning their potential use as active
anode or cathode materials. During charging, the use of the oxyfluoride as active anode
material results in defluorination, whereas additional fluorination occurs when the
oxyfluoride contains additional vacancies and is used as active cathode material. For both
cases, the oxyfluoride represents the discharged state of the electrode material. These
additional topochemical modifications of the parent oxyfluorides could be also achieved via
chemical preparation approaches. For the chemical preparation of the anode material in the
charged state, a reductive defluorination method based on sodium hydride was developed.
The additional fluorination was performed using highly oxidising F2 gas. The non-oxidatively
fluorinated oxyfluorides Sr2TiO3F2, Sr3Ti2O5F4 and La2NiO3F2 were modified accordingly. A
focus was set on the defluorination of these phases, since this is related to the development of
intercalation-based anode materials, a field, which has been conceptionally unexplored prior
to this work. However, the structural stability of the oxyfluorides within the electrode
composites was found only for Sr3Ti2O5F2 and La2NiO3F2, of which primarily La2NiO3F2
showed redox activity. This Ni-based phase could be successfully electrochemically
defluorinated as well as additionally fluorinated, showing its potential to serve as both, active
anode and cathode material.
The resulting composition-induced alterations of the crystal structure and magnetic properties
of the chemically and electrochemically obtained phases were analysed by a variety of
characterisation techniques, including different diffraction and spectroscopy methods, DFTbased calculations and magnetic measurements. The chemically and electrochemically formed
phases showed to be structurally related. Therefore, the structural and magnetic
characteristics of the chemically prepared phases, which were analysed in-depth, could be
transferred to the electrochemically synthesised phases. Magnetic properties, related to the
presence or absence of unpaired electrons and the strength of exchange interactions, were
found to be highly dependent on the structural modifications and transition metal cation
oxidations states. Even though a generally detrimental effect of irreversible side reactions,
resulting in the progressive decrease of the electronic conductivity of the carbon additive, was
found to exist, the reversibility of the structural changes over extended cycling was observed.
This was found to offer the possibility to switch reversibly between different magnetic states
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of the charged and discharged phases. A detailed investigation of magnetoelectric switching
due to reversible fluoride intercalation was performed on La1.3Sr1.7Mn2O7. A switching
between a strongly and weakly ferromagnetic state could be achieved, resulting in high
relative changes of the magnetisation with one of the highest reported magnetoelectric
voltage couplings reported for tuneable magnetic systems.
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Abstrakt

In der vorliegenden Arbeit wurde aufgezeigt, dass topochemische Modifikationen des
Anionenteilgitters von Ruddlesden-Popper-artigen Oxiden An+1BnO3n+1 und davon abgeleiteten
metastabilen Oxyfluoriden An+1BnO3n+1-xF2x mit 0 < x ≤ 2 einen erheblichen Einfluss auf die
Kristall- sowie elektronische Struktur der neu hergestellten Phasen hat. Dies kann genutzt
werden, um magnetische Eigenschaften effektiv anzupassen und reversible einzustellen.
Verschiedene nicht-oxidative, reduktive oder oxidative Modifikationsrouten, die zu
Fluorideinlagerung, -austausch und/oder –auslagerung führen, wurden untersucht. Es wurde
bereits in früheren Studien aufgezeigt, dass derartige topochemische Reaktionen auch durch
die
elektrochemische
Fluorierung
von
Ruddlesden-Popper-artigen
Oxiden
in
Fluoridionenbatterien hervorgerufen werden kann. Dies hat zur Entwicklung von
interkalationsbasierten Kathodenmaterialien geführt. Für die Entwicklung neuartiger
interkalationsbasierter Elektroden wurden Oxyfluoride, die über eine vorherige nichtoxidative topochemische Fluorierung der entsprechenden Oxide gewonnen wurden, in
Hinblick auf einen potentiellen Einsatz als aktives Anoden- oder Kathodenmaterial untersucht.
Während des Ladens führt die Nutzung des Oxyfluorids als aktives Anodenmaterial zu einer
Defluorierung, während eine zusätzliche Fluorierung beobachtet wird, wenn das Oxyfluorid
weitere Leerstellen besitzt und als Kathodenmaterial eingesetzt wird. In beiden Fällen stellt
das Oxyfluorid den entladenen Zustand des Elektrodenmaterials dar. Diese zusätzlichen
topochemischen Modifikationen der Ausgangsoxyfluoride konnten zudem über chemische
Synthesewege erzielt werden. Für die chemische Präparation des Anodenmaterials im
geladenen Zustand wurde eine reduktive Defluorierungsmethode basierend auf
Natriumhydrid entwickelt. Die zusätzliche Fluorierung wurde durchgeführt mithilfe von stark
oxidierendem F2-Gas. Die nicht-oxidativ fluorierten Oxyfluoride Sr2TiO3F2, Sr3Ti2O5F4 und
La2NiO3F2 wurden entsprechend modifiziert. Ein Fokus wurde gesetzt auf die Defluorierung
dieser Phasen, da dies mit der Entwicklung von interkalationsbasierten Anodenmaterialien
verbunden ist, was zu Beginn dieser Arbeit ein konzeptionell unerforschtes Feld darstellte.
Strukturelle Stabilität der Oxyfluoride in den Elektrodenkompositen konnte jedoch nur für
Sr3Ti2O5F2 und La2NiO3F2 bestätigt werden. Von diesen Phasen zeigte vor allem La2NiO3F2
Redox-Aktivität. Diese Ni-basierte Phase konnte erfolgreich elektrochemisch defluoriert und
zusätzlich fluoriert werden. Dies zeigt das Potential von La2NiO3F2 auf, sowohl als aktives
Anoden-, als auch Kathodenmaterial eingesetzt werden zu können.
Die resultierenden zusammensetzungsinduzierten Änderungen der Kristallstruktur und der
magnetischen Eigenschaften der chemisch und elektrochemisch erzeugten Phasen wurde
mittels einer Vielzahl an Charakterisierungsmethoden analysiert, die verschiedene
Diffraktions- und Spektroskopiemethoden, DFT-basierte Berechnungen und magnetische
Messungen umfassten. Die chemisch und elektrochemisch hergestellten Phasen zeigten eine
strukturelle Ähnlichkeit. Daher konnten strukturelle und magnetische Charakteristika der
chemisch hergestellten Phasen, die experimentell eingehender untersucht werden konnten,
auf die elektrochemisch synthetisierten Phasen übertragen werden. Magnetische
Eigenschaften, die auf die Präsenz oder das Fehlen von ungepaarten Elektronen und die
Stärke der Austauschwechselwirkungen zurückgeführt werden konnten, zeigten eine starke
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Abhängigkeit von strukturellen Modifikationen und von den Oxidationszuständen der
Übergangsmetallkationen. Obwohl ein prinzipiell nachteiliger Effekt von irreversiblen
Nebenreaktionen, die zu einer zunehmenden Abnahme der elektronischen Leitfähigkeit des
Kohlenstoffadditivs führten, nachgewiesen werden konnte, konnte die Reversibilität der
strukturellen Änderungen während andauerndem Zyklierens bestätigt werden. Dies eröffnete
Möglichkeiten, zwischen verschiedenen magnetischen Zuständen der geladenen und
entladenen Phasen reversible zu schalten. Eine detaillierte Untersuchung dieses
magnetoelektrischen Schaltens aufgrund einer reversiblen Einlagerung von Fluoridionen
wurde an La1.3Sr1.7Mn2O7 durchgeführt. Schalten zwischen einem stark und schwach
ferromagnetischen Zustand konnte erzielt werden, was zu hohen relativen Änderungen der
Magnetisierung
mit
einem
der
höchsten
berichteten
magnetoelektrischen
Spannungskopplungen für schaltbare magnetische Systeme einherging.
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1 Introduction

The continued demand for new materials with interesting functional properties requires the
development of innovative synthesis methods, which allow for the preparation of otherwise
inaccessible materials. Based on the close relationship between the crystal structure, the
composition and the properties of a material, a property engineering is possible, when
structural and compositional changes can be evoked within a material in a targeted manner.
With respect to this, topochemical modifications offer great potential. 6-13 In a topochemical
reaction, the structural framework of the material is preserved, while the high mobility of at
least one of the involved ionic species facilitate ion intercalation, exchange or deintercalation
processes, often at comparatively low temperatures.
Compounds with Ruddlesden-Popper-type structure An+1BnO3n+1 (n = ∞, 1, 2 and 3) show a
high affinity towards the alteration of the anion sublattice via such low-temperature
reactions. 6-9 The structure can be described as stacking of building blocks of n ABO3 units
separated by one AO rock salt-type layer. Within the rock salt-type layers, interstitial anion
vacancies are present, which can be filled with up to two additional anions per formula
unit. 14-17 In particular, topochemical fluorination reactions offer wide-ranging possibilities to
alter oxidation states and/or coordination environments of the transition metal cations of the
formed metastable oxyfluorides in comparison to their precursor oxides. Depending on the
fluorination reagents used, the fluorination process can be oxidative, non-oxidative, or even
reductive. The oxidative fluorination proceeds via an intercalation of up to two fluoride ions
into the interstitial anion sites, resulting in An+1BnO3n+1Fx with 0 < x ≤ 2. The non-oxidative
fluorination leads to the formation of An+1BnO3n+1-xF2x with 0 < x ≤ 2 and takes place via a
coupled substitution and intercalation process, in which for each substituted oxide ion two
fluoride ions are intercalated under the maintenance of the oxidation state. A substitution of
oxide ions by fluoride ions without an additional intercalation of fluoride ions leads to a
reductive fluorination, yielding An+1BnO3n+1-xFx with 0 < x ≤ 3n+1. Besides these chemical
methods based on various fluorination reagents, electrochemical approaches for the oxidative
fluorination of Ruddlesden-Popper oxides have been investigated recently. 18-20 These
reactions are performed within all-solid state fluoride-ion batteries and the RuddlesdenPopper-type oxides are used as active intercalation-based cathode materials. The oxide
represents the discharged state of the cathode material and the oxidatively fluorinated phase
corresponds to the charged state.
Changed magnetic properties have been found for the formed fluorinated phases in
comparison to the precursor oxides after the topochemical fluorination. An alteration of the
transition metal oxidation state, when using an oxidative or reductive fluorination route, leads
to a change of the electronic structure of the compound, which determines the ordering
between the magnetic moments of the transition metal cations via indirect exchange
interactions. 8, 9, 21, 22 Additionally, the exchange interactions are affected by the intercalation
of fluoride ions into the interstitial anion site upon fluorination. An increased anisotropy of
the exchange interactions is often observed, as they have to be mediated via longer distances
between adjacent perovskite-type layers and/or over a larger number of anions, potentially
hampering a three-dimensional ordering of the magnetic moments. 23-25
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Based on these widely investigated topochemical modification methods, new synthesis routes
combining consecutively performed topochemical reactions are promising for the preparation
of new magnetic materials, opening up a largely unexplored research field. In this context, a
sequence of a non-oxidative fluorination and an additional topochemical modification step via
a reductive defluorination or an oxidative fluorination (referred to as post-fluorination within
this work) approach may also lead to alterations of the oxidation state of Ruddlesden-Poppertype compounds. However, these approaches have not been widely pursued so far.
One focus of this work is set on the development of respective reductive defluorination
methods of oxyfluorides An+1BnO3n+1-xF2x with 0 < x ≤ 2, which might be promising for the
stabilisation of unusually low oxidation states of the transition metal cations. After the nonoxidative topochemical fluorination step, leading to the formation of the oxyfluorides, two
reductive approaches were considered. The first approach is based on a chemical reduction
using sodium hydride as reducing agent, which can be regarded as an analogy to known
chemical deoxygenation routes of Ruddlesden-Popper oxides 11, 12. For a successful
defluorination of oxyfluorides, the metastability of the oxyfluorides has to be taken into
account for the choice of reaction conditions, which makes a complex balancing of the
reaction chemistry between the stability of the educts as well as the products and kinetic
limitations necessary. Another approach for the preparation of defluorinated phases is based
on electrochemical reactions within fluoride-ion batteries. Facilitated by the broad stability
window of the used electrolyte La0.9Ba0.1F2.9 26, not only the oxidative fluorination of
Ruddlesden-Popper oxides, but also the reductive defluorination of the obtained oxyfluorides
should be possible. For the targeted reduction within a fluoride-ion battery, the oxyfluoride
An+1BnO3n+1-xF2x is used as active anode material and represents its discharged state. Upon
charging, fluoride deintercalation would occur. The potential of such electrochemical
reductions of intercalation-based anode materials for the improvement the cycling stability
and rate capability has not been investigated so far. The development of intercalation-based
anodes would lead to a significant advancement of fluoride-ion batteries, if a structural
reversibility can be observed within the anode material upon reversible charging and
discharging. In particular, the combination of intercalation-based anode and cathode
materials could drive the development forward due to expectably improved long-term stability
as compared to so far established battery systems with conversion-based electrodes 27-29.
Possibilities to additional fluorinate non-oxidatively fluorinated oxyfluorides An+1BnO3n+1-xF2x
in a post-fluorination step are explored in addition, based on approaches known for the
oxidative fluorination of Ruddlesden-Popper-type oxides. For this, highly oxidative F2 gas is
used in a chemical approach. Moreover, the application of the oxyfluoride as active cathode
material within fluoride-ion batteries for a possible electrochemical fluorination is examined.
The reductive defluorination and oxidative additional fluorination processes should have a
considerable impact on the magnetic properties of the obtained phases, since their crystal and
electronic structures should be changed significantly in comparison to their parent oxyfluoride
phase. Furthermore, the potential reversibility of structural and compositional changes of the
Ruddlesden-Popper-type phases upon repeated charging and discharging within a fluoride-ion
battery may offer the possibility to switch reversibly between magnetic states of the charged
and discharged phases. This approach of magnetisation tuning via electrochemical reactions
has been demonstrated previously for various lithium-ion battery systems 30-33 and can be
interesting for different applications like spin-based electronics, magnetic data storage or
magnetic actuation. 34, 35, 31 Since the magnetic properties of Ruddlesden-Popper-type phases
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are strongly dependent on the fluoride content and the corresponding oxidation state, a
magnetic switching based on the reversible electrochemical fluorination and defluorination of
such oxides and oxyfluorides in fluoride-ion batteries is also promising and is, therefore,
investigated in addition.
Within the scope of this thesis, the feasibility of the discussed topochemical modification
methods and their influence on crystal structure and magnetic properties is investigated for
different material systems. Starting from the respective Ruddlesden-Popper-type oxide
An+1BnO3n+1, the following systems with different orders n are examined: Sr2TiO4 (n = 1),
Sr3Ti2O7 (n = 2), La2NiO4+d (n =1) and La1.3Sr1.7Mn2O7 (n =2).
A major part of the presented scientific findings is focussed on the first three compounds,
which were non-oxidatively fluorinated and subsequently subjected to an additional chemical
or electrochemical topochemical defluorination step. Besides the investigation of structural
and magnetic properties, the development of a detailed understanding of the reaction process
is also required. The influence of electrochemical reactions onto the oxyfluorides cannot be
decoupled from the understanding of the corresponding chemical reactions. In principle, it
can be expected that, if a topochemical modification of the oxyfluorides via electrochemical
defluorination and post-fluorination methods is possible, similar structural distortions in the
electrode composites as compared to the chemically prepared phases can be found. The
presence of the reduced or oxidised Ruddlesden-Popper-type phases in a matrix of the solid
electrolyte and carbon additive in the electrode composites renders a detailed analysis of
small structural differences difficult, which is related to the fact that fluoride is a weak
scatterer in comparison to the heavier elements contained in the electrode composites.
However, the chemical synthesis routes can be regarded as ways to prepare the charged states
of the anode and cathode materials ex-situ and a transfer of the obtained understanding of
the structure including approximate fluoride contents and magnetic properties to the
electrochemically formed phases might be possible. The reversibility of the electrochemical
reactions is demonstrated and the cycling performance of cells with different electrode
materials is examined. Advantages and limitations of the electrochemical synthesis approach
are discussed.
Furthermore, after the analysis of crystal structure and magnetic property changes, the
potential of magnetic tuning due to chemical and/or (reversible) electrochemical
modifications in comparison to the parent oxides and oxyfluorides is examined. A special
focus is placed on the investigation of reversible magnetoelectric tuning of the RuddlesdenPopper-type oxide La1.3Sr1.7Mn2O7 via reversible oxidative fluorination within fluoride-ion
batteries.
For the clarification of the complex and interdependent aspects investigated, a comprise
overview over the different fields targeted within this work is given in Figure 1-1.
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Figure 1-1: Overview over key aims of this work.
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2 Fundamentals

This chapter provides a summary over fundamentals relevant for the understanding of the
scientific findings reported in this work. The structure of Ruddlesden-Popper type compounds
and the impact of low-temperature topochemical modifications on it are discussed.
Furthermore, the arising changes of material properties, especially concerning magnetism, are
considered. In addition, the working principles of the characterisation techniques used within
this thesis and the experimental set-ups are presented. A strong focus is set on the basics of
diffraction and the Rietveld method, which have been used as main characterisation tools for
the determination of crystal structures of phases obtained via topochemical fluorination and
defluorination reactions.

2.1 Ruddlesden-Popper compounds
Compounds with the perovskite-related Ruddlesden-Popper (RP) structure with the general
formula An+1BnX3n+1 are known for a variety of properties including superconductivity 36-42
and a broad range of magnetic phenomena 43-48. Due to the close relationship between the
structure of a material and its property, a detailed understanding of the former is required to
comprehend an arising property. Therefore, the crystal and electronic structure of RP-type
compounds and their interplay are examined in the following. Moreover, correlations between
structural considerations and magnetic properties are discussed.

2.1.1 Crystal structure
The crystal structure of the RP homologous series An+1BnX3n+1 can be described as a layered
structure, in which n layers of ABX3 perovskite-like units are separated by one AX rock salttype layer. A and B are cations and X anions. A is an alkali, alkaline earth or rare earth metal
cation and B is a transition metal cation. Oxide and fluoride ions are commonly found as
anions. The crystal structures for n = ∞, 1, 2 and 3 are depicted in Figure 2-1. The n = ∞
member of the homologous series is equivalent to the perovskite structure. The n = 1
structure is also referred to as K2NiF4 or T structure. Lower-order members possess a
tetragonal aristotype structure with space group I4/mmm. Independently on n, two formula
units per unit cell are found. The 2-dimensional layered nature of RP compounds leads to a
decrease in dimensionality as compared to the perovskite structure and anisotropic properties
can be expected. 14-17
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Figure 2-1: Crystal structures of the Ruddlesden-Popper series with n = ∞, 1, 2 and 3. The different A and B cation
and X anion sites are denoted. In stoichiometric Ruddlesden-Popper-type compounds An+1BnX3n+1 with T structure,
the interstitial anion site is not occupied. For comparison, the T’ structure, in which the interstitial site is filled
instead of the apical site, is shown.

Different crystallographic sites of the ions can be identified within the unit cell; for n ≥ 3, due
to the stacking of an increasing number of perovskite-type layers, different crystallographic
sites exist for the B cation and Xequitorial anion site. A general formula for RP compounds
describing the relative occurrence of the sites as a function of n is given by
,

,

For n ≥ 2, two A cation sites can be distinguished. One cation Aperovskite is located in the
perovskite-type stack with a cuboctahedral anionic coordination with a coordination number
of 12. The second cation Aboundaries is found at the boundaries between the perovskite and rock
salt building blocks and has a coordination number of 9; the coordination of the cation in a
perfect rock salt structure should be 12, however, since the rock salt layer is less than one unit
cell thick due the atomic displacements caused by the perovskite stacks, a lower coordination
is observed. The two A sites can contain two different cations potentially resulting in different
ordering scenarios. For example, for Gd2SrCo2O7, an ordering of the larger Sr2+ cations at the
position within the perovskite-type stacks and the smaller Gd3+ cations at the boundary has
been reported. 49 The B cation is placed in the anionic octahedra of the perovskite blocks.
Other coordinations than 6-fold, e.g. pyramidal or square-planar, are possible for the B
cations, if vacancies are present. For octahedrally coordinated B cations, the octahedra are
connected via corner-sharing to four octahedra (n = 1), five octahedra (n = 2), five or six
octahedra (n ≥ 3) or six octahedra (n = ∞). For the anions, three sites are found. All anions
are coordinated by six cations; the sets of ions differ however. The anions Xequitorial connect the
octahedra within the ab plane. For n ≥ 2, the octahedra of the perovskite-type stacks are
linked together along the c axis by the anions Xapical,central. The anions Xapical,terminal are located at
the boundary between perovskite and rock salt buildings blocks and form the tips of the
octahedra towards the rock salt layers. Moreover, within the rock salt layers, vacant
interlayers are present. Per formula unit, these interstitial vacancies can be filled with up to
two additional anions Xintersitial, e.g. with oxide ions in over-stoichiometric oxides or with
fluoride ions in oxyfluorides. When the rock salt layer is filled completely, a CaF2-type layer
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with tetrahedrally coordinated anions is formed. The general formula can be modified to
with 0 < x ≤ 2. Hence, in total up to 3n+3 anions per An+1Bn cationic
unit may be present in a RP-type compounds. 14-17
The interstitial vacancies play also an important role in the formation of the T’ structure
An+1BnX2n+2, in which the transition metal cations are square-planarly coordinated by anions
and the interstitial site is filled by the remaining anions forming a CaF2-type layer. 50 The T’

structure can be described as stacking of alternating
(
) infinite layer
structural blocks and ( /
/ ) CaF2-type layers. The differences between the T and
T’ structure for n = 1 is also illustrated in Figure 2-1. The transition from T to T’ structure is
related to the sizes of the A site cations. 51 For the T structure, the lattice mismatch between
the perovskite and rock salt layers resulting in a compression of the Cu-O bonds increases
when the A cation size decreases. If the cation is too small, the strain cannot be sustained and
the T’ structure becomes structurally more stable. 8 This can be exemplified on La2CuO4 52, 53
(ionic radius of La3+: 1.302 Å) 54, which exhibits the T structure, and Nd2CuO4 50 (ionic radius
of Nd3+: 0.983 Å) 54, which has the T’ structure.

2.1.2 Electronic structure
The valence, spin state and coordination of the non-bonding d orbitals of the transition metal
cation have a significant influence on electronic properties. Therefore, the electronic structure
of these cations in an interplay with the surrounding ligands needs to be considered in more
detail. Especially, the non-degeneracy of the d orbital due to crystal field splitting and the
Jahn-Teller effect are important. 17
In RP-type compounds, the octahedral environment of the transition metal cations leads to a
breaking of the degeneracy of the five d orbitals due to crystal field splitting. Electrostatic
interactions between the electrons of the transition metal and the surrounding ligands result
due the shape and directionality of their orbitals in two groups of orbitals separated by an
energy ∆oct: the lower energy t2g orbitals including the dxy, dxz and dyz orbitals and the higher
energy eg orbitals with the dz2 and dx2-y2 orbitals. The d orbitals and their splitting in an
octahedral configuration are shown in Figure 2-2 and Figure 2-3, respectively. While the t2g
orbitals of an octahedrally coordinated transition metal point between the ligands, the eg
orbitals point directly towards the ligands, causing a higher repulsion between the negatively
charged electrons of the eg orbitals and the negatively charged ligands and consequently a
higher energy. 17
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Figure 2-2: Form and directionality of the d orbitals.

According to Hund’s rule, single electrons occupy different orbitals, before any orbital is
occupied with two electrons with opposed spins, i.e. a maximisation of total spin number in
accordance with Pauli’s exclusion principle is preferred. For such a high-spin state, the energy
difference ∆oct has to be overcome to place an electron in an eg orbital. On the other hand, due
to the repulsive energy between electrons, the pairing of two electrons in one orbital leading
to a low-spin state requires a pairing energy P. Therefore, it depends on the magnitude of ∆oct,
if a high-spin or low-spin behaviour is favoured. The splitting ∆oct depends strongly on the
ligands and the oxidation state of the metal. For weak-field ligands, a small splitting and highspin configuration is observed, whereas for strong-field ligands, a large splitting and low-spin
configuration is found. The ligand field splitting can be predicted using spectrochemical
series. 17, 55
For transition metal cations with d4 high-spin, d7 low-spin or d9 electron configurations, the
Jahn-Teller effect results in an additional breaking of the degeneracy of the t2g and eg orbitals.
This leads to a distortion of the octahedron coordinating the cation. For these electron
configurations, an odd number of electrons is found in the eg orbitals. The distortion of the
octahedra breaks the degeneracy of the dz2 and dx2-y2 orbitals, because the orbital, which is
occupied by more electrons, experiences a stronger electrostatic repulsion. An elongation of
the metal-ligand bonds in the direction of the stronger filled orbital, lowers the electrostatic
repulsion and, consequently, an electronic stabilisation is achieved. If the dz2 has more
electrons, a lengthening along the z direction takes place, while the four bonds in the xy plane
are elongated for a stronger occupied dx2-y2 orbital. Even though the degeneracy of the t2g
orbitals can also be removed, the splitting is relatively small and can be neglected. The
splitting of the orbitals of Jahn-Teller-active cations is given in Figure 2-3.
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Figure 2-3: Energy level diagram of d orbitals in an octahedral field and of a d9 Ni+ additionally experiencing a JahnTeller distortion.

2.1.3 Magnetic properties
Ordering of magnetic moments in RP-type compounds is defined by the indirect exchange
interaction (see section 2.3.2). The interactions can be ferromagnetic (i.e., parallel alignment
of spins of neighbouring ions) or antiferromagnetic (i.e., antiparallel alignment of spins of
neighbouring ions) depending on whether the dominating interaction is double exchange or
superexchange. These interactions are, however, dependent on the crystal structure and
electronic configuration of the transition metal cation, i.e., the degeneracy of orbitals and
their occupations. The layered structure of RP-type compounds leads to highly anisotropic
magnetic exchange interactions. 23-25 A decreased dimensionality (low n) corresponds to
decreasing strengths of the magnetic interactions along the c direction via the rock salt layers.
In particular for n = 1, quasi-two dimensional B-O-B networks are formed, which are
separated by the non-magnetic rock salt layers. The in-plane (within the ab-plane of a
perovskite-type layer) exchange interactions are mediated via B-X-B bonds, while exchange
between perovskite-type building blocks (out-of-plane along the c axis) takes place via B-X-XB (X being oxide or fluoride ions). For RP-type compounds with n ≥ 2, additionally,
interactions between the n layers in one perovskite building have to be taken into account.
The topochemical fluorination of a compound result in the introduction of additional anions
into the interstitial site and further increases the distances between adjacent building blocks,
reducing the strength of the exchange interactions significantly because they are mediated via
longer distances and/or possibly via a larger number of anions (e.g. B-X-X-X-B). With respect
to the type of anion, interactions via oxide ions are known to be stronger as compared to
fluoride ions. 56

2.2 Topochemical modifications
Topochemical modifications of perovskite and perovskite-related RP-type compounds allow
for the synthesis of novel, often metastable phases that are inaccessible by conventional hightemperature reactions. In topochemical reactions, the principle structural framework of the
compounds remains intact. The reaction proceeds due to a high mobility of at least one ionic
species. If suitable reaction conditions are chosen, the nature of these reactions gives,
therefore, in principle, the ability to control the oxidation state and the coordination
environment of the transition metal. This is critical for the development of new materials with
defined intrinsic properties.
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The control of the transition metal oxidation state can be achieved via different approaches
such as aliovalent substitution of cations in multinary phases containing more than one cation
species or via manipulations of the anion sublattice. For the substitution of cations, typically
thermodynamically driven reactions at high reaction temperatures are needed and are,
therefore, not further considered here. For the manipulations of the anion sublattice, RP-type
compounds show a vivid low-temperature reactivity with a wide range from anion
intercalation, over anion exchange to extraction. 6-13 Furthermore, the different anion sites of
RP-type compounds (see section 2.1.1) possess different distinct coordination environments,
which results in a certain structural selectivity of the topochemically intercalated, exchanged
or extracted anions because these processes have different effects on the stability of the phase
depending on the anion site. 11 In this context, topochemical fluorination, deoxygenation and
ion exchange reactions of RP-type oxides by chemical means are discussed. Additionally,
electrochemical approaches within so-called fluoride-ion batteries are introduced.

2.2.1 Topochemical fluorination
Topochemical methods for the fluorination of oxide materials have been intensively studied
due to the strong impact of fluoride incorporation on the crystal structure and electronic
properties of materials. 6-9 In this respect, low-temperature fluorination methods using
gaseous or solid-state reagents (e.g. F2 or NF3 gas, XeF2, metal fluorides (CuF2, AgF2, AgF etc.),
ammonium fluoride NH4F, fluorinated polymers (polytetrafluoroethylene (PTFE),
polyvinylidene difluoride (PVDF)) and electrochemical reactions can be used for the
stabilisation of oxide and fluoride anions within one structure.6, 8, 9, 57 Requirements for a
successful low-temperature fluorination is the presence or in-situ formation of anion vacancies
in the anion sublattice and/or the presence of additional interstitial vacancies that can be
filled by anions leading to a relatively high anion mobility. In RP-type compounds, these
conditions are fulfilled (see section 2.1.1) and a broad variety of structural modifications have
been observed. Due to the topochemical nature of the fluorination reactions, group-subgroup
relationships of the precursor oxide and the fluorinated compound can often be used to
explain structural similarities, even though the anion sublattice may change considerably. 7
Depending on the reaction method, the fluorination can be oxidative (intercalation of fluoride
ions into vacant or interstitial sites, resulting in An+1BnO3n+1Fx with 0 < x ≤ 2), non-oxidative
(substitution of one oxide by one fluoride ion and an additional intercalation of one fluoride
ion in interstitial site, leading to An+1BnO3n+1-xF2x with 0 < x ≤ 2, or even reductive
(substitution of one oxide by one fluoride ion, yielding An+1BnO3n+1-xFx with 0 < x ≤ 3n+1). 6, 8,
9, 57
While simple insertion of fluoride into the interstitial site results in an increase of the
transition metal oxidation state, the local coordination of the transition metal oxide stays
mainly the same. In contrast, anion insertion and substitution leads to strong rearrangements
of the anion lattice and a site selectivity can be expected due to different coordination of the
different anion sites. 11 In this respect, in accordance with Pauling’s second rule 58, substitutive
fluoride is mostly found at apical anion sites, whereas oxide at the equatorial site is only
rarely replaced. In principle, due to the presence of interstitial vacancies, 3n + 3 anions can
be stabilised in the RP structure, therefore, additional anion vacancies may still be present
after fluorination. Furthermore, the combination of different fluorination methods can open
vast possibilities for the adjustment of fluoride contents and transition metal oxidation states.
The strongest oxidisers F2 and NF3 gas and XeF2 are difficult to handle and special equipment
is required due to their toxicity and volatility. Additionally, a control of the level of
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fluorination is only possible to a limited extent. Electrochemical fluorination routes are also
highly oxidative. The fluoride content can be regulated through the choice of suitable capacity
or potential cut-off conditions. The relatively simple set-up of a fluoride-ion battery, which
can be utilised for such electrochemical fluorination reactions, and the operating principle are
explained in section 2.2.3. Metal fluorides can be used also for oxidative fluorination
reactions, even though their oxidising power is lower. As side product metal oxide is formed,
which, if the metal fluoride is directly added to the reaction mixture, cannot be separated
from the fluorinated phase; however, it is also possible to perform reactions keeping the metal
fluoride separate from the oxide. While the fluoride content can be controlled through the
amount of used metal fluoride in the first case, the control is difficult in the latter. NH4F and
fluorine-containing polymers favour substitution processes, which are non-oxidative or
reductive depending on the surrounding atmosphere. The amount of NH4F or polymer allows
controlling the fluorination level in the fluorinated phase. When using NH4F, strong degrees
of decomposition are found. Typically, minor decomposition is observed and phase-pure
sample can be obtained. 8
The structural modifications observed after topochemical fluorination can be classified
according to the anion ordering with preferred site occupations and/or by the type of
fluorination method used resulting in an oxidative, non-oxidative or reductive fluorination.
Two anion ordering types for RP type compounds can be distinguished: i) fluoride insertion
into interstitial sites only and ii) fluoride insertion into interstitial sites and/or substitution of
terminal apical sites. 59 The two types are examined in more detail below by means of several
exemplarily compounds:

2.2.1.1 Fluoride insertion into interstitial sites only
The oxidative fluorination of LaSrMnO4 using F2 gas 21, 60, AgF2 20 or electrochemical
fluorination 20 (see section 2.2.3) results in the formation of LaSrMnO4F2-x (x ~ 0.16 – 0.3
depending on the fluorination method), in which the fluoride is only inserted into interstitial
sites of the vacant rock salt layers. This is accompanied by a small contraction of the lattice
parameter a and a large expansion of the lattice parameter c due to the fluoride insertion and
the oxidation of Mn (Figure 2-4) compared to LaSrMnO4 (space group: I4/mmm,
a = 3.786(1) Å, c = 13.163(1) Å) 61. When heating the fluorinated compound with
appropriate amounts of the precursor oxide, the formation of a staged phase, in which only
one of the two available rock salt layers of the unit cell is occupied by fluoride, is observed.
Since only one rock salt layer is occupied, the expansion along the c axis is considerably
smaller compared to the stronger fluorinated compound. Similar observations have been
made for the fluorination of La1.2Sr1.8Mn2O7 to La1.2Sr1.8Mn2O7F2 utilising F2 gas 21, CuF2 22 or
PVDF 62 (Figure 2-4).
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Figure 2-4: Crystal structures of LaSrMnO4F2-x 20, LaSrMnO4F 60, La1.2Sr1.7Mn2O7F2 21 and La1.2Sr1.7Mn2O7F 21.

An interesting fluorination behaviour has been found for the series Ca2-xSrxCuO3 with 0 ≤ x ≤ 2.
In particular, the end members Sr2CuO3 and Ca2CuO3 have been intensively studied in the
context of superconductivity. The oxygen-deficient RP-type precursor oxides show a vacancy
ordering leading to one-dimensional chains of corner-sharing CuO4 sheets instead of CuO6
octahedra. The stoichiometric incorporation of fluoride into the precursors result in the
formation of Ca2-xSrxCuO2F2, which conform to the T’ structure for the whole series. However,
while, when using non-oxidative PVDF and PTFE 63, 64 as fluorination reactants, the
compounds can be obtained immediately, fluorination with oxidising F2 gas 65, 66, XeF2 6, MF2
(M = Cu, Zn, Ag, Ni) 67, 68 or NH4F 66 leads to the insertion of additional fluoride δ into
vacancies. The effects of the excess fluoride on the structure of Sr2CuO2F2+δ and Ca2CuO2F2+δ
are discussed below. For Sr2CuO2F2+δ, the removal of the additional fluoride under reducing
conditions using H2/N2 is needed to obtain the T’ structure. 69 The structural changes are
demonstrated on Sr2CuO3 and Sr2CuO2F2 (Figure 2-5). The formation of 2-dimensional CuO2
layers from quasi-1-dimensional CuO3 chains involves considerable rearrangement of the
anions. The fluoride is found at the interstitial site only.
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Figure 2-5: Crystal structures of Sr2CuO3 70 and Sr2CuO2F2 69.

2.2.1.2 Fluoride insertion into interstitial sites and/or substitution of apical sites
In many cases, the fluorination proceeds by oxide substitution at apical sites and fluoride
intercalation into interstitial sites in the rock salt layers. Such a substitution and intercalation
process has been observed for the fluorination of Sr2TiO4 to Sr2TiO3F2. Various fluorination
reagents including NH4F and MF2 (M = Cu, Zn) 71 as well as PVDF 63 have been applied. For
all reagents, the fluorination results in a staged anion ordering, in which fluoride is inserted
into one of the interstitial sites within the two rock salt layers. In contrast to LaSrMnO4F,
additionally one fluoride substitutes one apical oxide in a way that the substituted apical
anions are furthest away from the interstitial anions. This leads also to a distortion of the
TiO5F octahedra. The assignment of the fluoride and oxide ions to the respective anion sites
has been made based on bond-valance sum calculations. The crystal structure of Sr2TiO3F2 is
shown in Figure 2-6.

Figure 2-6: Crystal structure of Sr2TiO3F2 71.
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Low-temperature reactions between Ba2SnO4 and ZnF2 in the presence of H2O result in the
formation of Ba2SnO2.5F3·xH2O (x ~ 0.5) 72. Therefore, the compound cannot only be
fluorinated to a large extent, but also water can be reversibly intercalated. From a
combination of nuclear magnetic resonance, extended X-ray absorption and Mößbauer
spectroscopy and diffraction studies, it has been followed that both interstitial layers are
predominantly occupied by fluoride. Computer modelling studies have further predicted that
substitution of apical sites by fluoride is favoured over the substitution of the equatorial site.
Due to the indistinguishability of oxide and fluoride by means of diffraction (see section
2.4.1), a mixed occupation of oxide and fluoride anions has to be assumed for the apical
anion site. Additionally, water is present in the crystal structure; however, it has not been
possible to locate it. Within the structural analysis performed by the authors, its most likely
position is at the apical or interlayer sites and it has, therefore, been equally distributed
between these sites. The crystal structure of Ba2SnO2.5F3·xH2O (x ~ 0.5) is given in Figure 2-7.

Figure 2-7: Crystal structure of Ba2SnO2.5F3:xH2O (x ~ 0.5) 72. For better visualisation of Ba2SnO2.5F3:xH2O, the
description of the equatorial, apical and interstitial sites by split sites used in reference 73 was omitted und the sites
were shifted to their corresponding un-split positions. The occupancies of the sites were merged to maintain the
correct overall occupancies.

As already mentioned above, the presence of additional fluoride δ in Sr2CuO2F2+δ and
Ca2CuO2F2+δ has a significant influence on the crystal structures of the compounds.
Interestingly, for Sr2CuO2F2+δ, a structure more closely related to the T structure 63, 65, 68, 71 is
obtained, whereas for Ca2CuO2F2+δ 66, the structure is more similar to the T‘ structure. The
crystal structures of Sr2CuO2F2.57 and Ca2CuO2F2.1 are depicted in Figure 2-8. In Sr2CuO2F2+δ,
the apical site is occupied and excess fluoride is found at the interstitial site within the rock
salt layer. Contrarily, in Ca2CuO2F2+δ, the interlayer site is predominantly filled and the
additional fluoride occupies the apical anion site.
A comparison between the stoichiometric compounds Ca2-xSrxCuO2F2 (T’ structure) and the
over-stoichiometric Sr2CuO2F2+δ (T structure) and Ca2CuO2F2+δ (T’ structure) is interesting at
this point. Usually, the transition between T and T’ structures is associated with the larger size
of the Sr cation compared to the Ca cation. 14 This has also been observed in the rare earth
cuprates, where La2CuO4 has the T structure and Nd2CuO4 the T’ structure. 50-53 According to
this, a transition between T’ and T would be expected when going to the Sr-richer side in the
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series Ca2-xSrxCuO2F2 with 0 ≤ x ≤ 2, which is, however, not observed. Therefore, the
transition cannot only be due to cation size effects. 64 These effects do also not explain the
structural transition of Sr2CuO2F2+δ compounds when changing the anion stoichiometry from
δ > 0 to δ = 0. It rather seems that the presence of additional fluoride on the interstitial site
stabilises the T structure. 64, 69 Furthermore, different fluorination mechanisms leading to the
formation of Sr2CuO2F2 and Sr2CuO2F2+δ have to be considered. The non-oxidative
fluorination resulting in the formation of the stoichiometric compounds proceeds via a direct
intercalation of fluoride into the interstitial site accompanied by the transformation of the
CuO4 chains (Niggli notation: CuO2/4O2/2) into CuO2 layers (Niggli notation: CuO4/2). 64 In the
oxidative fluorination, on the other hand, fluoride is first formally intercalated into the vacant
equatorial site to form CuO4F2 octahedra followed by an interchange of the oxide at the apical
site and fluoride to form CuO2 layers in the equatorial plane. Excess fluoride occupies the
interstitial site. 65 Only the subsequent reduction of Sr2CuO2F2+δ to Sr2CuO2F2 enables the
stabilisation of the T’ structure due to the preference of corresponding anion
rearrangements. 69
Moreover, it should be pointed out that the fluorination of Sr2CuO3 leads to an expansion of
the longest crystallographic axis (compare Figure 2-5 and Figure 2-8), whereas a compression
is found when fluorinating Ca2CuO3 (space group: Immm, a = 12.208(1) Å, b = 3.768(1) Å,
c = 3.249(1) Å) 73 to Ca2CuO2F2 (space group: I4/mmm, a = 3.8567(4) Å,
c = 11.8274(2) Å) 64 and Ca2CuO2F2+δ (compare Figure 2-8). This relates to the cation sizes
and to the structural transitions from the T-type structure of the precursor oxides to the T’type or T-type structures of the respective fluorinated compounds. The strongest difference of
the longest crystallographic axes are observed between Sr2CuO2F2 and Sr2CuO2F2+δ. The
structural transition from T’ to T is associated with the filling of both apical and interstitial
sites leads to a large extension. Only a small expansion is found between Sr2CuO3 and
Sr2CuO2F2 due to the transformation of the CuO4 chains into CuO2 layers corresponding to the
removal of apical sites and filling of equatorial sites and due to the partial occupation of the
interstitial site by fluoride. The latter also explains the compression observed in the
fluorinated Ca compounds, even though the interstitial sites are stronger occupied and the
apical sites are partially filled.
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Figure 2-8: Crystal structures of Sr2CuO2F2+δ (δ ~ 0.57) 65 and Ca2CuO2F2+δ (δ ~ 0.1) 66. For better visualisation of
Sr2CuO2F2+δ, the description of the apical and interstitial sites by split sites used in reference 67 was omitted and the
sites were shifted to their corresponding un-split positions.

High fluoride contents can be stabilised in Sr3Fe2O7-x (space group: I4/mmm,
a = 3.86543(2) Å, c = 20.1633(1) Å) 74 when fluorinating the compound with PVDF. The
phases Sr3Fe2O5.28(4)F1.72(4) and Sr3Fe2O4F4 have been synthesised. Even tough partial
decomposition has been found, even higher fluoride contents up to compositions of
~ Sr3Fe2O3F6 could be obtained. The phases show an increasing occupation of the interstitial
anion site and a large increase in cell volume with increasing fluoride contents. In Sr3Fe2O4F4,
an ordered half-occupation of the interstitial sites by fluoride has been observed. Additionally,
all apical sites are occupied by fluoride. The main expansion takes place within the ab plane.
In Sr3Fe2O3F6, it is presumed that the apical and interstitial sites are fully occupied and that ¼
of the equatorial sites are occupied by fluoride. The complete filling of the interstitial site
results in an additional expansion along the c axis (c = 22.217(2) Å). Since a detailed
structural refinement could not be performed on Sr3Fe2O3F6, the crystal structure of
Sr3Fe2O4F4 is shown in comparison to the structure of Sr3Fe2O5.28(4)F1.72(4). Sr3Fe2O5.28(4)F1.72(4)
can also be regarded as an example for the substitution of oxide at the apical anion site by
fluoride without the additional insertion of fluoride into the interstitial site.
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Figure 2-9: Crystal structures of Sr3Fe2O5.28(4)F1.72(4) 74 and Sr3Fe2O4F4 74.

2.2.2 Topochemical reductions and anion exchange reactions
The use of metal hydrides as reductants for perovskite and perovskite-related oxides for the
synthesis of new oxygen defect structures has proven to be an important approach for
topochemical modifications. Using this approach, oxides with pyrochlore structure can be also
reduced. Metal hydrides enable controllable reductions at lower temperatures as compared to
reactions in reductive atmospheres, e.g. in H2 gas or gas mixtures containing H2. In general,
higher reactivities, leading to higher degrees of reduction, are found at increased
temperatures; these higher temperatures result, however, in the decomposition of the
precursor oxide, possibly leading to the formation of transition metals. Therefore, a
compromise between these two factors has to be found. In addition, the choice of metal
hydride is important. 12 The trend of reactivity of commonly used metal hydride reductants
can be summarised according to the following 75:
MgH2 < SrH2 < LiH ≈ CaH2 ≈ BaH2 < NaH
This trend also gives the ability to deduce reaction conditions and increases the reliability and
reproducibility of the synthesis.
Hydride-based reductions can occur via deoxygenation processes resulting in oxygen-deficient
products. The reaction can also take partly place via oxide-hydride exchange leading to the
formation of oxyhydrides. Hydride anions or H2 gas can act as active reductive species.
Depending on the thermodynamics of the metal hydride and the formed side products, the
hydride anion can be the reductant in a one- or two-electron reduction. The one-electron
reduction may lead to the release of H2. In addition, thermal decomposition can take place at
elevated temperatures resulting in the formation of the pure metal and H2. The metal can also
act as reductant. 75-77 It should be further noted that it is often not possible to predict whether
an oxygen-deficient or oxyhydride product will be formed. 76
This can be illustrated when considering the topochemical reduction of different titania-based
compounds that have been reduced using metal hydrides or H2. For both cases, the formation
of either oxygen-deficient oxides or oxyhydrides has been observed. The reduction of
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pyrochlore-type Ln2Ti2O7 (Ln = Y, La, Yb, Lu) with CaH2 in a temperature range between 550
and 600 °C leads to a maximum reduction to Y2Ti2O5.90 78, La2Ti2O6.73 79, Lu2Ti2O6.45 80 and
Lu2Ti2O6.10 80 corresponding to oxidation states of Ti+2.9, Ti+3.73, Ti+3.45 and Ti+3.1, respectively.
Even though a strong reduction seems to be possible for Y2Ti2O7, the strongest reduced phase
Y2Ti2O5.90 is only found in a phase mixture with less strongly reduced Y2Ti2O6.48. This phase
separation indicates that there is a phase gap in the compositional range Y2Ti2O7-x (0.5 < x <
1.1) and that the synthesis of phase pure samples is not always possible. 81 The stabilisation of
hydride within these phases has been excluded; only for La2Ti2O6.73, minute hydride contents
of ~ 0.02 H per formula unit have been confirmed. The crystal structures of La2Ti2O7 and
La2Ti2O6.73 are given for comparison in Figure 2-10.

Figure 2-10: Crystal structure of La2Ti2O7 82and La2Ti2O6.73 83. The hydride content of ~ 0.02 H per formula unit is
not included.

In contrast, an oxide-hydride exchange is observed for the reaction between ATiO3 (A = Ca,
Sr, Ba) 84-86 or the solid solutions (Ca,Sr,Ba)TiO3 87 with CaH2 at 530 °C. The strongest
reduction has been observed for BaTiO3-xHx with x ≤ 0.6 corresponding to a Ti oxidation state
as low as +3.4. The crystal structure of BaTiO2.5H0.5 is shown in Figure 2-11.
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Figure 2-11: Crystal structure of BaTi2.5H0.5 83.

The high-temperature reduction of RP-type Can+1TinO3n+1 with n = 2, 3 and ∞ 88 under
flowing H2 at temperatures > 900 °C causes only minor reductions to Ti+3.9. This shows that
the stabilisation of low-valent Ti is difficult to achieve.
In general, the extent of the topochemical reduction of transition metal oxides resulting in the
stabilisation of unusually low oxidation states is often limited. For the reduction of oxides
containing early transition metals such as Ti, as described above, or V 89-91, high reaction
temperatures are required; however, even then only a comparatively low degree of reduction
is observed. For late transition metal oxides containing for example Mn 75, 92, Fe 93-95 or Ni
significantly lower reaction temperatures are needed to achieve higher reductions. In the
following, this is exemplified on Ni containing compounds.
The formation of low-valent Ni containing compounds with minimum oxidation states as low
as +1 has been reported to be feasible. In particular, the deoxygenation of members of the
Lnn+1NinO3n+1 (Ln = La, Nd, Pr; n = 2, 3, ∞) homologous series have been investigated. 96-104
The reductions have been performed using H2 gas, CaH2 or NaH in a temperature range
between 190 and 350 °C, which is considerably lower compared to reaction conditions used
for titanate reductions. All reduced compounds of the series are members of the T’-type
Lnn+1NinO2n+2 homologous series with mixed-valent Ni2+/+ with infinite NiO2 square-planar
layers (Niggli nation: NiO4/2). The square-planar coordination of the Ni cation is favoured for
d9 Ni. 105 For example for lanthanum nickelates (Table 2-1 and Figure 2-12), the
deoxygenation of the RP-type La3Ni2O7 (space group: Amam, a = 5.39283(11) Å,
b = 5.44856(11) Å, c = 20.51849(50) Å) 106 and La4Ni3O10 (space group Bmeb,
a = 5.41327(11) Å, b = 5.46233(11) Å, c = 27.96049(70) Å) 106 leads to the formation of
La3Ni2O6 and La4Ni3O8 with Ni oxidation states of +1.5 and +1.33, respectively. So far, only
the reductive syntheses of so-called double (n=2) and triple (n =3) layer T’-type nickelates
have been reported. 99, 100 Perovskite-type LaNiO3 (space group: R-3c, a = 5.4573(1) Å,
c = 13.1462(3) Å) 107 can be reduced to LaNiO2 with a Ni oxidation state of +1. 96-98, 103, 104
After the observation of high-temperature superconductivity in topochemically modified
cuprates 36-42, 108, such nickelates having infinite NiO2 square-planar layers have been
considered promising candidates for superconductivity due to the isoelectronic configuration
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of Cu3+/Cu2+ and Ni2+/Ni+ (d8/d9). 109-111 In this context, the superconductivity of infinitelayer Nd0.8Sr0.2NiO2 prepared via the reduction of Nd0.8Sr0.2NiO3 films grown on SrTiO3 (100)
substrates using CaH2 in a temperature range between 260 and 280 °C has been only recently
reported. 112

Figure 2-12: Crystal structures of La2NiO2 98, La3Ni2O6 100 and La4Ni3O8 99.

Furthermore, the severe influence of the reaction temperature on the stabilisation of hydride
within the structure becomes evident on the reduction of the RP-type compound LaSr3NiRuO8
(space group: I4/mmm, a = 3.8904(1) Å, c = 12.6297(1) Å). Depending on the reaction
temperature, the reaction of this phase with CaH2 takes place via a topochemical
deintercaltion of oxide to form the body-centred orthorhombic phases LaSr3NiRuO7
(a = 3.907 Å, b = 3.789 Å, c = 12.689 Å) at 400 °C and LaSr3NiRuO6 (a = 3.853 Å,
b = 3.593 Å, c = 13.011 Å) at 425 °C. For reactions performed at 450 °C, an anion exchange
occurs, which leads to the formation of LaSr3NiRuO4H4 (space group: I4/mmm,
a = 3.6226(2) Å, c = 13.317(1) Å). 113
The synthesis of other mixed-anion compounds starting from oxyhydrides via different anion
exchange reactions offers additional opportunities for topochemial modifications. The hydride
in BaTiO2.5H0.5 can be for example partially exchanged by nitride, fluoride or hydroxide to
form BaTi(O,H,N/F/OH)3. 76, 83, 114
Besides the reduction of oxides via deoxygenations and anion exchange reactions, the
selective extraction or exchange of fluoride from oxyfluorides using hydride-based or
electrochemical (see section 2.2.3) approaches may also lead to considerable reductions of
transition metal oxidation states. In order to do so, different topochemical modification
methods have to be combined and performed consecutively (see also section 2.2.4).
Sequences of non-oxidative fluorination and reductive defluorination reactions of RP-type
oxides and derived oxyfluorides were investigated for the first time within the scope of this
thesis. For the choice of suitable temperatures for the hydride-based reduction reactions, the
metastability of the oxyfluorides have to be taken into consideration. This metastability makes
a reaction temperature laying considerably below the decomposition temperature necessary.
However, these low temperatures may limit the synthesis of phase pure reduced samples
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significantly. Therefore, the reaction chemistry has to be balanced between the metastability
of the educts, the energetic stability of the reaction products and the kinetic limitations
impeding to reach the energetically most stable product.
Moreover, the structure and especially the dimensionality n of the RP-type precursor oxide
and the oxyfluorides have a significant influence on the highest and lowest oxidation states,
which can be obtained using fluorination and subsequent reduction reactions (see section
2.2.2), respectively. The higher the value of n, the more perovskite-like layers are present and
the structures can be considered as being more closely related to the perovskite structure.
This, in turn, means that the relative amount of rock salt layers and, therefore, interstitial
vacancies, which can be filled by additional anions, decrease. The ratio between the
additional anions, which can be extracted, and the number of B cations decreases with
increasing n. This leads to smaller possible degrees of reduction for higher order members of
the homologous series, which might in turn have an impact on the stability of the formed
phases.

2.2.3 Topochemical modifications via electrochemical reactions in fluoride-ion
batteries
Topochemical modifications of RP-type compounds can be also obtained using
electrochemical approaches. The electrochemical oxidation utilising a three-electrode
configuration in aqueous alkaline electrolytes leading to the intercalation of δ oxide ions into
interstitial vacancies and the formation of over-stoichiometric oxides has been first
demonstrated in the early 1990s. 115-118 The deintercalation of these additional oxide ions
could also be confirmed. 119 Repeated intercalation and deinteralation steps have, however,
not been investigated. The experiments have been performed using either potentiostatic or
galvanostatic conditions. More recently, the electrochemical oxidation and fluorination in
electrolytes of organic solvents and oxygen- or fluorine-containing salts have been
demonstrated. 108, 120 The amount of additionally intercalated anions δ is, however, for both
approaches relatively low (0 < δ < ~ 0.3). Much stronger fluoride intercalation into RP-type
oxides could be achieved with all-solid-state fluoride-ion batteries (FIBs) operating with the
solid electrolyte La0.9Ba0.1F2.9. 18-20 The increased fluoride intercalation is facilitated by the
broad electrochemical stability window of the electrolyte as compared to the solution-based
electrolytes. 26 Furthermore, this set-up allows for the reversible intercalation and
deintercalation of fluoride ions upon charging and discharging of the cell over extended cycle
numbers. 18-20 This reversibility offers possibilities for the reversible switching and/or tuning of
material properties.
When considering the ‘reversed’ principle of electrochemical reduction due the extraction of
additional anions leading to the formation of anion deficient compounds, the stability window
of the electrolyte plays an important role. For example, due to the narrow stability window of
the aqueous solutions on the reductive side, an early onset of decomposition of water under
the formation of H2 is observed. This makes a reductive deoxygenation difficult. Furthermore,
this might explain why the preparation of compounds known to be accessible via hydridebased approaches have not yet been reported using electrochemical synthesis routes. The
electrochemical defluorination using a FIB, might, however, be possible. This has been
investigated for the first time within the scope of this work.
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2.2.3.1 Basic working principle of fluoride-ion batteries
FIBs are all-solid-state batteries based on the shuttling of fluoride ions between two electrodes
through a fluoride ion-conducting electrolyte. 27 Batteries are electrochemical energy storage
devices, which convert and store chemical energy in electric energy, and vice versa. The
underlying working principle can also be used to synthesise novel compounds by making use
of the occurring reduction/oxidation (redox) reactions within the active materials of the
battery electrodes. In general, batteries consist of two electrodes, i.e., an anode and a
cathode, and an electrolyte. The electrodes are connected via an external circuit and via the
electrolyte inside the cell. In all-solid-state batteries, the electrolyte serves additionally as
separator between the electrodes. When charging or discharging, the active materials of the
electrodes are subjected to redox reactions and mobile ions are transferred through the
electrolyte to/from the respective electrode. The emerging electrons move through the
external circuit.
Per definition, for discharging conditions, the reduction reaction takes place at the cathode
(positive electrode) and the oxidation reaction at the anode (negative electrode). For FIBs,
during discharging, i.e., when a consumer load is applied, electrons flow from the anode
through the external circuit to the cathode and fluoride ions migrate through the electrolyte
from the cathode to the anode. The reversed process describes the charging process. A
schematic FIB cell and the directions of fluoride ion and electron flow during discharging and
charging is shown in Figure 2-13.
The electrochemical reactions taking place at the anode and cathode of a FIB during
discharging (forward direction) and charging (backward direction) can be described with the
following equations. Exemplarily shown for n =1 RP-type compounds, when an intercalationbased oxyfluoride A2BO3F2 obtained via a non-oxidative fluorination (representing the
discharged state of the compound) is used as active materials in the anode and a conversionbased composite M/MF2 containing a metal M and a metal fluoride MF2 as cathode
composites, the following reactions take place:
'()*:

, -

+ /- ⇌

, - + /* 123ℎ 0 < / ≤ 2

9:3ℎ()*: ;- + 2* ⇌ ; + 2-

In the opposite case, an intercalation-based RP-type oxide A2BO4 (representing the discharged
state of the compound) is used as active materials in the cathode and a conversion-based
composite M/MF2 containing a metal M and a metal fluoride MF2 as anode composites leads
to the following electrochemical reactions:
9:3ℎ()*:

,< - + 2* ⇌

,< + 2-

'()*: ; + 2- ⇌ ;- + 2*

As explain in section 2.2.4, the use of a non-oxidatively fluorinated compound A2BO3F2 as
active material in a cathode material might also enable an additional oxidative fluorination of
A2BO3F2 to A2BO3F3.
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Figure 2-13: Schematic representation of the charge carrier flow in a fluoride-ion battery during discharging and
charging.

Even though the term “fluoride-ion battery” and the underlying principles go back to studies
performed in the 1970s/80s 121-126, interest into this research field was reawakened only after
the reversibility of charging and discharging processes over several cycles within all-solid-state
FIBs based on the electrolyte La0.9Ba0.1F2.9 has been reported in 2011 27. Since then,
considerable research efforts have been carried out on the development and improvement of
electrolytes and electrode materials.
High ionic conductivities, which are the prerequisite for a well performing electrolyte of FIBs
besides a broad electrochemical stability window, have been reported for compounds with
fluorite-type or tysonite-type structure; especially, solid solutions of aliovalently-doped
127-133
One of the highest
fluorides have shown to have improved conductivities.
conductivities has been observed for nanocrystalline tysonite-type La0.9Ba0.1F2.9 with
2.81·10-4 S·cm-1 at 160 °C. This compound can be prepared via a simple ball milling process of
stoichiometric mixtures of BaF2 and LaF3 at 600 RPM for 12 h. 27, 134 La0.9Ba0.1F2.9 prepared
accordingly has, therefore, been chosen as fluoride-conducting electrolyte for all studies
performed within this thesis. It has to be pointed out that for this La0.9Ba0.1F2.9 powder,
sufficient ion conductivity is only achieved at elevated temperatures. However, in the
meanwhile, it has also been reported that the synthesis via coprecipitation 100, further
optimisation of milling conditions 135 and additional sintering steps of the obtained powder
materials can result in higher conductivities, even though room-temperature applications are
still not possible with La0.9Ba0.1F2.9. The highest reported room-temperature conductivity is
4 ·10-5 S·cm-1 for nanocrystalline La0.95Ba0.05F2.95 powders sintered at 700 °C. 135 Recently,
investigations have been also extended towards solid-state 136-141 and even liquid 142 roomtemperature electrolytes in order to lower the temperatures for the electrochemical reactions.
Electrode materials can be classified based on the type of reaction taking place between the
active material and the mobile ions and the resulting structural rearrangements as either
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conversion or as intercalation materials. For the conversion mechanism, strong changes in the
crystalline structure, often accompanied by large volume changes, which lead to poor cycling
performances and strong capacity fading, are common. Intercalation reactions, as can be
found when applying topochemical fluorination methods, result in considerably less
pronounced structural changes and better cycling performances. The theoretical specific
capacities of intercalation-based electrodes are, however, much lower as compared to
conversion-based electrodes. 143 The same observations have been made for electrodes used in
FIBs. All reported electrodes are composite materials consisting of a conversion- or
intercalation-based active material, an electronically conductive additive (e.g. carbon black)
and, if the ionic conductivity of the active materials is not sufficiently high, electrolyte to
improve the conductivity. Various conversion-based anode and cathode systems containing a
metal and/or metal fluoride have been investigated. 27-29 Systems based entirely on
conversion-based electrodes suffer from fast capacity fading upon cycling due to large volume
changes. Improved cycling behaviours have been found when cycling intercalation-based
cathodes with an RP-type oxide as active material against conversion-based anodes. 18-20, 144
Additionally, the choice of suitable electrode couples, or more precisely, of the
electrochemical potential of intercalation-based electrode against the counter electrode have
to be taken into account when considering how much fluoride intercalation into RP-type
oxides or deintercalation from RP-type oxyfluorides might be achievable within a charging or
discharging process. Using the same counter electrode as reference, higher oxidising powers
of the cathode materials can be expected for materials with higher electrochemical potentials.
The other way around, stronger reductions within the anode material should be possible for
materials with lower potentials. For the successful modifications of RP-type oxides and
oxyfluorides, the appropriate combination of different electrode materials is, therefore, an
important factor. As counter electrode for all conducted experiments, a conversion-based
composite containing Pb and PbF2 as active materials has been selected, which can be used as
both cathode and anode. The Pb/PbF2 composite has a potential of ~ 2.3 V against Li|LiF. 20

2.2.4 Combination of topochemical modification methods
The targeted synthesis of compounds with specific transition metal oxidation states and
structural arrangements are key for the development of novel materials with specific
properties. In this respect, the combination of above described topochemical modification
methods can be an important tool. Property engineering due to the choice of suitable
experimental procedures is possible, since the sequence of different topochemical reactions
can have significant influence on the resulting compound. This is exemplified below on the
RP-type compound La2NiO4+d by means of hypothetical considerations.
It could be assumed that the topochemical reduction of La2NiO4+d to La2NiO4-d would lead to
the formation of the single (n=1) layer T’-type structure in analogy to the double (n=2) and
triple (n =3) layer T’-type nickelates La3Ni2O6 and La4Ni3O8 (see section 2.2.2). For this
compound, the formation of significant amounts of monovalent Ni species would result in a
considerable number of vacancies d. Despite the great research interest into low-valent
nickelates in the field of high-temperature superconductors in the recent years, this T’-type
structure has, however, not been reported for the n = 1 member of the Ruddlesden-Popper
series Lan+1NinO3n+1 so far. This might be related to the fact that T’ compounds with large
anion deficiency d on the interstitial sites are not known, with a structural origin possibly
lying in the resulting low coordination numbers of the A-site cation. For strongly reduced
phases with the RP-type structure with n = 1 , e.g. LaSrNiO3.1 145 , anion vacancies on the
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equatorial site have rather been observed, which results in chains of square-planar
coordinated cations instead of layers.
In order to avoid such an anion deficiency, while still be able to reduce the compound and
stabilise the T’-type structure, a topochemcial modification leading to the introduction of
additional anions into the parent compound might be a suitable approach. A non-oxidative
fluorination using PVDF could result in the formation of La2NiO3F2 under the maintenance of
the Ni2+ oxidation state. A subsequent reductive metal hydride-based defluorination might
further allow for the synthesis of a single (n=1) layer T’ type nickel oxyfluoride with a
composition of La2NiO3F.
The introduction of additional anions (five anions per formula unit in La2NiO3F2 instead of
four anions per formula unit in La2NiO4) could be crucial to obtain the n = 1 T’-type
structure. For La2NiO3F2, one fluoride ion could be removed before an anion deficiency on the
interstitial site (less than four anions per formula unit) would have to be generated (Table
2-1). Furthermore, by reducing La2NiO3F2 to La2NiO3F, a Ni valence as low as +1 might be
achieved. In contrast, only higher Ni valences of +1.5 and +1.33 can be achieved for
previously studied La3Ni2O6 and La4Ni3O8. 99-101
Table 2-1: Comparison between n = 1, 2, 3, ∞ Ruddlesden-Popper-type and reduced T’-type lanthanum nickelates
and n = 1 Ruddlesden-Popper-type and reduced T’-type lanthanum nickel oxyfluorides. Additionally indicated are
the Ni oxidation states and occupations of anion sites of the different compounds.
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In a similar fashion, a sequence of non-oxidative and oxidative fluorination of La2NiO4+d
might allow for the synthesis of a Ni3+ containing compound. In a first step, the non-oxidative
fluorination could again lead to La2NiO3F2 under the maintenance of the Ni2+ oxidation state.
After this fluorination, five anions per formula unit would be present in the compound. Since
up to six anions per formula unit might be stabilised in the structure, additional vacancies at
the anion sites could be filled oxidatively in an additional electrochemical fluorination step.
Moreover, the electrochemical approach might also allow for the reductive deintercalation of
fluoride ions out of La2NiO3F2.
Besides other synthesis strategies, these approaches have been followed within this thesis (see
sections 4.1 and 4.2.

2.3 Magnetism
The magnetic properties of RP-type oxides have attracted great interest for various
technological applications. 43-48 With respect to this, the modification of magnetic properties of
RP-type oxides and oxyfluorides through the control of transition metal oxidation states via
different topochemical fluorination and defluorination approaches opens a wide scope for the
development of new magnetic materials. The influence of defluorination reactions on the
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magnetic behaviour of oxyfluorides was studied for the first time within this work.
Furthermore, the reversibility of fluorination and deintercalation reactions in FIBs may allow
for tuning and reversible switching of magnetic properties. The discussion of magnetic
properties of materials requires an elementary understanding of magnetism and its diverse
phenomena. Therefore, the basic concepts of magnetism and the indirect exchange
interactions defining the magnetic properties in RP-type compounds are discussed. Except
otherwise indicated, the information provided below has been obtained from fundamental
textbooks 17, 146-148.

2.3.1 Basic principles of magnetism
Magnetism is a quantum mechanical phenomenon, which manifests itself in various types of
magnetic behaviour, i.e., diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism
and ferrimagnetism. The different behaviours can be observed depending on the origin of the
magnetic moments and their interactions. Since the magnetic moments of nuclei are small
compared to the moments associated with electrons, only the latter will be considered. These
moments are caused by the angular momentum of spins of unpaired electrons and the orbital
angular momentum of electrons moving around nuclei. If no unpaired electrons are present,
the magnetic moment only relates to the orbital motion and diamagnetism is observed. The
application of an external field leads according to the Lenz’s law to the induction of an
electrical current, which produces an opposed magnetic field. The applied field is slightly
repelled. The magnetic susceptibility χ defined as the ratio of magnetisation within a material
to the externally applied field is, therefore, negative for diamagnetic materials. Even though
diamagnetic contributions are found in all materials, they are weak and often outweighed by
other much stronger magnetic contributions. Positive susceptibilities are characteristic for
paramagnetic materials, in which permanent magnetic moments, originating from the spins of
unpaired electrons, align with the applied magnetic field. The induced magnetic field has the
same direction as the applied magnetic field. In the absence of an external field, the moments
are randomly oriented.
Spontaneous magnetic ordering in the form of ferromagnetism, ferrimagnetism or
anitferromagnetism is found depending on the kind of exchange interactions between spins of
unpaired electrons (see section 2.3.2). Ordering is observed only below certain transition
temperatures, called Curie temperature TC for ferro- and ferromagnetic materials or Néel
temperature TN for antiferromagnetic materials. Above these temperatures, the samples
become paramagnetic due to the increase of thermal energy, which leads to randomisation of
the orientation of magnetic moments. The moments align parallel in ferromagnetic materials
and antiparallel in antiferromagnetic materials leading to the exhibition of spontaneous
magnetisation or not, respectively. Additionally, ferrimagnetic ordering is possible, in which
antiparallel alignment of moments takes place. The opposing moments are, however, unequal
and, therefore, a nonzero magnetisation remains.
The temperature dependence of the susceptibility of paramagnets can be described according
to the Curie-law
C=
where the Curie constant C is defined as
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Herein, n is the number of magnetic atoms, µB the Bohr magneton, J the total angular
momentum quantum number and g the so-called g factor, which is ∼ 2 for an electron spin.

Above TC or TN, the temperature dependency of ferro- and antiferromagnetic materials is
characterised by the (modified) Curie-Weiss-law:
Ferromagnetism: C = Q

P
QR

Antiferromagnetism: C =

P
Q S

θ is the Weiss constant. A linear fit of χ-1(T) of the paramagnetic region can be used to
determine the Curie constant and Curie temperature or Weiss constant, respectively. The
effective magnetic moment µeff can be obtained when the Curie constant is known. Assuming
spin-only moments only, i.e., neglecting the contributions of orbital angular momentum L to
the total angular momentum J (L = 0, J = S), the number of unpaired electrons of a
transition metal ion can be estimated using 2[S(S+1)]1/2 where S is the sum of spin quantum
numbers of unpaired electrons.

2.3.2 Indirect exchange interactions
In transition metal oxides and oxyfluorides, the occurrence of ferro- and antiferromagnetic
ordering requires indirect exchange interactions of the d orbital electrons of the transition
metal cations via electrons of p orbitals of diamagnetic anions (e.g. oxide and/or fluoride
ions). This involves virtual or real electron transfer of the p electrons. With respect to the
investigated compounds, two mechanisms can be distinguished: i) superexchange interactions
and ii) double-exchange interactions. 149
Superexchange interactions: The strength and sign of the superexchange is dependent on the
occupation and orbital degeneracy (see also section 2.1.2) of the involved d orbitals. The
interaction involves virtual electron transfers leading to the formation of excited states. The
so-called Goodenough-Kanamori-Anderson (GKA) rules 150-153, which can be used to predict
the magnetic interactions, are based on the minimisation of Coulomb interactions and include
the Pauli exclusion principle and the Hund’s rules. In a qualitative manner, they can be
summarised as the following:
1st GKA rule: The 180° exchange between two half-filled or empty orbitals is strong and
antiferromagnetic.
2nd GKA rule: The 180° exchange between one half-filled and one empty or doubly-filled
orbital is weak and ferromagnetic.
3rd GKA rule: The 90° exchange between two half-filled orbitals is weak and ferromagnetic.
Figure 2-14 illustrates the GKA rules based on the dx2-y2 and dz2 orbitals of Mn3+ and the pz
orbitals of O2- of a Mn – O – Mn bond. In Mn3+, the dz2 orbital is energetically favoured due to
the Jahn-Teller activity of Mn3+; the occupation of the dx2-y2 orbital is, however, discussed as
well.
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Figure 2-14: Illustration of superexchange and GKA rules based on the magnetic exchange between between Mn3+
ions and via a O2- ion. The eg orbitals of Mn3+ are shown: the 3dz2 orbitals are represented in white and the 3dx2-y2
orbitals in grey (the part of the orbitals perpendicular to the drawing layer is not shown). The 2pz orbital (a-c) and
the 2py and 2pz orbitals (d) of O2- are given in the middle. The triplet of arrows symbolises the spin S=3/2 of the
three half-occupied t2g orbitals, which are not shown in the representation. Depending on the occupation of
orbitals antiferromagnetic (a, b) or ferromagnetic (c, d) exchange takes place. The illustration has been redrawn
with permission from reference 150. Copyright © 2012, IOP Publishing.

Double-exchange interactions: For a double-exchange, mixed valance configurations are
required. If two valance states, for examples Mn3+ and Mn4+ (Figure 2-15) are present, the
electron in the dz2 orbital of Mn3+ can hop via the oxide ion to the empty eg orbitals of the
Mn4+. In contrast to the superexchange, for a parallel orientation of the spins of the halfoccupied t2g orbitals of the transition metal ions, no Coulomb repulsion or Hund’s coupling has
to be taken into account and real jump processes can be carried out. If the spins of the t2g
orbitals are antiparallel, there is no hopping according to Hund’s rules.
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Figure 2-15: Illustration of double-exchange interactions between Mn3+ and Mn4+ ions via a O2- ion. The eg orbitals of
Mn3+ and Mn4+ are shown: the dz2 orbitals are represented in white and the dx2-y2 orbitals in grey (the part of the
orbitals perpendicular to the drawing layer is not shown). The pz orbital of O2- is given in the middle. The triplet of
arrows symbolises the spin S=3/2 of the three half-occupied t2g orbitals, which are not shown in the representation.
For a ferromagnetic ordering of spins of Mn3+ and Mn4+ , real electron transfers are possible via a double-exchange
(a); for an antiferromagnetic ordering of spins of Mn3+ and Mn4+ , no electron transfers are possible (b). The
illustration has been redrawn with permission from reference 150. Copyright © 2012, IOP Publishing.

2.4 Diffraction
In the following section, fundamentals about powder diffraction and the Rietveld method are
given. Common features and differences between different types of diffraction techniques
based on the used radiation, i.e., X-rays, neutrons and electrons are discussed. Rietveld
analysis can be performed on X-ray and neutron powder diffraction data sets. Each diffraction
peak contains information about the sample and the instrument used for the measurement. In
order to be able to perform Rietveld refinements, which involves the simulation of the
measured data using a sufficiently good mathematical approximation, the different features
have to be understood, separated and described by mathematical functions. In the following,
the basic principles underlying diffraction are introduced, before the Rietveld method is
examined. Unless otherwise specified, the given information has been extracted from
textbooks about crystallography and diffraction 154-159 and the Rietveld method 160, 161.

2.4.1 Basic principles of powder diffraction
Powder diffraction is a powerful tool for the determination of crystal structures. The
investigation of a crystal structure by means of diffraction is only possible when waves with
wavelengths of the same order of magnitude as the interatomic distances interact with atoms
in a crystal. Suitable wavelengths can be found for X-rays and particles such as neutrons and
electrons. Important features of all three types of radiation are given in Table 2-2. The nature
of interaction between X-rays, neutrons and electrons with nuclei and electrons of individual
atoms varies and accordingly different information can be extracted depending on the type of
radiation used. Moreover, complementary information can be gained by using different
radiation as will be explained in the following.
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Table 2-2: Comparison of three types of radiation used in diffraction experiments. 155
Nature
Scattered by

Scattering function
Wavelength range
Lattice image
Applicable theory of
diffraction

X-rays
Wave
Electron density
f(sin θ/ λ) ∝ Z
~ 0.5 – 2.5 Å
Reciprocal
Kinematical

Neutrons
Particle
Nuclei and
magnetic spins of
electrons
f is constant
~1Å
Reciprocal
Kinematical

Electrons
Particle
Electrostatic
potential
f(sin θ/ λ) ∝ Z1/3
~ 0.02 – 0.05 Å
Direct, reciprocal
Dynamical

For an infinite ideal crystal, diffraction can be geometrically described in a simplified way as
specular reflections, i.e., the angle of incidence θ is equal to the angle of reflection, of parallel
waves by a set of lattice planes with the same Miller indices hkl and distance d (Figure 2-16).
The planes are treated as semi-transparent mirrors and, therefore, reflections at consecutive
parallel planes can take place. Since all waves have the same direction after being reflected,
they interfere. Constructive interference occurs only when the path difference ∆ between
waves scattered at successive planes is an integer multiple of the wavelength λ:
∆ = 'V

In all other cases, destructive interference is observed.
Geometrically, the path difference ∆ can also be described as:
Δ = 2) sin Z

Combining both equations, the Bragg equation is obtained:
'V = 2) sin Z

Thus, only for certain angles θ, intensity maxima appear, while for other angles no intensity is
found.

Figure 2-16: Illustration of the geometry used for the simplified derivation of Bragg’s law.

A geometrical interpretation of the diffraction condition can be also given using the Ewald’s
sphere (Figure 2-17). It displays the relationship between diffraction patterns and the
]]]]⃗\ is in reciprocal space the inverse of the
reciprocal space. The length of the incident wave [

]]]]⃗N has the identical length as [
]]]]⃗\ . The angle
wavelength. An elastically scattered wave [
]]]]⃗\ and ]]]]⃗
[N is 2θ. Therefore, a sphere with the radius of 1/λ is delineated since ]]]]⃗
[N can
between [
be diffracted in all directions under different angles 2θ. For each reciprocal lattice point
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located on this Ewald’s sphere, the Bragg condition is fulfilled and diffraction takes place.
Depending on the angle, different Debye-Scherrer cones with apex angles of 4θ are generated,
which are characteristic for one set of lattice planes. The scattering vector []⃗ is given by
]]]]⃗N _ [
]]]]⃗\.
[]⃗ = [

The length of the scattering vector is 1/dhkl.

For thin samples, for which sufficient transmission is possible, the diffraction patterns are
recorded by projecting the 3-dimensional intensities on a 2-dimensional detector, which is
oriented perpendicular to the incident beam. While for polycrystalline samples, Debye ring
patterns are detected, single crystalline samples show spot patterns. In the middle of the
patterns a centre spot from the non-diffracted beam is visible. The rings or spots can be
indexed and interplanar distances and lattice parameters may be deducted.

Figure 2-17: Illustration of the Ewald’s sphere in reciprocal space. For reciprocal lattice points on the sphere,
diffraction takes place and diffraction cones are formed, which can be detected on a screen as a spot pattern for
single crystals or a ring pattern for polycrystalline samples.

Any diffraction experiment can be understood as a Fourier transformation of a crystal
structure from direct space into reciprocal space. This results in 3-dimensional intensities in
reciprocal space instead of a direct image of the crystal structure. The determination of the
latter takes place via a transformation of the obtained diffraction patterns back into direct
space, which is not straightforward as will be explained below. For the representation of X-ray
and neutron powder diffraction data, the 3-dimensional intensities in reciprocal space are
given as a 1-dimensional diffractogram as a function of the reflection position 2θ or the
interplanar distance d, respectively. In electron diffraction, the 2-dimensional representation
of measured intensity data leads to a reduced overlapping of peaks allowing a reconstruction
of the 3-dimensional electron diffraction data in reciprocal space and indexing can be
performed unambiguously. Compared to X-ray or neutron diffraction, the beam used in
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electron diffraction experiments consists of high-energy electrons, which are accelerated in a
strong electric potential of several hundred kV. Therefore, they have a wavelength, which is
smaller than the interatomic distances in the sample. Due to the small wavelength, the
scattering angles are small and the radius of the Ewald’s sphere, which also corresponds with
]]]]⃗\ and ]]]]⃗
the lengths of [
[N , becomes quite large. Therefore, the curvature of the sphere
degenerates practically into a plane and possibly many reflections can be measured at the
same time. Additionally, direct imaging is possible using electron transmission techniques.

The measured intensity patterns obtained from X-ray, neutron or electron diffraction have
multiple, potentially overlapping reflections of one or more phases within the sample
superimposed on a background. Each peak is characterised by its position, intensity, shape,
width and asymmetry all of which contain information about the crystal structure, properties
of the sample and/or instrumental parameters. A closer examination of these features not
only enables a better understanding about what information can be extracted from a
diffractogram but also how to simulate a pattern to eventually determine crystal structures via
structural refinement approaches like the Rietveld method (see section 2.4.2). The features
are, therefore, examined in the following. In addition, the fundamental parameter approach is
discussed, which is used to lower the influences of the instrument and the radiation source on
the peak shape, width and asymmetry.

2.4.1.1 Peak position
As noted previously, diffraction peaks appear only at specific scattering angles θ, for which
the Bragg equation is fulfilled. The position of the reflection is, therefore, dependent on the
wavelength λ and the interplanar distance d. The latter is a function of the unit cell
dimensions, e.g. the lattice parameters a, b, c, α, β, γ, and the Miller indices h, k and l, which
define every set of lattice planes. For each crystal system, different relations can be
geometrically deducted. Exemplarily, for the orthorhombic system the following is valid
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The peak position and the corresponding interplanar distances may allow determining the
crystal system, lattice parameters and possibly the space group of an unknown phase. The
possibilities for the space group determination can be reduced due to the systematic
extinctions of reflections with certain h, k and l indices. Depending on the lattice type, e.g.
body-centred or face-centred, or on present symmetry elements like glide planes or screw axes
parallel to certain plains or axes, some reflections have no intensity. Therefore, the symmetry
elements can be deduced and possible space groups can be determined. However, especially
when the lattice parameters are unknown, the necessary indexing of all observed reflections,
i.e., the assignment of the integer indices h, k and l is not trivial. The implementation of
iterative indexing approaches into computer software (e.g. Topas V5.0 162, 163) facilitates the
analysis, even though the solutions are often not unambiguous, especially for low symmetries.
Other factors affecting peak positions are various instrumental and sample related aspects.
For example, preparative inaccuracies such as incorrect height adjustment influence peak
positions.

2.4.1.2 Peak intensity
The integrated intensity Ihkl of a reflection caused by waves reflected from a set of lattice
planes hkl (after subtraction of the background) is affected by the atomic structure and
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several other factors including sample and instrument related parameters. Overall, it can be
expressed as the following product:
a`

= b ∙ c` ∙ =dS ∙

S

∙ E` ∙ e` ∙ |-` | .

Herein, s is the scaling factor, phkl the multiplicity factor, LPθ the Lorentz-polarisation factor, Aθ
the absorption correction, Thkl the factor for preferred orientations and Ehkl the extinction
correction. Preferred orientation effects have been not observed within the scope of this thesis
and can, therefore, together with the extinction factor, which accounts for deviations from
kinematical diffraction, be neglected. The parameters are all independent of the crystal
structure of the sample. Only the structure factor |Fhkl|2 correlates to the atomic structure, i.e.,
to the type of atoms and their positions within the unit cell. When a unit cell contains multiple
atoms, the amplitude of the scattered wave is given by the structure amplitude
-`

= g hi ∙ exp(_
i

i

∙

b2' Z
) ∙ >i ∙ exp(2πi(ℎ/i + [ni + opi ))
V

where fj is the scattering factor of atom j, Bj the thermal displacement parameter of atom j and
Nj is the occupation factor of atom j. In the second exponential term, 2πqℎ/i + [ni + opi r is
the phase angle Φj of atom j with the Miller indices h, k and l of the reflection and the relative
atomic positions xj, yj and zj in the unit cell. The summation takes place over all atoms j in the
unit cell. Since only |Fhkl|2 can be deducted from the measurement of the scattered intensity,
the phase information is lost. Consequently, crystal structures cannot be solved directly from
experimental data.
The scattering factor fj is contained in the expression for the structure amplitude Fhkl because
the ability of an atom j to scatter radiation depends on the type of atom. Moreover, the
scattering factor is dependent on the kind of incident radiation used in the experiment (e.g. Xrays or neutrons), because the radiation is scattered by different scattering objects such as
electrons or nuclei. In all cases, the scattering factor has the form of a Fourier transform of the
density distribution of scattering objects.
X-rays are almost exclusively scattered by the electron density surrounding the nuclei and,
therefore, the scattering factor increases with the atomic number Z. The X-ray scattering
factor depends strongly on the diffraction angle θ (expressed as sinθ/λ) (Figure 2-18) due to
electron density around the nucleus. For sinθ/λ = 0, the values of f equals the atomic number
Z.
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Figure 2-18: X-ray atomic scattering factors as a function of sinθ/λ. The strong decrease of the scattering factors is
shown exemplary on the elements measured within this thesis. The scattering factors have been fitted to the

analytical function h s

t

S

u = ∑<yz : ∙ exp s_w ∙

IS

tI

u + x with the coefficients ai, bi and c. 164 Thermal displacement

has not been considered.

Neutrons are scattered by the nuclei. The Fourier transform of the density distribution of a
nucleus, i.e., that of a delta function, is unity, which results in constant nuclear scattering
factors over the complete angular range. Instead of scattering factors, they are referred to as
scattering length bj. The scattering lengths differ strongly for different atoms and isotopes and
there is no progression with Z (Figure 2-19). Additionally, the scattering length can be
positive or negative. A negative value corresponds to a 180° phase shift on scattering.

Figure 2-19: Nuclear scattering lengths of thermal neutrons as a function of atomic weight. The scattering lengths
of the elements and their isotopes were taken from reference 166. The scattering lengths of the elements
investigated by neutron diffraction within this thesis are labelled.
165
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Furthermore, due to the nuclear spins of ½ and the corresponding magnetic moments of
neutrons, magnetic interactions with magnetic moments of unpaired electrons of atoms of the
sample can be observed. In this case, interactions take mostly place between the neutrons and
outer-shell electrons. The Fourier transform of the spatial distribution of these outer-shell
electrons and, therefore, the magnetic scattering factor decreases, consequently, faster than
the X-ray scattering factor. Since the moments of atoms can be long-range ordered (see
section 2.3), coherent magnetic scattering can take place. The magnetic scattering is
superimposed on the nuclear scattering in magnetic samples. Magnetic structures can be
commensurate or incommensurate. For commensurate structures, there is a close relationship
between the magnetic unit cell and the underlying crystallographic nuclear unit cell.
Depending on the ordering of atomic magnetic moments ]µ⃗, magnetic unit cells may be
doubled, tripled etc. along the axes, which is described by the scattering vector []⃗. The
]⃗ is given by
periodic change of the magnetic moment µ

]⃗)
]µ⃗ = µ
]]]]⃗\ ∙ exp(_2|2 ∙ []⃗ ∙ E

]⃗ is the nuclear translation vector. Thus, the scattering vector []⃗ describes how the
where E
]⃗ of a translatorically identical atom transforms between neighbouring unit
magnetic moment µ
cells. In incommensurate structures, such comparatively simple relationships are not found.
Likewise to the nuclear structure amplitude Fhkl, the magnetic structure amplitude can be
defined as
}
]]]]]]]]]]⃗
= g c~ ∙ •]]⃗~ ∙ exp(2πi(ℎ/~ + [n~ + op~ )).
-`
~

The magnetic structure amplitude is, however, a vectorial quantity and sums up all magnetic
contributions within the unit cell. It depends on the orientation and length of the scattering
vector []⃗ and the atomic magnetic moment ]µ⃗. pj is the magnetic scattering length of atom j and

]]]⃗
•€ is the magnetic interaction vector of atom j. The magnetic interaction vector •⃗ can be
described in a geometrical form as
•⃗ = [• ‚ qµƒ ‚ [• r = µƒ _ q[• ∙ µƒr ∙ [• with |•⃗| = sin „.

Herein, [• and µƒ are the unit vectors parallel to the scattering vector []⃗ and atomic magnetic
moments ]µ⃗ and α is the angle between [• and µƒ. The magnetic interaction vector •⃗ changes its
sign, when the magnetic moment is reversed.

]⃗, additional reflections
If there is an increase in the magnetic unit cell volume, i.e., []⃗ … 0
commonly at high d-spacings are observed. If magnetic and nuclear reflections overlap, the
overall intensity is given by |-` | + †-`

}

† . 166

With respect to the RP-type oxides and oxyfluorides investigated within the scope of this
thesis, some remarks have to be given about the implications originating from the use of
different types of radiation on the crystal structure analysis. The direct proportionality
between the X-ray scattering factor and the atomic number Z, resulting also in higher cross
sections due to an approximate Z2 relationship, leads to stronger scattering of heavier atoms
than lighter atoms. Hence, X-ray diffraction gives mostly detailed information only about the
cations in the compounds. Neutron diffraction, on the other hand, enables the investigation of
the anion sublattice due to the particular nuclear scattering lengths and cross sections of each
element. The cross sections are approximately |b|2. The use of multiple data sets of different
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kinds of radiation can, therefore, be beneficial for the crystal structure determination. The
differentiation between oxide and fluoride ions by means of X-ray or neutron diffraction is,
however, not possible due to the similar scattering factors or lengths of oxide and fluoride
(16O: 5.8 fm, 19F: 5.7 fm) 165 (Figure 2-19). To distinguish between these anions, other
empirical coordination chemistry related approaches like the bond-valance method 167, 168
have to be applied. For this, precise bond distances have to be known, which can be
determined using diffraction experiments. Using neutron diffraction, it is, in principle, even
possible to detect hydride ions, which have a negative scattering length of -3.7 fm 165
corresponding to an inversed scattering vector compared to oxide or fluoride ions. If,
however, additional anion vacancies are present, it is difficult to assign precise oxide, fluoride
or hydride ion contents to a certain anion site. To illustrate this problem two simple examples
are considered: i) a site is only partially occupied by oxide ions (consequently, vacancies are
present on this site as well); ii) a site is partially occupied by slightly more oxide ions and
additionally a small amount of hydride ions (consequently, fewer vacancies are present on
this site as compared to example i). In neutron diffraction, the mathematics behind both
refinements would be the same and it is not possible to conclude, which occupation scenario
would be valid. This also demonstrates that an over-parametrisation of refinements may be
misleading. Even though the mathematics behind the refinements of X-ray and neutron
diffraction data are different, due to the extremely low scattering factor of hydride ions in
X-ray diffraction, coupled refinements of X-ray and neutron diffraction data do not necessarily
provide additional information about the anion sublattice. Therefore, a detailed structural
characterisation of compounds containing multiple anions and vacancies is difficult.
Similar to X-ray and neutron diffraction, the scattering amplitude of electron diffraction is
dependent on the electron atomic scattering factor of the atoms within the unit cell. Since the
accelerated electrons are charged particles, which interact with the Coulombic potential of the
sample atoms, the factor is regarded as the Fourier transform of the electrostatic potential
distribution. The scattering factor is proportional to Z1/3 and a strong decrease in dependence
of the diffraction angle is found. The cross sections of electrons are ~ 104 to 105 times larger
than in X-ray or neutron diffraction, which allows measuring small sample volumes.
Furthermore, high-resolution electron microscopy images can be obtained, since a focussing of
electrons by magnetic lenses is possible. 169, 170

2.4.1.3 Peak shape and width
The profile of a powder diffraction peak (corrected by the background), characterised by its
shape and width, is dependent on instrumental parameters, the emission profile of the source
used and sample contributions. It can be described by a peak profile function, which is a
convolution of instrumental, wavelength dispersion and sample functions. Each of these
contributions have their own angular dependency of the peak shapes, widths and
asymmetries. In X-ray diffraction, the peak shape can be represented by a Pseudo-Voigt
function, i.e. a summation of a Lorentzian and Gaussian function with scalable contributions.
While in constant wavelength neutron diffraction, the convolution results in reflections with
almost exactly Gaussian peak shape, strong asymmetries are often found in time-of-flight
neutron diffraction.
The sample function and, therefore, the convoluted peak shape function is influenced by the
physical state of the sample. Isotropic peak broadening β caused by crystal size τ and
microstrain ε increases according to
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Therefore, size and strain contributions can be distinguished as a function of the diffraction
angle θ.
Apart from isotropic, angular dependent broadening, anisotropic, hkl dependent strain
broadening might be observed. It can be described phenomenologically using the spherical
harmonics 171, 172 or Stephens model 173.
In the spherical harmonics model, the anisotropic broadening is given by
Š(Z, ‹) = g 9 i ∙ Œ i ( Z, ‹)
i

with Yijp(θ,φ) being the spherical harmonic functions of order i (i has to be even), j = 0, 1,…,
i and the parity p, which can be “+” or “-“. The orientation of the unit vector /ƒ, which is
parallel to the scattering vector, is described by the polar angles θ and φ. Cijp are refined with
restrictions imposed by symmetry invariance with respect to the Laue class. 174
The Stephens models 173, which are also implemented in Topas V5.0, consider a
multidimensional distribution of lattice parameters leading to the anisotropic broadening.
Each crystallite has its own set of metric parameters A, B, C, D, E and F of the reciprocal
lattice, which is correlated to the spacing d between lattice planes hkl in direct space
according to
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The variance of Mhkl is given by
Ž (;` ) = g ••‘’ ∙ ℎ• ∙ [ ‘ ∙ o ’
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with terms for the anisotropic strain parameters SHKL defined for H + K + L = 4. The
anisotropic strain parameters SHKL are refined. Depending on the crystal system, different
restrictions for the anisotropic strain parameters SHKL have to be considered. The anisotropic
strain broadening contribution to the line width is
Γ” = •Ž (;` )–
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2.4.1.4 Peak asymmetry
Asymmetry effects are usually observed on the low angle side of a reflections due to various
instrumental factors. The major contribution is caused by axial divergence of the beam; other
factors such as non-ideal sample geometry etc. have a smaller influence. The asymmetry is
usually strongly dependent on the diffraction angle and is most pronounced at low angles.
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A proper instrument configuration and alignment can reduce the peak asymmetry
substantially. Additionally, the fundamental parameter approach, which is discussed below,
can significantly lower the asymmetry.

2.4.1.5 Fundamental parameter approach
The influence of the instrument and the radiation source on the peak shape, width and
asymmetry can be determined using the fundamental parameter approach. 175-177 This
approach is based on a comprehensive description of experimental conditions and hardware
configurations by measuring a crystalline standard sample (e.g. LaB6), for which crystallite
size and/or strain effects are known. This allows refining of all non-sample related
parameters. For subsequent refinements of other samples, the obtained values are used.
Therefore, less parameters have to be used and it can be excluded that sample related
influences are wrongly described by too variable instrumental parameters. The fundamental
parameter approach is also implemented into Topas V5.0.

2.4.2 The Rietveld method
The Rietveld method is a crystal structure analysis method 178-180, in which a least-squares
minimisation procedure is conducted. A starting structural model, which is reasonably close to
the final model, is needed. The quantity that is minimised is the residual Sy
•› = g 1 qn ,

_n,

r

where wi = 1/yi is the weighting coefficient at step i, yi,obs the observed intensity at step i and
yi,cal is the calculated intensity at step i. Hence, for each measured step intensity data point i,
an intensity is calculated by means of mathematical functions (e.g. Gaussian, Lorentzian or
Pseudo-Voigt functions). The calculated intensities are based on the calculation of |FK|2 values
from the structural model by summing over all calculated contributions from neighbouring
reflections plus the background:
n,

= b ∙ ∑‘ c‘ ∙ =dS ∙
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Herein, s is the scaling factor, pK the multiplicity factor, LPθ the Lorentz-polarisation factor, Aθ
the absorption correction, TK the factor for preferred orientations, EK the extinction correction,
φ the reflection profile,|FK|2 the structure factor and yi,bkg the background intensity at step i.
The summation is over K, which are the Miller indices h, k and l of a reflection. As is discussed
in section 2.4.1, the reflection profile is dependent on several factors including instrumental
and sample related parameters and is described by various mathematical functions; the
fundamental parameter approach can, however, help to reduce parameters. For the
description of the background, a polynomial of order m is used:

The least-squares minimisations leads to a set of normal equations, which contain the
derivatives of all calculated intensities yi,cal with respect to each refinable parameter. The set
of equations can be solved by inversion of the normal matrix Mjk given by
•žŸ = _ g 21 ∙ qn ,
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where xj and xk are the set of refinable parameters. Therefore, an m x m matrix is created and
inverted, where m is the number of refined parameters. Since the function for the residual Sy
is non-linear, the solution has to be determined iteratively. The shifts ∆xk are
©ª

∆§Ÿ = ∑ •žŸ¨ ∙ ©§«.
Ÿ

The calculated shifts are applied to the parameters of the starting model to potentially
improve the model. The whole procedure is then repeated until a certain convergence
criterion is reached. To avoid false minima, constraints have to be chosen deliberately.
Refinable parameters are compiled in Table 2-3.
Table 2-3: Refinable parameters within the analysis of powder diffraction data. 160
For each phase present
Atomic positions xj, yj and zj
Isotropic thermal parameters Bj
Occupation factor Nj
Scaling factor s
Sample-profile width parameters
Lattice parameters a, b, c, α, β and γ
Individual anisotropic thermal parameters
Preferred orientation
Crystallite size and microstrain
Extinction

Global
2θ-Zero
Instrumental profile
Profile asymmetry
Background
Wavelength
Sample displacement
Sample transparency
Absorption

Due to the high number of refinement parameters, strong correlation between parameters can
occur if too many parameters are refined simultaneously. These correlations lead to similar
effects on the calculated intensities when different parameters are changed. Highly correlated
parameters are thermal parameters and occupation factors, occupation and scaling factors,
thermal parameters and absorption, thermal parameters and X-ray scattering factors or
neutron scattering lengths when using the wrong types of atoms as well as thermal
parameters and multiplicity factors. To avoid correlations, special attention has to be given to
the sequence of refinements steps and physically and chemically plausible constraints should
be applied.
To judge refinement results, difference plots between the measured and calculated data and
different R-indices can be employed. The Rwp and RBragg values are the most meaningful
indices amongst others. They are defined as
∑ 12 ∙ (n , _ n ,
¬- = ®
∑ 1 ∙ (n , )

and
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where IK is the intensity of reflection K at the end of the refinement.
Another important criterion is the Goodness-of-fit (GOF) indicator
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with
>_d
¬ = ² ¬ _ */c*x3*)² = ®
∑ 12 ∙ n ,
where N is the number of measurement points and P the number of refined parameters.
A quantitative analysis of multiphase mixtures is possible since the scaling factors derived
from Rietveld analysis are related to the relative weight fraction wp of phase p in a mixture of
j phases according to
1 = ∑³

∙(´³ —³ µ³ )
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Herein, s are the scaling factors and Z, M and V the numbers of formula units per unit cell, the
masses of the formula unit and the unit cell volumes of the involved phases, respectively.
Quantification errors are typically in the order of 1 to 2 %.
For the quantification of amorphous phase fractions, an internal standard approach can be
used. The sample is mixed with a well crystalline standard with a similar adsorption
coefficient in a distinct weight ratio. If there is an amorphous phase, the weight fraction of the
standard is overestimated and from the difference to the expected value, the phase fraction of
the amorphous phase can be calculated.

2.5 Characterisation techniques
The following discussion is limited to fundamental principles of the techniques and relevant
aspects concerning the experimental set-ups used within this thesis.

2.5.1 Diffraction
The most important principles underlying diffraction are discussed in section 2.4. Within this
section, additional information related to the used experimental set-ups are given.

2.5.1.1 X-ray diffraction
For the X-ray diffraction experiments, Cu Kα radiation consisting of two wavelengths of Cu Kα1
of 1.540596 Å and Kα2 of 1.544443 Å were used. The peak shape of the Cu Kα radiation was
modelled via a combination of Lorentzian functions. Cu Kβ radiation with a wavelength of
1.392 Å was filtered using a Ni filter with a K absorption edge at 1.488 Å.
The polycrystalline powder samples were measured in the Bragg-Brentano geometry, in which
the flat-plate sample is positioned in the centre of the goniometer circle. The foci of the X-ray
source and the detector have a constant distance to the tangent of the sample surface and
they are moved on the goniometer circle by –θ and θ. The divergence of the incident X-ray
beam is controlled by slits. Fixed or variable slits can be used. The length of the irradiated
area of the sample is dependent on the divergence and scattering angles and may overflow
the sample at low scattering angles, especially when small samples areas are illuminated. The
divergence of the diffracted beam is controlled using anti-scatter and divergence slits. Axial
divergence is reduced using Soller slits on the source as well as the detector side.
A position sensitive detector consisting of multiple channels with micro-strip anodes is used
for the detection of the diffracted beam. Each anode element is an individual detector with a
fixed 2θ position relative to other anodes. In the detector, the incoming X-ray photons are
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converted into electrical signals by ionisation of xenon atoms and amplification of the number
of obtained electrons due to their acceleration in an electric field causing further ionisation
processes. The electrons cause a charge pulse when reaching the anode, which propagates to
both ends of the anode. By comparing the relative arrival times of the pulse at both ends, the
position of the X-ray photon can be determined. Quenching gas can be used to minimise dead
times. 154, 156

2.5.1.2 Neutron diffraction
The neutron diffraction experiments were conducted at the ISIS high-resolution powder
diffractometer (HRPD) 181 and general materials diffractometer (GEM) 182, 183 at the
Rutherford Appleton Laboratory in Didcot, United Kingdom. The ISIS Neutron and Muon
Source providing neutrons for the diffraction measurements is a spallation source. Protons are
accelerated in a synchrotron and diverted toward a target station, where they collide with
tungsten metal. The collision leads to the spallation of neutrons from the metal and the
emitted neutrons are channelled through beamlines towards the ISIS instruments.
The powder diffraction measurement of both diffractometers used are based on the time-offlight analysis of pulsed neutrons with varying wavelengths. By recording the time each
neutron of a pulse takes to reach the detector, its wavelength and the corresponding d-spacing
can be calculated according to
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where t is the time of flight, mneutron the mass of a neutron and L the length of the flight path.
The angle θ is herein constant, since the detector banks are stationary.
The relative uncertainty of the d-spacing δd/d is dependent on the uncertainties of the time of
flight δt, the path length δL and the scattering angle δθ. It can be described as
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This is implemented in the HRPD, where a long flight path of ~ 96 m and consequently a
relatively long time of flight lead to very high resolutions. The GEM, which has a shorter flight
path of ~ 17 m, offers higher intensities at the cost of poorer resolution.
The detector banks, which cover different angular ranges, measure different, partly
overlapping d-spacing ranges. The measurable d-spacing depends, furthermore, on the
wavelength or flight path and time, respectively, of the incident neutron. In general, lowangle banks detect high d-spacing ranges and high-angle banks have the best resolution. 156
The HRPD has three detector banks and the GEM eight banks. 181, 182 For the acquisition of
data of the different banks, ZnS/6Li scintillators or He gas tubes are used.

2.5.1.3 Automated diffraction tomography
In order to determine crystal structures, an as complete sampling as possible of the reciprocal
space is required. While in X-ray and neutron powder diffraction, the 3-dimensional reciprocal
space is reduced to 1-dimensional diffraction data leading to the superposition of intensities,
electron diffraction allows for the collection of 3-dimensional data sets. Moreover, the use of
electron radiation enables the investigation of small crystals in the nanometre range
41

regardless of other phases potentially surrounding the considered particle. Traditionally, highresolution electron microscopy (HRTEM) was used for the characterisation of nano-sized
particles. However, this method usually requires strong illumination and thus large electron
doses, which could cause modifications of the crystal structure or amorphisation due to beam
damage. Electron diffraction offers a possibility to obtain high-resolution crystallographic data
using significantly lower radiation levels. Conventionally, electron diffraction is based on the
acquisition 2-dimensional in-zone electron diffraction patterns of oriented crystals, where
several patterns including prominently oriented zones are collected by tilting of the crystal
around special crystallographic axes. This method involves several problems: i) a perfect
alignment of a zone is not possible and, therefore, it is not assured that intensities originate
from a cut through the centre of the reflection, ii) high electron dose and possible beam
damage due to long exposures while orienting, iii) dynamic effects are strongly enhanced for
in-zone patterns, and iv) a large number of high indexed reflections of the sampled reciprocal
space is not measured reducing the total number of measured reflections. 184 To overcome
these problems, automated diffraction tomography (ADT) was developed. The collection of
ADT data is based on a complete scan of the reciprocal space within the tilt range of the
goniometer by tilting a crystal around an arbitrary axis in fixed tilt steps of 1°. This leads to
the collection of more reflections including those of off-zone data, which lowers dynamical
effects, and to the considerably higher coverage of reciprocal space as well as to shorter
exposure times. Precession of the beam during diffraction pattern acquisitions also reduces
the dynamical effects even more and integrates reflections hardware-wise. 185, 186 The
differences in data acquisition geometry of conventional electron diffraction and ADT are
shown in Figure 2-20. Due to the limited tilting range of the goniometer, the border of the
grid, the holder or other crystals, there is still a part of the reciprocal space, the so-called
missing cone that cannot be measured. This missing cone reduces the completeness, which
corresponds to the percentage of independent reflections present in the dataset, depending on
the crystal system, e.g. to 60 % for the triclinic system, 70-90 % for the monoclinic system and
90 % for the orthorhombic system. A charged-coupled device (CCD) camera and a specific
module for a fast version of ADT can be used for data acquisition. 187 The collected 2dimensional tilt series is used to reconstruct the 3-dimensional reciprocal space using the
eADT software 188, which also determines cell vectors. Detailed crystal structure analysis from
the recorded intensities is possible subsequently. 184, 186, 188-190
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Figure 2-20: Data acquisition geometry of conventional electron diffraction (top) and ADT method (bottom). In
conventional electron diffraction, only reflections of low index oriented zones (grey planes) in a tilt around c* are
measured. In ADT, non-oriented patterns in a tilt with fixed steps of 1° around an arbitrary axis are measured. The
filled spheres refer to measured reflections and the empty spheres to missing reflections in the reciprocal space. The
figure has been reprinted with permission from reference 191. Copyright © 2013, Elsevier.

2.5.2 Magnetometric measurements
Magnetometric measurements can be conducted using a superconducting quantum
interference device (SQUID). SQUIDs are the most sensitive devices available for the detection
of the magnetic flux. Variations of the magnetic flux due to changes of external magnetic
fields when periodically moving a sample through a superconducting input coil, which is
inductively coupled to the SQUID sensor, are measured and translate into detectable voltage
signals. The working principle is based on the phenomena of flux quantisation and Josephson
tunnelling causing a periodic relationship between the voltage and the magnetic flux with a
period of one flux quantum.
A DC SQUID sensor consists of a symmetric superconducting loop with two parallel Josephson
junctions dividing the loop into two branches. When a constant current Ibias is applied to the
loop, a supercurrent can only tunnel through the Josephson junctions as long as the critical
current Ic of the both junctions is not exceeded, otherwise the junctions become resistive and
a voltage is detected (Figure 2-21 left). SQUIDs are operated at a current in the I-V curve of
½¾

the Josephson junction where the derivative ½¿ has a maximum and, thus, at a current slightly

higher than the critical current Ic. For a DC SQUID with two junctions, the current Ibias is
chosen to be twice this current (Ibias > 2 Ic), which leads to a voltage drop across the junctions
in both branch of the SQUID loop. When the sample causes an external flux Φext in the
detection coil, a current is induced, which compensates the magnetic flux. This current
induces via inductively coupling screening currents Iscreen in the SQUID loop that enhances or
reduced the currents through the junctions depending on the direction of the external
flux Φext. Due to flux quantisation, if the magnetic flux changes by an integer multiple of one
flux quantum Φ0, the screening current Iscreen is zero. If this is not the case, a screening current
is induced with a maximum at Φ0/2. The screening current Iscreen is, therefore, periodic with a
period of one flux quantum Φ0. Total currents Itotal equal to Ibias + Iscreen > Ic for one junction
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and Ibias - Iscreen < Ic for the other junction are found. Hence, as the external flux changes, the
voltages across the junctions change in a periodical manner with a period of one flux quantum
Φ0 (Figure 2-21 right). 191, 192

Figure 2-21: Current vs. voltage curve of a Josephson junction. The bias current is also indicated (left); voltage vs.
externally applied magnetic field curve at a constant bias current (right). The figure has been reprinted with
permission from reference192. Copyright © 2006, AIP Publishing.

2.5.3 X-ray absorption spectroscopy
The element-specific X-ray absorption spectroscopy (XAS) provides information about the
chemical state and local atomic structure of selected atomic species. It is based on the
absorption of monochromatic X-ray photons of high-intensity, energy-tuneable X-ray radiation
usually provided from a synchrotron source by core electrons of the probed atomic species.
Measurements can be conducted in transmission or fluorescence geometries. XAS was
performed at PETRA III beamlines P64 and P65 at the Deutsches Elektron-Synchrotron
(DESY) in Hamburg, Germany. The beamlines cover an X-ray energy range from 4 to
44 keV. 193, 194
The attenuation of the intensity of X-rays due to absorption when passing through a material
is according to the Lambert-Beer law
a = a\ ∙ exp(_M ∙ 3).

Herein I is the attenuated X-ray intensity, I0 the incident X-ray intensity and t the thickness of
the sample. The absorption coefficient µ, which can be deduced from the intensity ratio, is a
function of the energy of incident radiation. Only when the X-ray photon has an energy equal
or higher than the binding energy of the core electrons of the atom, absorption takes place,
i.e., a photoelectron is created leaving the atom in an excited state due to the photoelectric
effect. Under the emission of either non-directional X-ray fluorescence or an Auger electron,
the atom returns to its ground state. The sharp rise in adsorption is the adsorption edge. The
edge position depends on the binding energy of the absorbing electrons and, thus, changes of
the oxidation states and/or coordination chemistry of the atoms can be concluded.
The emitted photoelectron can be scattered from electrons of neighbouring atoms resulting in
a backscattering to the absorbing atom. This backscattering of the photoelectron influences,
however, the absorption of the next X-ray photon, since they partially interfere destructively
leading to oscillations in the absorption coefficient. This fine-structure allows deducing the
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type, number and distance of neighbouring atoms. The obtained spectra are divided into an Xray absorption near-edge spectroscopy (XANES) region, typically within 30 eV of the
absorption edge, and an extended X-ray absorption spectroscopy (EXAFS) region. XANES
provides information about local symmetry, oxidation states and orbital occupancy; EXAFS
examines the local structure including bond distances to neighbouring atoms, coordination
numbers and determination of atom species. The detection of the intensity of the incident Xray radiation and of the transmitted intensity in transmission geometry is conducted using
ionisation chambers. For the detection in fluorescence mode, the semiconductor-based
detectors are used.
The oscillations can be modelled according to the EXAFS equation
C([) = g •\ ∙
i
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where Fj and φj are the element-specific backscattering amplitude and phase shift of
neighbouring atoms of kind j, respectively. Nj is the number of neighbouring atoms of kind j, rj
the distance to neighbouring atoms of kind j and σ2 is the disorder in the neighbour distance.
The amplitude reduction factor S0 and the mean-free-path λ account for inelastic effects. 195-197
The analysis of the data is carried out via the following steps:
i)

Conversion of measured intensities to µ(E).

ii)

Subtraction of a smooth pre-edge function from µ(E).

iii)

Identification the adsorption edge energy E0 and approximation of the increase of the
absorption coefficient ∆µ0 at E0.

iv)

Subtraction of a smooth post-edge background function µ0(E) to approximate the
absorption of an isolated atom from µ(E) and normalisation of µ(E) by ∆µ0 according
to obtain EXAFS fine-structure function χ(E):
C(e) =

v)

Isolate χ(k), where the photon energy is converted to the wave number k given by
[=Ç

vi)
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k-weight χ(k) and Fourier transform into R space.

2.5.4 X-ray photoelectron spectroscopy
With the surface-sensitive X-ray photoelectron spectroscopy (XPS), surface compositions and
oxidation states can be investigated. It is based on the photoelectric effect. Monochromatic Xray radiation with a characteristic energy (e.g. Al Kα with a wavelength of 8.36 Å
corresponding to an energy of ~ 1.48 keV) interacts with the valence or core electrons of a
sample by causing the ejection of photoelectrons due to the energy transfer of Ephoton from the
involved photon to the core electron. If the photon energy is equal or higher than the binding
energy EB, the electron can escape the sample and its kinetic energy Ekin is measured. The
measured kinetic energy is a function of the binding energy, which is specific for the element
and the atomic energy level from which the electron is emitted. If only elastic interactions
take place, the relationship between the involved energy contributions including the
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spectrometer specific work function W, which is a known constant, but has to be overcome as
well, is given by
e¯ = e

`

_e

_ Š.

The de-excitation of the excited state that follows the emission of the photoelectron can
involve X-ray fluorescence or the ejection of an Auger electron. Auger electron emission is also
observed in the measured spectra.
Spectra are usually given as counts per second versus the binding energy. Concentric
hemispherical analysers (CHA) are used to focus emitted electrons. It consists of two
concentric hemispheres with different applied negative potentials. By variation of the
potentials, only electrons with a certain energy can pass the analyser since they are differently
strong deflected depending on their kinetic energy. Slightly longer or shorter paths through
the analyser can compensate small energy differences in a way that the electrons can also
reach the detectors. Multi-channel electron multipliers collect the electrons of different
energies, multiply them and convert them in a recordable signal.
The surface sensitivity of XPS originates from the limited mean free path of an electron before
it loses a fraction of its kinetic energy in an inelastic collision. This leads to a maximum escape
depth of ~ 10 nm, from which discrete signals can be detected. If inelastic interactions take
place, the signal contributes to the background. All elements from lithium to uranium can be
detected. Hydrogen and helium are not detectable due to their small photoelectron cross
section. 198

2.5.5 Scanning electron microscopy
To investigate the morphology of samples, scanning electron microscopy can be used. The
sample is scanned by a beam of focussed electrons. For imaging, low-energy secondary
electrons are detected. They are formed due to inelastic interactions between the primary
electron beam and the electrons of a sample. Due to their low energies and small mean free
paths, secondary electrons only close to the surface are emitted. Consequently, very high
resolutions can be obtained.
The detection of the secondary electrons is achieved using an Everhart-Thornley detector. The
electrons are collected by attracting them to a cage with metal grid with an applied positive
voltage. Further acceleration towards a metal-coated scintillator is achieved using higher
potentials. The energy of the electrons is high enough to cause emission of photons by
ionisation. The radiation is conducted to a photomultiplier, where photoelectrons are emitted
from a photocathode and multiplied over a system of diodes. 199
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3 Experimental

This chapter describes the experimental procedures used to synthesise and characterise the
RP-type compounds obtained within this work using different topochemical fluorination and
defluorination methods.

3.1 Synthesis
3.1.1 Synthesis of precursor oxides and oxyfluorides
3.1.1.1 Solid-state synthesis
The synthesis of the RP-type precursor oxides with n =1 and 2 was performed using solidstate reactions between suitable high-purity precursors. Stoichiometric amounts of the
precursors were thoroughly mixed, heated to the respective calcination or sintering
temperatures and hold for a certain duration in air. For parts of the precursor oxides, a predrying step was carried out. Between each heat treatment, a regrinding with mortar and
pestle for 30 min was performed. For the sintering of La1.3Sr1.7Mn2O7, the powders were
pressed to pellets. Details about the synthesis procedures are summarised in Table 3-1.
Table 3-1: Details about used precursors and applied mixing and heating procedures for the solid-state synthesis of
RP-type oxides. Additionally, remarks about pre-drying steps of the precursors and pelletizing are given.
Sr2TiO4

Sr3Ti2O7

La2NiO4+d

La1.3Sr1.7Mn2O7

Precursor
SrCO3 (≥ 98%, SigmaAldrich)
TiO2 (nanopowder, ≥
99.7%, anatase,
Sigma-Aldrich)
SrCO3 (≥ 98%, SigmaAldrich)
TiO2 (nanopowder, ≥
99.7%, anatase,
Sigma-Aldrich)
La2O3 (99.9%, Alfa
Aesar)
NiO (99%, Alfa Aesar)
La2O3 (99.9%, Alfa
Aesar)
SrCO3 (≥ 98%, SigmaAldrich)
Mn2O3 (99%, SigmaAldrich)

Mixing procedure
Ball milling at 250
RPM for 30 min

Heating procedure
2x 1200 °C for 14 h
with intermediate
regrinding

Ball milling at 300
RPM for 1 h

2x 1250 °C for 24 h
with intermediate
regrinding

Ball milling at 250
RPM for 30 min

2x 1200 °C for 12 h
with intermediate
regrinding
800 °C for 12 h
(calcination) and 3x
1350 °C for 24 h
(sintering) with
intermediate
regrinding

Mortar and pestle
for 30 min

Remarks

La2O3 and NiO were
pre-dried at 700 °C
for 4 h
La2O3 was pre-dried
at 700 °C for 4 h
After the calcination
step, the powder
was pelletised for
the sintering steps

3.1.1.2 Topochemical fluorination using polyvinylidene fluoride
The obtained precursor oxides were mixed with the fluorination agent polyvinylidene fluoride
(CH2CF2)n (PVDF, Sigma Aldrich) using mortar and pestle and heated to 370 °C for 24 h in air.
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An excess of 2.5 to 5 % of PVDF was used. During heating up, a slow heating rate of 10 °C
per h was applied for the temperature range between 250 and 370 °C.

3.1.2 Topochemical defluorination using sodium hydride
The chemical reductions were performed using sodium hydride (NaH, dry, 95 %, SigmaAldrich) as reducing agent. The oxides or oxyfluorides were intimately ground with NaH
using mortar and pestle in an Ar-filled glovebox.
The molar ratios of the oxyﬂuoride and NaH were chosen according to

and

, - + / >:É (0.25 ≤ x ≤ 2.5, ∆x = 0.25) h(Á ' = 1
,@ -< + / >:É (0.5 ≤ x ≤ 4, ∆x = 0.5) h(Á ' = 2.

For n =1, values of x > 2 correspond to an excess of NaH. Additionally, the reduction of
Sr2TiO4 was attempted by mixing the oxide with NaH in a molar ratio of 1:2.
The different mixtures were subsequently placed into corundum crucibles and sealed in
stainless steel vacuum-tight reactors equipped with oil bubblers filled with silicon oil to avoid
the build-up of overpressure on heating and release of H2. The closed reactors were taken out
of the glovebox and flushed with Ar. Subsequently, they were placed in heating mantles and
heated to 300 °C for 48 h. A photograph of a reactor placed in a heating mantle during the
reaction is shown in Figure 3-1. The valve between the reactor and the oil bubblers was kept
open during the heating treatment to facilitate the gas release. After the reaction, the reactors
were flushed again with Ar and transferred into the glovebox, in which they were opened and
the samples were removed.

Figure 3-1: Photograph of a reactor used for the hydride-based reduction placed within a heating mantle during
the reaction.

To remove the reaction side product sodium fluoride (NaF), washing of selected samples was
attempted using 0.25 M NH4Cl in dried methanol outside the glovebox.
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3.1.3 Re-oxidations and re-fluorinations of the reduction reaction products
Selected reduction reaction products were intentionally re-oxidised by heating to 350 °C for 4
h in air.
Re-fluorination experiments were performed using flowing F2 (10 % in N2) at temperatures
between 50 and 300 °C for durations of 15 min and 60 min. The schematic set-up of the F2
gas furnace used can be found in Figure 3-2. After each heat treatment, the furnace was
immediately purged with N2.

Figure 3-2: Schematic set-up of the F2 gas furnace used.

3.1.4 Topochemical defluorination and fluorination via electrochemical reactions in
fluoride-ion batteries
In the following subchapter, the experimental steps for the synthesis of topochemically
modified oxides and oxyfluorides using the set-up of fluoride-ion batteries are presented.

3.1.4.1 Electrolyte and electrode material preparation
The preparation of the electrolyte and electrode composites containing intercalation-based
RP-type oxides and oxyfluorides as active material was performed using ball milling. The
respective educts were weighed and filled into a ZrO2 grinding jar with ZrO2 balls in an Arfilled glovebox. The jar was sealed before taking it out of the glovebox in order to avoid direct
contact to air.
For the electrolyte La0.9Ba0.1F2.9, stoichiometric ratios of LaF3 (99.9 %, STREM Chemicals) and
BaF2 (99 %, STREM Chemicals) were milled for 12 h at 600 RPM. LaF3 and BaF2 were dried
prior to their use by heating them to 700 °C under Ar.
For the preparation of the electrode composites, 30 wt% of the RP-type oxides or oxyfluorides
were milled with 60 wt% of La0.9Ba0.1F2.9 and 10 wt% of dried carbon black (CB) (99.9+ %,
abcr) for 1 h at 250 RPM. A mixture of thoroughly mixed La0.9Ba0.1F2.9 and carbon black was
prepared beforehand by milling for 3 h at 250 RPM. This mixture was also used as electrode
composite for experiments without other active materials.
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The electrode material containing La2NiO3F2 as active material was used as anode or cathode
depending on the conducted experiment. The titanium-containing oxyfluorides were
investigated only in terms of their potential use as active anode materials. La1.3Sr1.7Mn2O7 was
used as active cathode material. The terminology of anode or cathode is based on the role of
the active material within the composite during discharge. The anode served always as
reference electrode. Specific capacities were calculated with respect to the weight of the active
material of the RP-type electrode composite.
As the counter electrode, a conversion-based electrode was used consisting of a metal M (M =
Pb or Zn), a metal fluoride MF2 (M =Pb or Zn) and CB. For the synthesis of the Pb/PbF2
composite, 45 wt% Pb (≥99 %, Sigma Aldrich), 45 wt% PbF2 (99+ %, STREM chemicals)
were milled for 12 h at 600 RPM. The Zn/ZnF2 composite was prepared using the same
milling procedure using 20 wt% Zn (98 %, abcr), 20 wt% ZnF2 (99 %, abcr) 50 wt%
La9.9Ba0.1F2.9 and 10 wt% dried CB. La0.9Ba0.1F2.9 was used to increase the ionic conductivity
within the composite. The counter electrode was always used in excess.

3.1.4.2 Cell preparation and electrochemical reduction and oxidation
For the cell preparation, pellets consisting of the anode composite, electrolyte and cathode
composite were pressed using a hydraulic press from Specac with 2 t for 90 s in an Ar-filled
glovebox. 5 mg of the electrode composite were used. Within this composite, 1.5 mg of the
active material and 3.5 mg of La0.9Ba0.1F2.9 and carbon black, which ensure sufficient ionic and
electronic conductivity, are contained. For experiments on the La0.9Ba0.1F2.9 and carbon black
only, i.e., where no active material was present, 3.5 mg of the La0.9Ba0.1F2.9 and carbon black
mixture were used. 8 mg of the M/MF2 composite corresponding to an excess were used.
Specific capacities were calculated in relation to the amount of active material used in the
composite.
The pellets were spring-loaded into a modified Swagelok-type cell with stainless steel current
collectors (Figure 3-3). The cells were heated to 170 °C to achieve sufficient ionic conductivity
of the electrolyte.
Electrochemical measurements were performed with a BioLogic Science Instruments VSP or
SP-150 potentiostat. For galvanostatic charging and discharging causing electrochemical
reduction and oxidation, constant currents corresponding to a C/25 rate were applied. For
cells with the La1.3Sr1.7Mn2O7 cathode composite, a constant current corresponding to a C/20
rate were used. Cell cycling was performed between suitable cut-off capacities or voltages.
Cyclic voltammetry was carried out at a scan rate of 0.01 mVs-1 between 3 and 0 V starting
from the open cell voltage (OCV).
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Figure 3-3: Schematic set-up (left) and a photograph (right) of a fluoride-ion battery.

3.2 Characterisation
3.2.1 X-ray and neutron diffraction experiments
X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance in Bragg-Brentano
geometry with Cu Kα radiation and a VANTEC detector. For phase quantification, samples
were measured in the 2θ range between 20° and 70° using a fixed divergence slit for ~ 2 to
4 h. The high-quality data for the Rietveld refinements were recorded in the angular range of
20 to 130° using a variable divergence slit of 6 mm with measurement times of ~ 15 to
17.5 h. All air-sensitive samples were measured inside low background airtight specimen
holders (Bruker A100B36/B37), which were sealed inside an Ar-filled glovebox.
High-temperature XRD patterns were recorded on the same setup equipped with an Anton
Paar HTK 1200N high-temperature chamber in the angular range between 20° and 47° using a
fixed divergence slit with a measurement time of ~ 0.5 h.
Time-of-flight (TOF) neutron powder diffraction (NPD) data 200 were recorded on the highresolution powder diﬀractometer (HRPD) 181 and the general materials diffractometer (GEM)
182, 183
at the ISIS pulsed spallation source (Rutherford Appleton Laboratory, UK). For the
measurement, ~ 1.5 g of the oxyfluorides or reduction products were loaded into 6 mm
diameter thin-walled, air-tight sealed cylindrical vanadium sample cans. Depending on the
sample, either only room-temperature data or additionally low-temperature data at 100, 55
and 10 K were recorded. The time-of-flight data were normalised to the incident spectrum
and corrected for detector efficiency by reference to a V:Nb standard using the Mantid suite of
diffraction utilities. 201
Analysis of diffraction data was performed via the Rietveld method with the program TOPAS
V. 5.0 162, 163 using the whole XRD data 2θ range as well as the data recorded on all diffraction
banks of the TOF neutron powder diffractometer. The instrumental intensity distribution of
the XRD and NPD instruments were determined empirically from a sort of fundamental
parameters set 176 using a reference scan of LaB6 (NIST 660a) and silicon (NIST SRM640c),
respectively. Microstructural parameters (e.g. crystallite size and strain broadening) were
refined to adjust the peak shapes. If anisotropic line broadening was found, the peak shapes of
the XRD and neutron data were additionally fitted with the aid of a Stephen’s model and
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spherical harmonics. 173, 174 Thermal displacement parameters were constrained to be the
same for all atoms of all phases to minimise quantification errors and correlation with
occupancy parameters. Note that quantification errors are of the order of 1-2 wt-% at least for
the phase quantities given in the article; numerical errors obtained from the refinement are
known for not representing a reasonable interval of trust, and so error bars of the numerical
errors are omitted for the graphical representations of phase quantities.
For the determination of the magnetic structure of La2NiO3F2 and its reduced phases, the
magnitude and the orientation of magnetic moments, refinements were performed on GEM
bank 3 data only.
For the determination of amorphous phase contents in the reduction reaction products, the
samples were mixed in a defined weight ratio with the standard LaB6 (Sigma-Aldrich, 99 %)
and XRD patterns were recorded. The calculation of the respective amorphous fraction was
performed using the internal standard method as implemented in TOPAS V. 5.0.

3.2.2 Transmission electron microscopy characterisation
Samples for the transmission electron microscopy characterisation were prepared by placing a
drop of a dispersion of the respective powder in n-hexane on a carbon coated copper grid. A
FEI Tecnai F30 S-TWIN transmission electron microscope (TEM) equipped with a field
emission gun and operated at 300 kV was used. For fast and automated diffraction
tomography (Fast-ADT) experiments 189; a 10-µm condenser aperture, spot size 6 and gun
lens 8 were set to produce a quasi-parallel beam of 200-nm in size. For the identification of
Ni-containing particles, energy dispersive X-ray (EDX) spectroscopy measurements were
conducted with a 50-µm condenser aperture, spot size 6 and gun lens 1 to increase the
electron dose and have a reliable amount of counts on the EDX detector (EDAX EDAM III).
STEM images were collected using a Fischione high-angle annular dark field (HAADF)
detector. Electron diffraction patterns were acquired with an UltraScan4000 CCD camera
provided by Gatan (16-bit, 4096 x 4096 pixels). Hardware binning 2 and exposure time of 1
seconds were used to acquire non-saturated diffraction reflections. Fast-ADT datasets were
acquired with an automated acquisition module developed for FEI and JEOL microscopes,
which allows the acquisition of electron diffraction tomographies in around 10 minutes for
conventional CCD cameras and fixed tilt step of 1°. Precession electron diffraction (PED) 185
was coupled to the Fast-ADT data collection to minimise the dynamical effects and improve
the reflection intensity integration quality. 202 PED was generated by means of the DigiStar
system developed by NanoMegas SPRL and it was kept to 1°.
Three-dimensional processing of the Fast-ADT data was done by the eADT software package.
184
Sir2014 203 was used for ab initio structure solution and Jana2006 204 was later used for
crystal structure refinement. Intensity extraction for dynamical refinement was done by
PETS2 205. EDX peak identification was carried out by the ES Vision software.
Transition electron microscopy measurements and the analysis of the obtained data were
performed in collaboration with Prof. Ute Kolb, Dr. Galina Matveeva and Sergi Plana-Ruiz
(Technical University of Darmstadt and Johannes Gutenberg-Universität Mainz).

3.2.3 Elemental analysis
For the determination of the hydride content in the oxyfluorides and reduction reaction
products, elemental analysis was performed on an Elementar VarioEL III CHN instrument. The
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samples were burned in Sn boats under oxygen and the evolving gases were gas
chromatographically separated and analysed quantitatively with a thermal conductivity
detector. The hydrogen content was determined as the mean of four measurements.

3.2.4 Scanning electron microscopy
The scanning electron microscopy (SEM) images were recorded using the secondary electron
detector of a Philips XL30 FEG scanning electron microscope operating at voltages between 10
and 15 keV. Prior to the measurements, a ~ 10 nm-thick layer of Au was sputtered onto the
samples.

3.2.5 Magnetometric measurements
Magnetic characterisation was performed with a Quantum Design MPMS instrument. Powder
samples were filled into gelatine capsules, which were mounted into straws. Field-cooled (FC)
and zero-ﬁeld-cooled (ZFC) M(T) curves were measured in a temperature range between 5
and 300 K with an applied ﬁeld of µ0H = 1 T. The measurements were corrected by the
diamagnetic contributions of the phases that are present in the phase mixtures as well as by
the contribution stemming from the gelatine capsule and straw used for sample mounting. 206
If not otherwise mentioned, no deviations between the FC and ZFC measurements were
observed and only one of the measurements are shown. Field-dependent M(H) measurements
were performed at different temperatures between 3 and -3 T for La2NiO3F2 and 5 and -5 T for
the reduced Ni-containing reduction products.
Magnetometric measurements were performed in collaboration with Supratik Dasgupta,
Dr. Sami Vasala (Technical University of Darmstadt) and Dr. Ralph Witte (Karlsruhe Institute
of Technology).

3.2.6 X-ray absorption spectroscopy
X-ray absorption experiments (XAS) were carried out at PETRA III beamlines P65 and P64 at
Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany 193, 194. The measurements
at the Ti K-edge (4966 eV) and the Ni K-edge (8333 eV) were performed using a Si(111)
double-crystal monochromator and a maximum synchrotron beam current of 100 mA. Spectra
of the Ti containing samples were recorded in transmission mode and on solid samples
diluted with boron nitride. Due to the low Ni concentration, the spectra of the Ni containing
samples were recorded in fluorescence mode. For energy calibration, a Ti and Ni foil,
respectively, were measured before and after the sample measurement to account for possible
energy shifts due to monochromator movements. The energy shifts were detected at the edge
energies, which were determined by the maxima in the spectrum derivations, as well as in the
energies of the pre-peaks. The complete handling of the samples, i.e., the preparation and
measurement, was carried out under inert atmosphere.
While for the Ti containing samples sufficient amounts of powders were prepared via
topochemical reduction using NaH, the electrochemical reduction allows only the synthesis of
very small sample amounts. Therefore, 8 cells Pb/PbF2 vs. La2NiO3F2 were prepared by
charging to 75 mAhg-1 and the electrode sides containing the Ni phases were scratched off the
pellets.
XAS measurements and the analysis of the obtained data were performed in collaboration
with Dr. Roland Schoch and Prof. Dr. Matthias Bauer (Universität Paderborn).
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3.2.7 X-ray photoelectron spectroscopy
The surface oxidation states were examined by XPS analysis using a Physical Electronic
VersaProbe XPS unit (PHI 5000 spectrometer) with Al Kα radiation. All detailed spectra were
recorded with a step size of 0.1 eV, a pass energy of 23.5 eV and a spot size of 200 x 200 µm.
To confirm the calibration of the instrument, gold (Au 4f7/2 emission line at 84.0 eV) and
silver (Ag 3d5/2 emission line at 368.3 eV) were measured as reference materials beforehand.
A neutraliser was used for the compensation of surface charging.
Samples were transferred from an Ar-ﬁlled glovebox to the ultrahigh-vacuum system of the
spectrometer in an Ar atmosphere using a sealed transfer chamber capable of in-vacuo
transportation to minimise surface oxidation processes.
Depending on the sample, the binding energies were calibrated to one of the following
absorption lines: carbon 1s (C 1s) emission line 284.8 eV, the sodium 1s (Na 1s) line at
1071.1 eV or to the fluorine 1s (F 1s) emission line at 686.1 eV. 207 To determine the integral
intensity and the exact binding energies of the emission lines, the spectra were backgroundcorrected according to Shirley.208
Magnetometric measurements were performed in collaboration with Dr. Alexander Benes,
Manuel Donzelli and Tobias Vogel (Technical University of Darmstadt).

3.2.8 Titration

Average oxidation states were determined by iodometric titrations. Samples of ∼50 mg were
dissolved in 1 M HCl containing an excess of KI. Starch solution was added as an indicator.
The titration was performed using a standardised Na2S2O3 solution with a concentration of
0.01 mol/L. The average oxidation state was determined from three measurements.
Titration experiments were performed in collaboration with Aamir I. Waidha.

3.2.9 DFT+U calculations
Quantum mechanical calculations were performed using the projector-augmented wave
(PAW) 209, 210 method for pseudopotenial and plane wave functions as implemented in the
Vienna ab-initio simulation package (VASP) 211, 212. To account for exchange and correlation,
the Perdew-Burke-Ernzerhof (PBE) functional of a generalised gradient approximation (GGA)
213, 214
was used. To account for the strong localisation of the electrons of the d orbitals, a +U
correction 215-217 was applied. The difference of the U and J parameters known as Ueff bears
importance for the utilised + U model. In accordance with previous studies, the Ueff was
chosen to be 2 eV 218 for the titanium compounds and 5 eV 219, 220 and 6 eV 109, 221 for the Ni
compounds containing Ni2+ and low-valent Ni, respectively. Energy cut-offs of the plane wave
basis sets of 500 eV for the Ti and Ni2+ compounds and 600 eV for the reduced Ni compounds
were used. The reciprocal space was sampled in relation to the cells given later in this thesis
by a Monkhorst-Pack-type 222 Γ-centred k-mesh n1 ⨯ n2 ⨯ n3 of 8 ⨯ 8 ⨯ 4 for the Ti compounds,
of 4 ⨯ 8 ⨯ 8 for the Ni2+ compounds and 2 ⨯ 4 ⨯ 5 for the reduced Ni compounds. Electronic
self-consistency was considered to be reached when total energies varied by less than 1·10-6
eV. Full structure optimisations were performed until forces converged to 0.001 eV/Å for the
Ti and Ni2+ compounds and 0.01 eV/Å for the reduced Ni compounds.
DFT+U calculations were performed in collaboration with Prof. Dr. Oliver Clemens, Ali
Muhammad Malik and Dr. Jochen Rohrer (Technical University of Darmstadt).
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4 Results and Discussion

In this part, the scientific findings made within the scope of this thesis in the context of crystal
structure and property changes of RP-type compounds due to chemical and electrochemical
topochemical modification approaches are summarised and discussed. The chapter is divided
into two subchapters.
In the first subchapter, the influence of consecutive chemical fluorination and defluorination
reactions based on reactions involving solid-state and gaseous reagents are investigated. The
following compounds are examined: the n = 1 RP-type compound Sr2TiO4, the n = 2 RP-type
compound Sr3Ti2O7 and the n =1 RP-type compound La2NiO4+d. Sr2TiO4 or rather Sr2TiO3F2
were selected as starting point for the development of a novel low-temperature reductive
defluorination process using a solid-state reduction reagent, since the crystal structure of the
fluorinated compound has been already known. 71 The effect of stepwise increasing the
amount of reducing agent on the reductive behaviour of the oxyfluoride is examined.
Subsequently, the impact of the higher order of the n = 2 member of the RP strontium
titanate homologous series as well as the choice of Ni as transition metal cation on the
fluorination and defluorination behaviour are studied. As discussed previously (see section
2.2.3), in terms of electrode materials of FIBs, the RP-type oxyfluoride obtained after a nonoxidative fluorination represent the discharged state of the active material within an
intercalation-based anode composite, while the defluorinated phase can be considered as the
charged state. Therefore, the development of a defluorination process, enabling the synthesis
of the charged state of an anode material via topochemical reactions ex-situ, would facilitate the
in-depth analysis of crystal structures as well as properties of reduced phases. This aids gaining
a deeper understanding, which is required for the development of such battery systems. In
contrary to a reductive defluorination method, oxidative synthesis routes for the preparation
of the charged state of intercalation-based RP-type cathode materials, for which the RP-type
oxide and fluorinated oxyfluoride represent the discharged and charged states, respectively,
are well known (see section 2.2.1).
In the second subchapter, topochemical modifications based on electrochemical reactions within
FIBs are examined. A first focus is set on the investigation of the potential use of the
oxyfluorides obtained after the polymer-based fluorination of Sr2TiO4, Sr3Ti2O7 and La2NiO4+d
as intercalation-based active anode materials. After testing the structural stability of the RPtype compounds in the anode composites under experimental conditions, stable candidates
are examined in terms of their defluorination behaviour due to galvanostatic charging. Based
on the findings made in the first subchapter, indication for a successful defluorination could
be found mainly for the Ni-based compound by comparing structural changes of the phases
obtained via both chemical and electrochemical synthesis approaches. Possible limitations
with regards to the other compounds are discussed. Furthermore, the structural reversibility
of the defluorination reaction upon discharging of the reduced Ni-compound are examined.
Moreover, the application of the Ni-containing oxyfluoride as potential active material in a
cathode composite in terms of structural reversibility of a post-oxidation and its cyclability is
investigated. The occurrence of undesirable side reactions is addressed in addition.
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Having demonstrated that a structural reversibly can be observed upon cycling of FIBs, it is
interesting to investigate if the corresponding magnetic property changes, which were for the
oxyfluorides mainly examined on the chemically synthesised phases, can be also reversibly
switched. This is brought into focus in the second part of the subchapter. With respect to
possible technological applications based on tuning of the magnetisation when reversibly
switching between two magnetic states via electrochemical reactions, strong absolute changes of
the magnetisation are desirable. The changes of the reduced oxyfluorides compared to their
parent oxyfluorides are, however, found to be relatively small. To ensure a strong
magnetisation change, the magnetic properties of a suitable RP-type compound should be
highly sensitive to oxidation state changes of the transition metal cation and preferably
undergo a change from a ferromagnetic interactions of magnetic moments to a nonferromagnetic interactions (or vice versa) upon reversible fluoride deintercalation and reintercalation or fluoride intercalation and re-deintercalation. Additionally, the selected
compound should contain a transition metal cation with a high magnetic moment, which is
related to the number of unpaired electrons. Since the oxidative fluorination behaviour of RPtype oxides via chemical methods and the resulting effects on magnetic properties have been
already extensively studied in literature, the selection of an active RP-type cathode material
with respective changes of magnetic properties for a proof-of-principle study seemed
reasonable. Additionally, intercalation-based cathodes have shown to be cyclable over
extended cycle numbers. 18-20 The reversible tuning is, therefore, demonstrated on the n = 2
RP-type oxide La1.3Sr1.7Mn2O7, which is ferromagnetic with a high magnetic moment of > 3 µB
and a high Curie-temperature of ~ 120 K. 223, 224 It can be assumed that the intercalation of
fluoride ions into this compounds leads to the formation of antiferromagnetically-ordered or
paramagnetic phases with significantly reduced magnetisations. 21, 223, 224

4.1 Topochemical fluorination and defluorination of Ruddlesden-Popper-type
compounds using solid-state or gaseous reagents
The following chapter summarises and discusses the results reported previously in the
following publications:
1

Wissel, K.; Dasgupta, S.; Benes, A.; Schoch, R.; Bauer, M.; Witte, R.; Fortes,
A. D.; Erdem, E.; Rohrer, J.; Clemens, O., Developing intercalation based anode
materials for fluoride-ion batteries: topochemical reduction of Sr2TiO3F2 via a
hydride based defluorination process. J. Mater. Chem. A 2018, 6 (44), 2201322026.
2

Wissel, K.; Vogel, T.; Dasgupta, S.; Fortes, A. D.; Slater, P. R.; Clemens, O.,
Topochemical Fluorination of n = 2 Ruddlesden-Popper Type Sr3Ti2O7 to
Sr3Ti2O5F4 and Its Reductive Defluorination. Inorg. Chem. 2020, 59 (2), 11531163.

3

Wissel, K.; Heldt, J.; Groszewicz, P. B.; Dasgupta, S.; Breitzke, H.; Donzelli,
M.; Waidha, A. I.; Fortes, A. D.; Rohrer, J.; Slater, P. R.; Buntkowsky, G.;
Clemens, O., Topochemical Fluorination of La2NiO4+d: Unprecedented Ordering
of Oxide and Fluoride Ions in La2NiO3F2. Inorg. Chem. 2018, 57 (11), 65496560.
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4

Wissel, K.; Malik, A. M.; Vasala, S.; Plana-Ruiz, S.; Kolb, U.; Slater, P. R.; da
Silva, I.; Alff, L.; Rohrer, J.; Clemens, O., Topochemical reduction of La2NiO3F2:
the first Ni-based Ruddlesden-Popper n = 1 T’-type structure and the impact of
reduction on magnetic ordering. Chem. Mater. 2020, 32 (7), 3160-3179.
In this chapter, a focus is set on the topochemical fluorination of Sr2TiO4, Sr3Ti2O7 and
La2NiO4+d using a polymer-based fluorination method and their subsequent defluorination via
a newly developed metal-hydride-based approach. As reducing agent NaH was chosen as it
has been reported to have the strongest reducing powers. 75
For non-oxidative fluorination reactions of An+1BnO3n+1, in which one oxide ion is replaced by
two fluoride ions via a substitution and intercalation, the formation of oxyfluorides with
compositions of An+1BnO3n+1-xF2x with 0 < x ≤ 2, depending on the molar ratios of the oxide to
the fluorine-containing polymer PVDF (CH2CF2)n, takes place. It should be noted that
stoichiometric amounts of PVDF refer in the following discussion to molar ratios of 1:1 for
n = 1 and 1:2 for n = 2 RP-type compounds.
For the investigation of the topochemical defluorination behaviour of the obtained
oxyfluorides, a series of experiments with varying NaH amounts was conducted. Neglecting
decomposition and possible fluoride-hydride and fluoride-oxide substitution reactions during
the reduction, the reaction equations of the desired reductions of n =1 and 2 RP-type
compounds can be formulated as the following
, - + / >:É →

, -

and
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,@ -<
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/
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Property changes of the obtained reduced phases upon defluorination of the parent
oxyfluorides were mainly examined in regards to changes of the magnetic states. Thoroughly,
structural characterisation was performed to relate arising property changes to structural
modifications.
The findings made in the studies on the different oxides and their respective oxyfluorides are
given successively in separate subchapters for each system. For the analysis of the obtained
oxyfluorides and their reduced phases various characterisation methods were combined. The
combinations differ for the different systems. The underlying reaction mechanisms were
studied using techniques such as X-ray and neutron powder diffraction, elemental analysis,
magnetic measurements, X-ray absorption and X-ray photoelectron spectroscopy and titration
experiments. For the structural analysis of the obtained phases, coupled Rietveld analyses of
X-ray and neutron powder diffraction data were used. For the investigation of the magnetic
structure, a low-temperature neutron diffraction study was performed. In addition, transition
electron microscopy was performed for the confirmation of proposed structural models.
Quantum chemical calculations helped further to gain insights into sturctural stabilites,
reaction mechanisms, structural rearrangement processes and their impact on the magnetic
interactions. After each subchapter, a short conclusion summarising the results is given. A
concluding discussion, addressing similarities and differences of the studied systems and
possible challenges, is carried out in a final conclusion (see section 5).
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4.1.1 Topochemical fluorination of Sr2TiO4 to Sr2TiO3F2 and its defluorination
4.1.1.1 Topochemical fluorination of Sr2TiO4 to Sr2TiO3F2
4.1.1.1.1 Coupled Rietveld analysis of Sr2TiO3F2
As reported by Slater et al.71, the non-oxidative topochemical fluorination of Sr2TiO4 using
PVDF as the fluorinating reagent proceeds via a substitution and intercalation process of
fluoride, in which one oxide ion is replaced by two fluoride ions (see also section 2.2.1). The
formed Sr2TiO3F2 shows a strong expansion along the c axis of ~ 23 % (c = 15.509(5) Å) and
a smaller expansion along the a axis of ~ 2 % (a = 3.8043(6) Å) compared to Sr2TiO4 with
lattice parameters a = 3.8849(1) Å and c = 12.5946(1) Å (Figure 4-1). The coupled Rietveld
refinement of X-ray and neutron powder data (see Figure 6-1 in the appendix) confirms to
proposed symmetry lowering from I4/mmm to P4/nmm due to the presence of several
superstructure reflections (e.g. (016)P4/nmm or (113)P4/nmm at d values of ~ 2.13 and 2.39 Å,
respectively). The structural parameters as obtained from the refinement are given in Table
6-1. The crystal structure of Sr2TiO3F2 is shown in Figure 2-6.
The metastability of Sr2TiO3F2, which is linked to a low decomposition temperature, impedes
the synthesis of phase pure samples and the formation of ~ 3 wt% of SrF2 as an impurity
phase is observed after the fluorination reaction. This phase remains present in all reduction
reaction products. Its phase fraction stays relatively constant within errors in the reduction
products.

Figure 4-1: X-ray diffraction patterns of Sr2TiO4 to Sr2TiO3F2.

4.1.1.2 Topochemical defluorination of Sr2TiO3F2
4.1.1.2.1 Analysis of the reduction mechanism of Sr2TiO3F2
As for the reduction of oxides 11, 12, the reaction temperature is an important factor for the
successful reduction of oxyfluorides. Due to the metastability of oxyfluorides, the choice of the
reaction temperature is crucial in order to find a compromise between reactivity and
decomposition. To establish a suitable temperature for the reduction of Sr2TiO3F2, different
temperatures between 250 and 350 °C were examined. It was found that too low
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temperatures (<280 °C) result in large amounts of unreacted NaH and Sr2TiO3F2 due to the
kinetic inhibition of the reaction. Higher temperatures, on the other hand, lead to an
increased level of decomposition of the metastable oxyﬂuoride. The reaction temperature of
300 °C can be regarded as an optimised experimental setting for the deﬂuorination reaction
and, thus, it was chosen for the study. Remarkable, no considerable reduction of the parent
oxide Sr2TiO4 is observed using NaH under the same reaction conditions (Figure 6-2),
indicating that the introduction of fluoride ions affects the reduction behaviour strongly.
The temperature of 300 °C correlates also with the temperature, above which NaH
decomposes to metallic Na and H2. The thermal decomposition takes place between ~ 300
and 420 °C. 225 Attempts to perform the reduction with metallic sodium were not successful,
which is related to the fact that the softness of the metal makes a homogeneous mixing of the
metal and the oxyfluoride difficult.
Using the reaction temperature of 300 °C, various defluorination reactions were performed on
mixtures with compositions of Sr2TiO3F2 + x NaH with 0 ≤ x ≤ 2.5 and ∆x = 0.25. A directly
visible indicator for a successful reduction of Sr2TiO3F2, which results in a lowering of the Ti
oxidation state, is given by the black colour of the reaction product (Figure 4-2). While
Sr2TiO3F2 contains only Ti4+, giving rise to a white colour, compounds with low-valent Ti are
known to be black. 79

Figure 4-2: Photograph of Sr2TiO3F2 and reaction products Sr2TiO3F2 + x NaH with x = 0.5, 1, 1.5, 2.

To gain a deeper understanding about the reaction mechanism, X-ray diffraction data of the
reduction products were collected (Figure 4-3).
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Figure 4-3: X-ray diffraction patterns of Sr2TiO4, Sr2TiO3F2 and the reduction products Sr2TiO3F2 + x NaH with
0.25 ≤ x ≤ 2.5. For the Rietveld refinements of the patterns shown together with an assignment of reflections, the
reader is referred to Figure 6-3 in the Appendix.

The data show the formation of various RP-type phases. For x = 1 and 2, nearly single-phase
compositions of RP-type phases, besides the reaction side products NaF and NaF1-zHz (see
below), are found. To determine the crystal structures of these RP-type phases, coupled
Rietveld refinements of X-ray and neutron powder diffraction data were additionally
performed (see section 4.1.1.2.2; the refined patterns are shown in Figure 4-6). All other
compositions contain mixtures of multiple phases, including two intermediate phases found at
lower NaH contents. Quantitative phase analysis was performed using the Rietveld method.
The evolution of the relative phase fraction of the RP-type phases is shown in Figure 4-4 a.
In comparison to Sr2TiO3F2, strong shifts of reflections hkl with l ≠ 0 to higher diffraction
angles, implying strong decreases of the c lattice parameters, can be observed for all reduced
RP-type phases. These decreases lead to large unit cell volume changes. Higher amounts of
NaH lead to larger volume reductions (Figure 4-4 b). While the c axis decreased considerably
on reduction, the ab-plane undergoes a small expansion due to the formation of low-valent Ti
species, which are larger than Ti4+ (ionic radii of 6-fold coordinated Ti3+: 0.67 Å and
Ti4+: 0.42 Å) 54. Overall, each phase has a distinctive set of lattice parameters and the unit cell
volumes per formula unit stay relatively constant within their range of existence of the
respective phase. The reflections hkl with l ≠ 0 show, furthermore, a considerable anisotropic
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strain broadening, which is significantly increased for the stronger reduced phase found in the
range 1.25 ≤ x ≤ 2.5.
After the reactions, NaF, which is formed as side product during the defluorination, is present
in all reaction products. Since no other source of fluoride than Sr2TiO3F2 is available for the
formation of NaF from NaH, the degree of defluorination can be easily verified by comparing
the phase fraction of measured NaF with the theoretical amounts of NaF. The latter can be
calculated considering that all NaH used in the reaction mixture converts to NaF. For
0 ≤ x ≤ 2, the amounts of measured NaF increases continuously and is in good agreement with
theoretical amounts (Figure 4-4 c). When using an excess of NaH (x = 2.5), no significant
increase of the formed NaF is found. This shows that higher amounts of NaH do not result in
further topochemical modifications, which is also related to the fact that no additional
fluoride ions are present. In addition, it indicates a negligible degree of
decomposition/amorphisation, which is in strong contrast to the reduction of Ni-based
oxyfluorides (see 4.1.3.2.1). For x > 2, unreacted NaH forms with NaF a mixed crystal
NaF1-zHz, which can be identified as a broad shoulder next to all NaF reflections at lower
diffraction angles. Assuming a linear relationship between the hydride content of the NaF1-zHz
formed and the lattice parameters of NaF (a ≈ 4.63 Å 226) and NaH (aNaH ≈ 4.89 Å 227), an
estimation of the hydride content of NaF1-zHz is possible. For x = 2 and 2.5, approximate
compositions of the mixed crystals of NaF0.93H0.07 and NaF0.34H0.66, respectively, can be
derived.
Taking the phase fractions and the compositions of the reduced phases contained in the
reduction products into account, an approximate value ∆ with ∆ being the fluoride extracted
from Sr2TiO3F2 upon reduction can be determine for a specific x (Figure 4-4 d). For the
determination of the compositions of the reduced phases, a combination of coupled Rietveld
refinements (see section 4.1.1.2.2), magnetic measurements (see section 4.1.1.3) and X-ray
absorption (see section 4.1.1.4) and X-ray photoelectron spectroscopy (see section 4.1.1.5)
was used. From the obtained values ∆, a nearly stoichiometric extraction of fluoride ions as a
function of x can be concluded.

61

Figure 4-4: Relative phase fractions (a) and unit cell volumes per formula unit (b) of Sr2TiO3F2 and the reduced RPtype phases in the reduction product Sr2TiO3F2 + x NaH with 0.25 ≤ x ≤ 2.5 as a function of x. The relative phase
fractions were calculated neglecting other side and decomposition phases, e.g. NaF or SrF2. Measured phase
fraction of NaF (c) in the reduction products Sr2TiO3F2 + x NaH with 0.25 ≤ x ≤ 2.5 as a function of x. Also given are
the theoretically expected values of NaF calculated assuming full conversion of the added NaH to NaF. Values of
extracted fluoride ∆ in Sr2TiO3F2-∆Hy (d) of all reduced RP-type phases contained in the reduction product Sr2TiO3F2 +
x NaH with 0.75≤ x ≤ 2.5 as a function of x. The values were calculated using the relative phase fractions and
approximate compositions of the reduced phases as derived from the occupation factors determined via coupled
Rietveld analyses of the found phases. For x = 0.25 and 0.5 no values are given, since the fluoride content of the
intermediate phases is not known.

Elemental analysis of the reaction products with x = 1 and 2 suggests the presence of hydride
ions in the reduction products and the formation of phases with formal compositions of
Sr2TiO3FH0.48(1) + 1 NaF for x = 1 and Sr2TiO3H1.48(10) + 2 NaF for x = 2 can be followed. The
presence of other (potentially amorphous) hydride-containing phases can be excluded.
Additionally, for x = 2, only a minor fraction of the hydride ions is found within the NaF1-zHz
formed. Therefore, the most plausible hosts for the hydride ions are the single-phase RP-type
phases obtained for x =1 and 2, which are in the following called Sr2TiO3FH0.48 and
Sr2TiO3H1.48, respectively. This is, moreover, supported by the fact that substitution or
insertion processes involving hydride ions are commonly observed in hydride-based
reductions (see section 2.2.2). From this, it can be followed that the reaction mechanism is
best described via reductive defluorination and partial fluoride-hydride substitution reactions
according to

and
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In previous studies 11, it has been reported that side products of deoxygenation reactions such
as CaO or Na2O can be removed by washing with dry methanolic solutions of NH4Cl, which
was also attempted to remove NaF from the reduction products. Even though NaF could be
removed successfully, changes of the reflection positions and intensities indicate a (partial) reoxidation (Figure 6-4). Scanning electron micrographs of Sr2TiO3F2 in comparison to the
unwashed and washed reaction products with x = 2 (Figure 4-5) indicate, furthermore, that
the reaction leads to the formation of a rough surface layer on top of the reduced particles,
which can be removed upon washing. This suggests that the layer consists of NaF.
Additionally, larger particles show a layer-wise breaking after the washing step, which is in
agreement with the strong anisotropic strain broadening observed in the diffraction patterns
of the highly defluorinated phase.

Figure 4-5: Scanning electron micrographs of Sr2TiO3F2 (a), the unwashed reaction product of Sr2TiO3F2 + x NaH with
x =2 with rough porous layer of NaF on top of particles (b) and the washed reaction product of Sr2TiO3F2 + x NaH
with x =2 showing a layer-like breaking of particles at different magnifications (c and d).

Re-oxidation experiments on the reaction products of Sr2TiO3F2 + x NaH with x =1 and 2,
further corroborates the proposed reaction mechanism (Figure 6-5). The re-oxidation can be
described by the following equations

and
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4.1.1.2.2 Coupled Rietveld analysis of the reduction products

Structural refinements were performed for the phases Sr2TiO3FH0.48 and Sr2TiO3H1.48 on roomtemperature X-ray and neutron powder diffraction data of the reduction products of the
reaction mixtures Sr2TiO3F2 +NaH with x = 1 and 2 via coupled Rietveld analyses. For each
composition, only one of these RP-type phases is present in nearly phase-pure product
mixtures with side and decomposition products. For both RP-type phases, significant
anisotropic broadening of reflections was observed. Therefore, a very detailed structural
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analysis including the determination of many structural parameters such as anisotropic
displacements parameters has not been possible due to the strong correlations of these
parameters. Furthermore, the determined structural models take the findings from the other
characterisation methods used within this study into account. The models should be
considered as the best approximation of the structures. The Rietveld refinements of
Sr2TiO3FH0.48 and Sr2TiO3H1.48 are shown in Figure 4-6.
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Figure 4-6: Coupled Rietveld refinements of the reduction products of Sr2TiO3F2 + x NaH with x = 1 (a) and x = 2 (b)
of NPD HRPD banks 1-3 and XRD data.
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For the diffraction patterns of the reduction product of Sr2TiO3F2 + x NaH with x = 1,
containing the largest phase fraction of Sr2TiO3FH0.48 of the series, some of the reflections of
Sr2TiO3FH0.48 show a splitting. With respect to the reflections of the aristotype structure with
I4/mmm symmetry of the RP-type phases, this splitting can be best observed at the
(020)I4/mmm reflection at a d-spacing of ~ 1.96 Å. Superstructure reflections, which would
indicate an increase of the unit cell size of the primitive cell, are not found. Therefore, various
structural models of translationengleiche subgroups with orthorhombic, monoclinic and
triclinic lattices were tested. Other fitting strategies, such as mixtures of more than one RPtype phase with higher symmetry were also employed, resulted, however, in a bad description
of the shapes of the reflections. Significantly improved fitting is obtained using monoclinic
subgroups (e.g. C12/m1), for which the equivalency of the a and b lattice parameters of the
tetragonal aristotype cell is removed and the angle γ is ≠ 90°. Additional lowering of the
symmetry to the triclinic spacegroup P-1 further improved the fitting of some reflection
groups considerably and can be regarded as the best approximation of the structural
distortion. The symmetry tree for the symmetry lowering from the arisotype structure of
I4/mmm to P-1 is given in Figure 6-6.
Oxide and fluoride ions are indistinguishable by X-ray and neutron diffraction due to their
nearly identical scattering factors and lengths (see section 2.4.1.2). Nevertheless, the neutron
diffraction data can give valuable information about the structure and composition of the
anion sublattice by analysing the occupation factors of the different anion sites. While in
Sr2TiO3F2 the interstitial (X3aint) site is fully occupied by fluoride (X3bint is vacant, see Table
6-1), the interstitial sites are completely vacant in Sr2TiO3FH0.48, indicating that one fluoride
ion per formula unit was successfully extracted from Sr2TiO3F2. When additionally refining
the equatorial (X1eq) and apical (X2ap) anion sites, they are nearly fully occupied by oxide
and/or fluoride ions. Consequently, their occupation factors were fixed to 1 for the
refinement. Since it is not possible to distinguish between oxide and fluoride ions at the apical
anion site, a random 0.5/0.5 O/F occupation was assumed in accordance with the
composition Sr2TiO3FH0.48. To take also the fluoride-hydride substitution as indicated by
elemental analysis into account, the localisation of hydride ions at the vacant interstitial sites
was attempted without meaningful improvement of the fits. Even though hydride ions have a
negative scattering length as opposed to oxide and fluoride ions, a differentiation between
different anions in a compound is not always possible. Furthermore, the fact that hydride ions
could not be localised may indicate that they have an overall bad localisation within the
structure. Additionally, the structural analysis of Sr2TiO3FH0.48 shows that all ions are located
close to their ideal positions of the tetragonal aristotype structure, not resulting in a tilting of
the TiO5F octahedra. The structural parameters of Sr2TiO3FH0.48 are given in Table 4-1.
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Table 4-1: Structural parameters of the reduced phase Sr2TiO3FH0.48 (space group: P-1) derived from coupled
Rietveld analysis of XRD and NPD data of the reduction product of Sr2TiO3F2 + x NaH with x = 1. The cell was
transformed for easier comparability into a larger triclinic cell of the size √2 x √2 x 1 of the original cell; atomic
positions were constrained in order to maintain translational symmetry between the sites. The presence of hydride
ions as determined from a combination of elemental analysis, magnetic measurements and XAS could not be
confirmed. This is most likely related to the fact that a detailed structural characterisation of compounds containing
multiple anions and vacancies is difficult (see section 2.4.1.2). The anion sites X1eq, X2ap and X3int refer to the
equatorial, apical and interstitial sites, respectively.
Atom

Wyckoff
position
2i
2i
2i
2i
1a
1g
1e
1f
2i
2i
2i
2i
2i

Sr1
Sr2
Sr3
Sr4
Ti1
Ti2
Ti3
Ti4
O1 at X1aeq
O2 at X1beq
O3 at X1ceq
O4 at X1deq
(O/F)1 at
X2aap
(O/F)2 at
2i
X2bap
(O/F)3 at
2i
X2cap
(O/F)4 at
2i
X2dap
X3aint
2i
X3bint
2i
X3cint
2i
X3dint
2i
a [Å]
5.585(1)
c [Å]
12.919(2)
β [°]
89.78(1)
Rwp(XRD+NPD) [%] 3.10

x

y

B [Å2]

z

0.005(1)
=x(Sr1)+0
=x(Sr1)+0.5
=x(Sr1)+0.5
0
0
½
½
0.25
=x(O1) +0.5
=x(O1) +0.25
=x(O1)+0.75
0.005(2)

0.494(1)
=y(Sr1)+0.5
=y(Sr1)+0
=y(Sr1)+0.5
0
½
½
0
0.25
=y(O1) +0.5
=y(O1) +0.75
=y(O1) +0.25
0.492(1)

0.8574(2)
=z(Sr1)+0.5
=z(Sr1)+0.5
=z(Sr1)+0
0
½
0
½
0
=z(O1) +0.5
=z(O1) +0.5
=z(O1) +0
0.6578(3)

Occupancy
1
1
1
1
1
1
1
1
1
1
1
1
0.5/0.5

=x(O/F)1+0

=y(O/F)1+0.5

=z(O/F)1+0.5

0.5/0.5

0.39(2)

=x(O/F)1+0.5

=y(O/F)1+0

=z(O/F)1+0.5

0.5/0.5

0.39(2)

=x(O/F)1+0.5

=y(O/F)1+0.5

=z(O/F)1+0

0.5/0.5

0.39(2)

0.25
=x(F1)+0.5
=x(F1)+0.25
=x(F1)+0.75

0.25
=y(F1)+0.75
=y(F1)+0.75
=y(F1)+0.25
b [Å]
α [°]
γ [°]
GOF(XRD+NPD) 1.56

0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)
0.39(2)

0
0
0.39(2)
=z(F1)+0.5
0
0.39(2)
=z(F1)+0.5
0
0.39(2)
=z(F1)+0
0
0.39(2)
5.541(1)
90.83(1)
89.52(1)
RBragg [%] 0.92 (XRD)
1.39 (NPD, bank 2)

The diffraction patterns of the reduction product Sr2TiO3F2 + x NaH with x = 2, containing
only one RP-type compound with an approximate composition of Sr2TiO3H1.48, can be well
described with a structural model with I4/mmm symmetry. Compared to the pattern of
Sr2TiO3FH0.48, an even higher degree of anisotropic broadening is found. Such broadening,
although less severe, has been also observed for other reduced RP-type compounds, e.g.
Sr3Fe2O5 94. Refinements of the occupation factors of the apical (X2ap) and interstitial (X3int)
anion sites show a significant amount of anion vacancies. While the interstitial site is
completely vacant, a partial occupation of the apical anion site is observed. This partial
occupation indicates that additional fluoride ions are extracted as compared to Sr2TiO3FH0.48.
As indicated by elemental analysis, the presence of hydride ions at the vacant apical (X2ap)
and/or interstitial (X3int) sites has to be also taken into consideration. A minor fraction of
hydride ions can be localised at the apical site only. However, the hydride content is still too
low for the proposed composition of Sr2TiO3H1.48, as can be seen from the determined
structural parameters given in Table 4-2. Additionally, the occupation of the apical site X2ap
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by oxide is too high (occupation when hydride ions are not considered is still ~ 0.7), which is
further enhanced by the placement of hydride ions on this site due to the negative scattering
length of hydride. A partial occupation of this site by fluoride ions can be largely excluded
since both fluoride ions are extracted (see section 4.1.1.2.1). A potential partial re-oxidation
might explain, however, the observed filling of the apical site. Alternatively, the deviation to
the composition of Sr2TiO3H1.48 might be a result of a limited quality of the data set.
Table 4-2: Structural parameters of the reduced phase Sr2TiO3H1.48 (space group: I4/mmm) derived from coupled
Rietveld analysis of XRD and NPD data of the reduction product of Sr2TiO3F2 + x NaH with x = 1. The anion sites
X1eq, X2ap and X3int refer to the equatorial, apical and interstitial sites, respectively.
Atom

Wyckoff
position
Sr1
4e
Ti1
2a
O1 at X1eq
4c
O2 at X2ap
4e
H1 at X2ap
4e
X3int
4d
a [Å]
3.9100(2)
Rwp(XRD+NPD) [%] 2.80

x
0
½
½
0
0
0

y
0
½
0
0
0
½
c [Å]
GOF(XRD+NPD) 1.66

z

Occupancy

B [Å2]

0.3550(2)
½
½
0.155(1)
0.155(1)
¼
12.722(1)

1
1
1
0.83(1)
0.17(1)
0

0.79(2)
0.79(2)
0.79(2)
0.79(2)
0.79(2)
0.79(2)

RBragg [%] 0.66 (XRD)
1.01 (NPD, bank 1)

The obtained bond distances of Sr2TiO3FH0.48 and Sr2TiO3H1.48 are listed in comparison to
Sr2TiO3F2 71 in Table 4-3. Due to the defluorination, considerable changes of the bond
distances are observed. In particular, the bond distances between Ti and its surrounding ions
suggests the formation of low-valent Ti species. The crystal structures of Sr2TiO3FH0.48 and
Sr2TiO3H1.48 as determined from the coupled Rietveld analysis are shown in Figure 4-7.
Table 4-3: Bond distances of the reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48 in comparison to Sr2TiO3F2. The anion
sites X1eq, X2ap and X3int refer to the equatorial, apical and interstitial sites, respectively.
Bond
Sr2-O1 at X1eq

Sr2TiO3F2 71
2.497(2) [4x]

Sr1-O2 at X2aap
Sr2-F1 at X2bap

2.815(2) [4x]
2.773(2) [4x]
2.503(5) [1x]

Sr1-F2 at X3int
Ti-O1 at X1eq

2.423(2) [4x]
1.973(2) [4x]

Ti-O2 at X2aap
Ti-F1 at X2bap

1.691(7) [1x]
2.829(7) [1x]
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Bond distance [Å]
Bond
Sr2TiO3FH0.48
Sr-O at X1eq
2.672(4) [1x]
2.693(4) [1x]
2.703(4) [1x]
2.707(4) [1x]
Sr-(O/F) at X2ap 2.581(5) [1x]
2.694(8) [1x]
2.798(12) [1x]
2.803(12) [1x]
2.861(8) [1x]
Ti-O at X1eq
Ti-(O/F) at X2ap

1.958(1) [2x]
1.975(1) [2x]
2.040(4) [2x]

Bond
Sr1-O1 at X1eq

Sr2TiO3H1.48
2.692(2) [4x]

Sr1-O2 at X2ap

2.539(5) [~0.83]
2.7677(2) [~3.32]
2.539(5) [~0.17]
2.7677(2) [~0.68]

Sr1-H2 at X2ap

Ti1-O1 at X1eq

1.955(1) [4x]

Ti1-O2 at X2ap
Ti1-H2 at X2ap

1.974(5) [~1.66x]
1.974(5) [~0.34x]

Figure 4-7: Crystal structures of the reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48 as determined from the coupled
Rietveld analysis.

4.1.1.3 Magnetisation study of Sr2TiO3F2 and the reduction products
The ZFC M(T) curves of Sr2TiO3F2 and the reduction products of Sr2TiO3F2 + x NaH with
x = 1 and 2 containing Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively, are shown in Figure 4-8.
Sr2TiO3F2 is diamagnetic for temperatures > 25 K. At lower temperatures, a minor trace of an
unidentified paramagnetic phase seems to be present, resulting in a deviation from the
diamagnetic behaviour. The otherwise diamagnetic behaviour is characteristic for an
oxidation state of the Ti cations in Sr2TiO3F2 of +4, corresponding to a d0 electron
configuration. In contrast to this, for the reduction products, a paramagnetic behaviour is
observed. This can only be related to the RP-type phases Sr2TiO3FH0.48 and Sr2TiO3H1.48, since
NaF and SrF2 are diamagnetic. The paramagnetic behaviour confirms again the successful
extraction of fluoride ions upon the reaction with NaH. The related reduction leads the
formation of low-valent Ti species with unpaired electrons. These electrons are decisive for
the manifestation of magnetic interactions (see also section 2.3). Ti3+ and Ti2+ have d1 and d2
electron configurations, respectively.
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Figure 4-8: ZFC M(T) (closed symbols) and χ-1(T) (open symbols) curves of Sr2TiO3F2 and the reduction products of
Sr2TiO3F2 + x NaH with x = 1 and 2 containing the reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively,
measured at µ0 = 1 T. The inset shows a magnification of the M(T) curves at low temperatures. The fitting curves of
the Curie-Weiss fits, the corresponding linear functions and the coefficients of determination are also given. The
curves are corrected from the diamagnetic contributions of the present phases and the gelatinee capsules and
straws used for the measurements.

The plots of the χ-1(T) of the reduction products deviate significantly from the ideal linear
paramagnetic behaviour at low temperatures. Similar behaviours have been also found upon
the topochemical reduction of other titanates with pyrochlore 80 and layered perovskite 79
structures. In these reports, different Curie-Weiss law-related fitting strategies have been
employed. One strategy, as reported by Blundred et al. 80, is based on the limitation of the
fitting temperature range to temperatures above the paramagnetic transition temperature,
i.e., to high temperatures. In this temperature range, an ideally paramagnetic behaviour
should be observed resulting in a linear χ-1(T) curve. However, for the χ-1(T) curves of the
reduction products, a linear curve progression is only observed in a very narrow temperature
range at high temperatures. This suggests that no ideal paramagnetism is found in the
reduction products.
To take deviations from the ideal paramagnetic behaviour due to diamagnetic contributions
into account, the susceptibility data were in a first approach corrected by these contributions.
An estimation of the diamagnetic contributions can be obtained from listed diamagnetic
susceptibilities of the contained ions. 206 Additionally, the diamagnetic contributions of the
gelatine capsules and straws used during the measurements were taken into account. The
correction leads to χ-1(T) curves with approximately linear behaviours in the temperature
range of 200 to 300 K. It has to be acknowledged that this range is still very limited;
extending the range to lower temperatures results, however, in considerably worse fits. This
demonstrates again that the reduced phases are not ideally paramagnetic and the determined
spin-only magnetic moments should be perceived as estimations. Curie-Weiss fits in the linear
regions (Figure 4-8) reveal magnetic moments of ~ 1.27 and 1.46 µB per Ti, corresponding to
~ 0.61 and 0.77 unpaired electrons, for Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively. For the
reduced RP-type phases with proposed compositions of Sr2TiO3FH0.48 and Sr2TiO3H1.48 based
on the findings of section 4.1.1.2.1, including the presence of significant amounts of hydride
ions as obtained from elemental analysis, Ti oxidation states close to +3.5 are expected.
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Therefore, the oxidation states determined using this fitting approach are in good agreement
with the suggested compositions.
Another fitting approach discussed in literature is based on a modified Curie-Weiss model
according to χ = C/(T − Θ) + χ0 where χ0 is a term to assign for diamagnetic and/or other
temperature-independent magnetic contributions. This fitting strategy has been for example
reported by Pussacq et al. 79. When performing the fitting accordingly over the entire
temperature range of the susceptibility data, significantly lower magnetic moments of ~ 0.39
and 0.20 µB per Ti are obtained for Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively. However, the
strongest deviations of the fits are found at higher temperatures, i.e., in the temperature
regions, in which paramagnetic behaviour should be predominant. In the high temperature
region of the χ-1(T) curves, the slope of the fitting curve is considerably higher than the slope
of the measurement data. Since the magnetic moment is inversely proportional to the slope of
the curves, overall lower magnetic moments are obtained. This might in part explain the
strong discrepancies between the magnetic moments derived using the two applied fitting
strategies. However, it can be assumed that the spin-only moments of the reduced compounds
lay between the values derived from both fitting strategies. It should, however, be noted, that
the complex fitting procedure dependency of the obtained magnetic moments shows that the
magnetic behaviour cannot be interpreted as purely paramagnetic with only spin-only
moments.

4.1.1.4 X-ray absorption spectroscopy of Sr2TiO3F2 and the reduction products
The element-specific XAS can be used as alternative technique for the determination of the Ti
oxidation state. With respect to this, XANES is a powerful tool, which can give additional
information about the local symmetry and the orbital occupancy. Moreover, EXAFS provides
detailed information about the local structure around Ti including bond distances to
neighbouring atoms and coordination numbers. The atom species of the neighbouring atoms
can also be determined.
The normalized Ti K-edge XANES spectra of Sr2TiO3F2 and the reduction products of
Sr2TiO3F2 + x NaH with x = 1 and 2 containing Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively,
are given in Figure 4-9. A spectrum of TiO2 is provided as reference. Since Sr2TiO3FH0.48 and
Sr2TiO3H1.48 are the only Ti-containing compounds in the reduction mixtures, all observed
changes of their spectra in relation to Sr2TiO3F2 are related to the defluorination of the phases.
In general, Ti has five pre-edge features, i.e., A1, A2, A3, B and C, which are all located
between 4960 and 4980 eV, even though it is not always possible to separate them due to
their small energy separation. 228-230 Their intensities are strongly dependent on surrounding
atoms in a short to medium range (< 100 atoms) and the size of the investigated particles. 228
The pre-edge features can be assigned to transitions of electrons to bound excited states of the
absorbing atom. The origin of the A1 feature is still debated in literature. 231 The most
plausible explanations are core hole effects coupled with dipolar and quadrupole
transitions 232 and 3d-4p hybridized states 228. The A2 and A3 are correlated to transitions into
t2g and eg orbitals, which are a result of hybridisation reactions of mainly Ti 3d and minor O
2p. 231, 233 This blend-in of an O 2p character is only possible for non-centrosymmetric
coordination of Ti. Consequently, the A2 and A3 have a higher intensity, when a high distortion
from centrosymmetry is present. In contrast to this, for perfect centrosymmetry, no Ti 3d-O 2p
but only Ti 3d-O 1s hybridisation would be possible. For the latter case, no pre-edge related
features would be visible, since these transitions are electric dipole forbidden. 229, 231 A
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comparison of the A2 pre-edge feature of Sr2TiO3F2, Sr2TiO3FH0.48 and Sr2TiO3H1.48 provides,
therefore, structural information. In Sr2TiO3F2, the features is very pronounced, indicating a
higher distortion of the octahedra and shorter distances between Ti and apical oxide ions 234
than in Sr2TiO3FH0.48 and Sr2TiO3H1.48. This is in agreement with the structural analysis of
Sr2TiO3F2 based on diffraction data 71 (see section 2.2.1 and 4.1.1.1). The reduced compounds
show drastically decreased intensities of the A2 feature related to a more centrosymmetric
coordination around the Ti cations. The lowest intensity is obtained for Sr2TiO3H1.48, which
agrees well with the fact that no fluoride ions, which would distort a perfect inversion
symmetry on the local scale, remain in the structure after the defluorination.

Figure 4-9: Normalized Ti K-edge X-ray absorption spectra of Sr2TiO3F2 and the reduction products of Sr2TiO3F2 + x
NaH with x = 1 and 2 containing the reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively. As a reference, the
spectrum of TiO2 is plotted.

Due to a complex shifting of the pre-edge features and the absorption edges positions in the
spectra of Sr2TiO3F2, and the reduction products Sr2TiO3F2 + x NaH with x = 1 and 2, a
precise determination of the oxidation states of Ti of the reduced compounds is not possible.
In comparison to TiO2, the spectra are shifted towards lower energies, indicating a
comparative increase of the electron density at the Ti centre. This is further supported by an
energy shift of ~ 2 eV of the most-intense pre-edge features of the reduction products
Sr2TiO3F2 + x NaH with x = 1 and 2. This shift can be assigned to a reduction of the Ti
oxidation state to values between +3.5 and +3. 234
More detailed information about the local structure around Ti in Sr2TiO3F2, Sr2TiO3FH0.48 and
Sr2TiO3H1.48 is gained via an EXAFS analysis. The spectra and obtained structural parameters
are given in Figure 4-10 and Table 4-4, respectively. The determined coordination spheres,
the atom species of backscattering atoms, their numbers and the distances between the
absorbing Ti and the backscattering atoms are in good agreement with the structural models
obtained from the coupled Rietveld analysis. Similar tendencies of bond distance changes
(compare Table 4-3) upon defluorination can be found. Additionally, the proposed
composition can be in principle confirmed, however, since hydride ions are weak
backscatterers in EXAFS, they cannot not be located within the structures.
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Furthermore, the increase of centrosymmetry based on the intensities of the A2 pre-edge
features of Sr2TiO3F2, Sr2TiO3FH0.48 and Sr2TiO3H1.48 of the XANES measurements can be
confirmed by the EXAFS analysis.

Figure 4-10: Ti K-edge EXAFS spectra of Sr2TiO3F2 and the reduction products of Sr2TiO3F2 +x NaH with x =1 and 2
containing the reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively, after Fourier transformation.
Table 4-4: Structural parameters of Sr2TiO3F2 and the reduction products Sr2TiO3F2 +x NaH with x =1 and 2
containing reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively, obtained from EXAFS analysis.
Sample

Bs[a]

N(Bs)[b]

R(Abs-Bs)
[Å][c]

σ [Å-1][d]

Sr2TiO3F2

O
O
F
Sr
Sr
Ti
O/F
Sr
Ti

1.1 ± 0.1
4.0 ± 0.2
1.2 ± 0.1
6.9 ± 1.4
2.6 ± 0.5
1.0 ± 0.2
4.9 ± 0.5
4.0 ± 0.8
4.9 ± 1.0

1.819 ± 0.018
1.939 ± 0.019
2.634 ± 0.026
3.341 ± 0.033
3.688 ± 0.036
3.800 ± 0.038
1.931 ± 0.019
3.256 ± 0.032
4.023 ± 0.040

0.032 ± 0.003
0.032 ± 0.003
0.032 ± 0.003
0.112 ± 0.011
0.055 ± 0.005
0.115 0.011
0.087 ± 0.008
0.112 ± 0.011
0.089 ± 0.008

Sr2TiO3FH0.48 in
Sr2TiO3F2 + NaH

R [%][e]
χ²red[f]
Ef [eV][g]
Afac[h]
24.42
4.75x10-5
7.505
0.5311

42.33
1.34x10-5
9.775
0.8
Sr2TiO3H1.48 in
O
4.9 ± 0.5
1.920 ± 0.019
0.077 ± 0.007
35.07
Sr2TiO3F2 + 2 NaH
Sr
3.7 ± 0.7
3.234 ± 0.032
0.087 ± 0.008
8.02x10-6
Ti
3.7 ± 0.7
3.978 ± 0.039
0.063 ± 0.006
10.81
0.8
[a] Bs: backscattering atom; [b] Number of backscattering atoms; [c] Distance of absorbing atom
to backscattering atom; [d] Debye-Waller like factor; [e] Fit index; [f] Reduced χ²; [g] Fermi
energy, which accounts for the shift between theory and experiment; [h] Amplitude reducing
factor.

4.1.1.5 X-ray photoelectron spectroscopy of Sr2TiO3F2 and the reduction products
The Ti surface oxidation states of Sr2TiO3F2 and Sr2TiO3FH0.48 and Sr2TiO3H1.48 in the
reduction products of Sr2TiO3F2 + x NaH with x = 1 and 2 were additionally analysed using
XPS. The Ti 2p3/2 XPS spectra are shown in Figure 4-11. The poor signal-to-noise ration of the
spectra of the reduction products in comparison to the spectrum of Sr2TiO3F2 is due to the
layer of NaF, which is formed on the surface of particles of the RP-type phases upon
defluorination (see also Figure 4-5).
73

Figure 4-11: Ti 2p3/2 XPS spectra of Sr2TiO3F2 and the reduction products Sr2TiO3F2 + x NaH with x = 1 and 2
containing the reduced phases Sr2TiO3FH0.48 and Sr2TiO3H1.48, respectively. Due to the release of hydrogen on the
particle surface of the bulk materials with compositions of Sr2TiO3FH0.48 and Sr2TiO3H1.48, the formation of phases
with compositions of Sr2TiO3F and Sr2TiO3 is indicated.

The Ti 2p3/2 spectrum of Sr2TiO3F2 features a peak at ~ 463.1 eV, pointing to a surface
oxidation state of Ti4+. Due to the presence of more electronegative fluoride ions in Sr2TiO3F2,
the observed binding energy is higher than the reported binding energies of Ti4+-containing
oxides (e.g. SrTiO3: Ti 2p3/2 at 457.9 – 458.2 eV 207, 235) due to the presence of more
electronegative fluoride ions. In the spectra of the reduction products, considerable shifts of
the peaks towards lower binding energies are observed. Additionally, the signals appear to be
broader. This clearly indicates that a strong reduction of the RP-type phases has taken place
on the surface of the particles. Characteristic binding energies of Ti3+- and Ti2+-containing
oxides have been reported to be ~ 457.7 and 454.7 eV, respectively. 235 For the reduction
product of Sr2TiO3F2 +NaH, the signal found at ~ 457.6 eV can be, therefore, assigned to
Ti3+. In the reduction product Sr2TiO3F2 +2 NaH, the strongest signal is found at even lower
binding energies suggesting an even stronger reduction and the presence of Ti ions with an
oxidation state as low as +2. In addition, lower signals at higher binding energies indicate the
presence of residual Ti4+ and Ti3+ species.
The found surface oxidation states of the reduced RP-type phases are in strong contrast to the
bulk oxidation states of Sr2TiO3FH0.48 and Sr2TiO3H1.48, for which for both an average
oxidation state of Ti3.5+ can be estimated. This indicates that a release of hydrogen takes place
at the particle surfaces according to the following equations

and

h(Á / = 1: •Á E2, -É\.<Î → •Á E2, - + 0.24É
h(Á / = 2: •Á E2, É

.<Î

→ 2•Á E2, + 0.74É .

This shows that defluorination can result in very low Ti oxidation states, which are
significantly lower compared to those found for hydride-based reductions of oxide compounds
(see section 2.2.2).
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Moreover, the observation of hydrogen release at the particle surface suggests that the particle
size or respectively the surface area of the parent oxyfluorides, may have also an important
role in the achievable degree of reduction. It may be assumed that higher surface areas might
result in the release of hydrogen from higher relative fractions of the particle volumes as
compared to larger particles with smaller surface areas. This in turn, might allow for an
increased overall reduction resulting in lower bulk oxidation states. With respect to this,
attempts to prepare Sr2TiO3F2 with increased surface areas via the topochemical fluorination
of nano-sized Sr2TiO4 were made. The precursor oxide Sr2TiO4 was synthesised using a sol-gel
process based on reports of Ge et al. 236 and Lee et al. 237 as well as by a nebulized-spray
pyrolysis process adapted from Shih et al. 238. However, the fluorination of the obtained
powders results in the formation of large phase fractions of only partially fluorinated RP-type
oxyfluoride phases and strong decomposition leading to the formation of SrF2 and SrTiO3. It
is, therefore, indicated that a particle size reduction impedes the fluorination of the nanosized Sr2TiO4 and facilitates decomposition. A further optimization of the reaction conditions
for the fluorination is required in order to obtain nano-crystalline, preferably phase-pure
Sr2TiO3F2.

4.1.1.6 DFT calculations
4.1.1.6.1 Theoretical insights into the crystal structures of Sr2TiO3F2 and the
hypothetical phases Sr2TiO3F and Sr2TiO3
To examine the most stable crystal structures and the ion configurations of the anion
sublattice of Sr2TiO3F2 and reduced phases Sr2TiO3F and Sr2TiO3 found at the particle surfaces,
different ordering scenarios of oxide and fluoride ions and/or vacancies were studied via DFTbased calculations. The structures of the phases with compositions of Sr2TiO3F and Sr2TiO3
should be regarded as idealized structures, which can be obtained upon purely reductive
defluorination, i.e., if no fluoride-hydride substitution takes place.
For Sr2TiO3F2, the ordering scenario proposed by Slater et al. 71 based on neutron powder
diffraction data can be confirmed to be the energetically most favourable (Figure 4-12 a).
After the removal of one fluoride ion from Sr2TiO3F2, corresponding to a composition of
Sr2TiO3F, the energetically most stable configurations show vacant interstitial sites.
Configurations with the remaining fluoride ion at the apical sites are energetically favourable
by ~ 0.6-0.7 eV per formula unit as compared to configurations, in which the fluoride ions
occupy the equatorial site and oxide ions the apical sites. The most stable configuration is
shown in Figure 4-12 b). This is in agreement with bond-valance sum 71 or Madelung
energy 46 calculations of previous studies on Fe-based RP-type oxyfluorides. For Sr2TiO3,
configurations, in which vacancies are present at the equatorial site are energetically more
favourable by ~ 0.25-0.4 eV per formula unit in comparison to configurations with vacancies
at the apical sites. This has been also observed experimentally for Sr3Fe2O5. 74 The most stable
configuration of anion vacancies at the equatorial site results in a strong orthorhombic
distortion of ∆(a-b) ≈ 0.33 Å (Figure 4-12 c), which is, however, not observed experimentally.
Other configurations with higher energies do not show these strong structural distortions,
better reflecting the experimentally observed structure. The second most stable configuration
with an energy higher by ~ 0.12 eV per formula unit is given in addition (Figure 4-12 d). For
this structure, no orthorhombic distortion is found. Furthermore, it has to be acknowledged
that the energy differences between different configurations of anion vacancies in Sr2TiO3 are
much smaller compared to different distributions of fluoride ions in Sr2TiO3F.
75

Figure 4-12: Most stable crystal structures of Sr2TiO3F2 (a), Sr2TiO3F (b) and Sr2TiO3 (c and d) after structural
relaxation. For Sr2TiO3, two versions (v1 (c) and v2 (d)) are given, which differ in ~ 0.12 eV per formula unit to each
other.

4.1.1.6.2 Investigation of the reaction energetics
The determination of the change of the Gibb’s free energy ∆G allows assessing whether a
reaction is exergonic or endergonic. Therefore, it provides information about
thermodynamically favourable or unfavourable reactions. ∆G can be calculated according to
∆G = ∆H - T∆S, where ∆H is the enthalpy of reaction, T the temperature and ∆S the change in
reaction entropy. ∆H can be calculated from the difference of the energies of the reaction
products and educts obtained from DFT calculations of their structures. The entropic
contribution T∆S can be calculated from standard formation entropies at the respective
temperatures. For T, a reaction temperature of 300 °C was used.
The fluoride-hydride substitution process was found to be of high importance regarding the
formation of bulk reduction products with compositions of Sr2TiO3FH0.48 and Sr2TiO3H1.48. In
contrast to this, pure reduction reactions under the release of hydrogen seem to be favoured
at the particle surfaces. To estimate the energetics of a fluoride-hydride substitution in
comparison to the hydrogen release, the energies for the compositions Sr2TiO3FH, Sr2TiO3H
and Sr2TiO3H2 were calculated in addition to the energies of the most stable configurations of
Sr2TiO3F2, Sr2TiO3F and Sr2TiO3 (see section 4.1.1.6.1). The models of Sr2TiO3FH, Sr2TiO3H
and Sr2TiO3H2 were chosen according to the most stable configurations of Sr2TiO3F and
Sr2TiO3 and hydrogen was added to different vacant sites. The energies of the most stable
configurations of Sr2TiO3FH, Sr2TiO3H and Sr2TiO3H2 were used for the following
considerations.
Reactions leading to the formation of Sr2TiO3FH, Sr2TiO3H and Sr2TiO3H2 are strongly
exergonic and the substitution of fluoride by hydride seem to be a strong driving force for the
reaction (Table 4-5). The (partial) release of hydrogen from the hydride-substituted structures
can neither be confirmed nor ruled out energetically. Depending on the proposed reaction,
the release is either weakly exergonic or endergonic. This is in good agreement with the
experimental observations. It should, however, be pointed out that other factors might affect
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the compositions of the experimentally observed phases, which cannot be taken into
considerations in DFT calculations. Such factors are the fast kinetics of the fluoride-hydride
substitution, the slow kinetics of the hydrogen release and/or effects of configurational
entropy (e.g. partial F/H disorder) in combination with complex structural distortions.
Furthermore, the stabilisation of hydride ions within the structures could also be due to a
potential surface passivation effect, which reduces the hydride mobility and hinders the
additional release of hydrogen.
Table 4-5: Change of Gibb’s free energies ∆G of defluorination reactions considering hydride substitution or
hydrogen release calculated with enthalpies of reaction ∆H of optimized structures obtained using the DFT + U
method. The entropic contribution ∆S was calculated from the standard entropy of formation of hydrogen at a
reaction temperature of 573 K 239.

Substitution
H2 Release
Substitution
H2 Release
Substitution
H2 Release

Reaction equation

ΔH [eV]
< 0: exothermal
> 0: endothermal

-TΔS [eV]
at T = 573 K
= 300 °C 239

Sr2TiO3F2 + NaH  Sr2TiO3FH + NaF
Sr2TiO3FH  Sr2TiO3F + ½ H2
Sr2TiO3F2 + 2 NaH  Sr2TiO3H2 +
2 NaF
Sr2TiO3H2  Sr2TiO3 + H2
Sr2TiO3H2  Sr2TiO3H + ½ H2
Sr2TiO3F + NaH  Sr2TiO3H + NaF
Sr2TiO3H  Sr2TiO3 + ½ H2

-0.38
+0.58
-0.58

0
-0.45
0

ΔG [eV]
< 0: exergonic
> 0:
endergonic
-0.38
+0.13
-0.58

+0.88
+0.45
-0.33
+0.43

-0.90
-0.45
0
-0.45

-0.02
0
-0.33
-0.02

4.1.1.6.3 Reactivities of oxides and oxyfluorides in NaH-based reductions
When comparing the reductive deintercalation of oxide ions (deoxygenation) and fluoride
ions (defluorination) using hydride-based reducing agents, it is obvious that kinetic and
thermodynamic factors influence the reactivity. Fluoride ions possess a much higher mobility
than oxide ions 240 and with regards to the kinetics, defluorination reactions should be more
favourable. To distinguish between energetic and kinetic driving forces of deoxygenations and
defluorinations, it is important to compare the change of the Gibb’s free energies for both
types of reactions. Different defluorination reactions of Ti-based RP-type oxyfluorides and
deoxygenation reactions of Ti-based RP-type oxides are considered. The results are listed in
Table 4-6.
In accordance with the starting point of the decomposition of NaH to metallic Na and
hydrogen at 300 °C, the ∆G values of the reduction reactions using NaH (i.e., ∆G of reactions
FA, FB, Fc, OA, OB, Oc) and Na (i.e., ∆G of reactions FA’, FB’, Fc’, OA’, OB’, Oc’) are almost identical.
This shows that Na (E0(Na|Na+) = -2.71 V vs. SHE, E0(Na|Na+) ≈ 0.29 V vs. Li|LiF) could
also be the reductive species in the reduction reactions at 300 °C.
Interestingly, only the defluorination reactions are exergonic, while the deoxygenations are
endergonic. The differences in the reaction energetics is strongly related to the different
lattice energies of the reduction side products NaF and Na2O formed during the defluorination
and deoxygenation reactions, respectively. While NaF has a rock salt structure, Na2O
crystallises in the antifluorite structure with a much higher lattice energy. Therefore, it can be
concluded that the energetic contribution of the side product plays an important role in the
reactivity of oxides and oxyfluorides in hydride-based reductions. It should be mentioned that
a deoxygenation of RP-type oxyfluorides, leading to the presence of Na2O in the reduction
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products, is also not observed. It can be assumed that the extraction of oxide ions from
oxyfluorides is energetically similar to the extraction of oxide ions from the respective oxide
and, therefore, the respective reactions would be expected to be endergonic.
Moreover, the endergonic character of the deoxygenation reactions at 300 °C is in good
agreement with the experimental findings made in the attempts to reduce Sr2TiO4 using NaH
(see section 4.1.1.2.1). In these experiments, neither a considerable reduction nor the
formation of Na2O is observed. This is, further, in agreement with the considerably higher
reaction temperatures reported for deoxygenation reactions of various titanate oxides (see
section 2.2.2).
Table 4-6: Change of Gibb’s free energies ∆G of defluorination and deoxygenation reactions calculated with
enthalpies of reaction ∆H of optimized structures obtained using the DFT + U method. The entropic contribution
was calculated from the standard formation entropy of hydrogen at a reaction temperature of 573 K 239.
Reaction equation

(FA)
(FA’)
(FB)
(FB‘)
(FC)=
(FB)-(FA)
(FC‘)=
(FB‘)-(FA‘)
(OA)
(OA‘)
(OB)
(OB‘)
(OC)=
(OB)-(OA)
(OC‘)=
(OB‘)-(OA‘)

-TΔS [eV]
at T = 573 K
= 300 °C 239

Sr2TiO3F2 + NaH  Sr2TiO3F + NaF + ½ H2
Sr2TiO3F2 + Na  Sr2TiO3F + NaF
Sr2TiO3F2 + 2 NaH  Sr2TiO3 + 2 NaF + H2
Sr2TiO3F2 + 2 Na  Sr2TiO3 + 2 NaF
Sr2TiO3F + NaH  Sr2TiO3 + NaF + ½ H2

ΔH [eV]
< 0:
exothermal
> 0:
endothermal
+0.10
-0.34
+0.31
-0.57
+0.21

-0.45
0
-0.90
0
-0.45

ΔG [eV]
< 0:
exergonic
> 0:
endergonic
-0.35
-0.34
-0.59
-0.57
-0.24

Sr2TiO3F + Na  Sr2TiO3 + NaF

-0.23

0

-0.23

Sr2TiO4 + NaH  Sr2TiO3.5 + ½ Na2O + ½ H2
Sr2TiO4 + Na  Sr2TiO3.5 + ½ Na2O
Sr2TiO4 + 2 NaH  Sr2TiO3 + Na2O + H2
Sr2TiO4 + 2 Na  Sr2TiO3 + Na2O
Sr2TiO3.5 + NaH  Sr2TiO3.5 + ½ Na2O + ½ H2

+1.09
+0.66
+2.13
+1.25
+1.04

-0.45
0
-0.90
0
-0.45

+0.63
+0.66
+1.23
+1.25
+0.59

Sr2TiO3.5 + Na  Sr2TiO3.5 + ½ Na2O

+0.59

0

+0.59

At reaction temperatures of 300 °C, the formation of gaseous HF and water via an additional
reduction can be ruled out due to the strongly endergonic character of these reactions (Table
4-7). Such reactions would involve the redox couple H2|2H+ (E0(H2|2H+) = 0 V vs. SHE,
E0(H2|2H+) ≈ 3 V vs. Li|LiF), which does not provide sufficient reductive power to reduce Ti
further since the calculated change of the Gibb’s free energies of the defluorinated phases
correspond to low potential range of ~ 0.5-0.7 V vs. Li|LiF for both consecutive
defluorination steps. At considerably higher temperatures, the entropic contributions related
to the formation of HF and water could, however, compensate for the endothermic enthalpy
terms, making a hydrogen reduction feasible.
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Table 4-7: Change of Gibb’s free energies ∆G of defluorination and deoxygenation reactions considering the
formation of H2O and HF calculated with enthalpies of reaction ∆H of optimized structures obtained using the DFT
+ U method. The entropic contributions were calculated from the standard formation enthalpies of hydrogen, HF
and H2O at a reaction temperature of 573 K 239.

HF Release
H2O Release

Reaction equation

ΔH [eV]
< 0: exothermal
> 0: endothermal

ΔG [eV]
< 0  exergonic
> 0  endergonic

+2.72

-TΔS [eV]
at T = 573 K
= 300 °C 239
for gaseous
species
-1.07

Sr2TiO3F2 + NaH 
Sr2TiO3 + NaF + HF(g)
Sr2TiO4 + NaH 
Sr2TiO3 + ½ Na2O + ½ H2O(g)

+2.31

-0.64

+1.67

+1.65

4.1.1.7 Summary
A comprehensive study on the reduction behaviour of the n = 1 RP-type oxyfluoride Sr2TiO3F2
with P4/nmm symmetry was performed using varying amounts of the reducing agent NaH
according to Sr2TiO3F2 + x NaH with 0 ≤ x ≤ 2.5 (∆x = 0.25) at reaction temperatures as low
as 300 °C. Based on a combination of various characterisation methods, the newly developed
topochemical defluorination method allows for the selective extraction of fluoride ions from
Sr2TiO3F2, accompanied by fluoride-hydride exchange. Therefore, the reduction mechanism
can be best explained by a combination of a reductive defluorination and partial fluoridehydride substitution. The substitution process takes increasingly place for increasing NaH
contents. A nearly stoichiometric reductive reaction between Sr2TiO3F2 and NaH can be
assumed and only negligibly small degrees of decomposition or amorphisation occur.
Reduction products, containing almost only one of the RP-type phases with approximate
compositions Sr2TiO3FH0.48 or Sr2TiO3H1.48, were obtained for x = 1 and 2, respectively. For
other values of x ≥ 1, phase mixtures of these phases were found. Strong structural changes
within the reduced phases in comparison to the parent oxyfluoride, expressed by a
considerable decrease of the c axis from ~ 15.5 Å to ~ 12.9 Å and ~ 12.7 Å for increasing
degrees of reduction, with additional symmetry lowering for Sr2TiO3FH0.48 to P-1, were
observed. Sr2TiO3H0.48 crystallises in the aristotype structure I4/mmm. Additionally, strong
anisotropic strain broadening was observed for the stronger defluorinated phase. Structural
models of the reduced phases were derived from coupled Rietveld analyses of X-ray and
neutron powder diffraction data. No significant phase fractions of decomposition or
amorphisation phases were found in the reduction products and the extraction of fluoride
takes place nearly stoichiometrically. Changes of coordination environments were further
examined by means X-ray absorption spectroscopy, confirming the proposed structural
changes. Magnetic measurements in combination with X-ray absorption and X-ray
photoelectron spectroscopy revealed significant changes in the Ti oxidation states, confirming
again a successful reductive defluorination. A transition from diamagnetic to paramagnetic
behaviour upon the reduction of Sr2TiO3F2 confirmed further the presence of unpaired
electrons in the reduced phases. Interestingly, the surface oxidation states of the reduced
compounds were found to differ from the bulk with Ti oxidation states of ~ +3.5. For the
particle surfaces of reduced phases, compositions of Sr2TiO3F and Sr2TiO3 with Ti3+ and Ti2+
species, respectively, could be deduced, suggesting a hydrogen release at the particle surfaces.
The most stable crystal structures of Sr2TiO3F2, Sr2TiO3F and Sr2TiO3 were in addition
examined using DFT-based calculations. Such calculations were also conducted to investigate
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the influence of the fluoride-hydride substitution on the driving forces of the reaction and it
was found that such substitutions lead to strongly exergonic reactions. A (partial) release of
hydrogen from the hydride-substituted structures could neither be confirmed nor ruled out
energetically. The reactivities of oxides and oxyfluorides towards reductions in hydride-based
reactions were examined in addition. It could be shown that the formation of NaF is a strong
energetic driving force for the overall exergonic defluorination reactions, whereas the
deoxygenation reactions are endergonic. This is related to the different lattice energies of NaF
and Na2O formed as side products during the reductions and confirms that much higher
reaction temperatures (> 530 °C) are needed to obtain a considerable reduction in
deoxygenations, as was also shown experimentally when attempting to reduce Sr2TiO4 under
the same reaction conditions as Sr2TiO3F2. In addition to thermodynamically considerations,
the fluoride ions show a higher mobility than oxide ions correlated to improved kinetics in the
defluorination reactions. Moreover, the formation of HF or H2O in an additional reduction
step can be ruled out due to the strongly endergonic character of these reactions and the need
to access the H2|2H+ redox potential. The predicted low redox potential of the
Sr2TiO3F2-x|Sr2TiO3F2 redox couple of ~ 0.5-0.7 V vs. Li|LiF additionally highlight the
potential of Sr2TiO3F2 as intercalation-based anode material (see section 4.2.1). Due to this
low potential, the use of Sr2TiO3F2 would enable high energy densities, with a comparatively
high theoretical gravimetric capacity of ~ 190 mAhg-1, corresponding to the extraction of two
fluoride ions.
Overall, it is shown that a sequence of topochemical non-oxidative fluorination and hydridebased defluorination reactions opens up a new avenue of research for the development of
novel materials with defined intrinsic properties due to the possibilities to alter oxidation
states and coordination environments of transition metals in transition metal oxyfluorides.
Significantly lowered reaction temperatures and stronger degrees of reduction as for
comparable reductions of respective oxides facilitate the synthesis of materials with
interesting properties.
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4.1.2 Topochemical fluorination of Sr3Ti2O7 to Sr3Ti2O5F4 and its defluorination
4.1.2.1 Topochemical fluorination of Sr3Ti2O7 to Sr3Ti2O5F4
4.1.2.1.1 Coupled Rietveld analysis of Sr3Ti2O5F4
The topochemical fluorination of Sr3Ti2O7 using a stoichiometric amount of PVDF as the
fluorination reagent results in a significant cell expansion of ~ 15.8 %. The XRD pattern of
the fluorination product is shown in Figure 2-1 in comparison to the pattern of Sr3Ti2O7
(a = 3.89890(15) Å, c = 20.3125(10) Å). This is due to a strong expansion along the c axis of
~ 15.0 % (c = 23.372(5) Å), while the a axis remains almost constant (a = 3.9059(8) Å). In
agreement with previously fluorinated n = 2 RP compounds with high filling degrees of the
interstitial layers 46, 59, good refinements could be obtained within the aristotype space group
of I4/mmm. Symmetry lowering is not indicated due to the absence of reflection splitting and
superstructure reflections. Additionally, ~ 5 wt% of SrF2 and ~ 7 wt% of SrTiO3 are formed
due to partial decomposition (variations in the levels of decomposition between different
synthesis batches of the oxyfluoride lead to slightly varying amounts of SrF2 and SrTiO3).
These impurity phases remain present in all defluorination products, and their relative phase
fractions do not show strong changes within errors. Moreover, the presence of higher amounts
of SrF2 and SrTiO3 in the fluorinated product in comparison to the fluorination of Sr2TiO4
suggests that the fluorinated RP-type strontium titanium oxyfluoride with n = 2 is less stable
than the lower-order oxyfluoride.

Figure 4-13: X-ray diffraction patterns of Sr3Ti2O7 and Sr3Ti2O7 fluorinated with PVDF (CH2CF2)n in a molar ratio of
Sr3Ti2O7:CH2CF2 of 1:2.

The structural refinement of the fluorinated phase was performed via a coupled Rietveld
analysis of XRD and NPD data (Figure 4-14). The obtained structural parameters are given in
Table 4-8. The bond distances are listed in Table 4-11 in comparison to the obtained reduced
phase (see section 4.1.2.2). It is found that all anion sites are fully occupied within errors,
suggesting a composition of Sr3Ti2X9 with X being oxide or fluoride ions. Due to the
indistinguishability of oxide and fluoride ions by powder diffraction methods, neither the
quantity of the respective ion within the oxyfluoride can be determined nor is an assignment
of the type of ion to a specific site directly possible. The diamagnetic nature of the sample
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after fluorination supports the presence of Ti4+ (see section 4.1.2.3), which is in good
agreement with the assumed composition of Sr3Ti2O5F4. In accordance with the used amount
of PVDF, this composition corresponds to a stoichiometric incorporation of the fluoride ions
from the polymer as it has been also previously reported for other perovskite-type and RP-type
oxyfluorides 241-244. Therefore, the fluorination reaction proceeds via a non-oxidative
substitution and insertion process, in which two oxide ions are replaced by four fluoride ions.
The same has been found for the formation of Sr2TiO3F2. 71

Figure 4-14: Coupled Rietveld refinements of Sr3Ti2O5F4 of NPD HRPD banks 1-3 and XRD data.
Table 4-8: Structural parameters of Sr3Ti2O5F4 (space group: I4/mmm) derived from coupled Rietveld analysis of
XRD and NPD data. The anion sites X1eq, X2ap,central, X3ap,terminal and X4int refer to the equatorial, central apical,
terminal apical and interstitial sites, respectively.
Atom

Wyckoff
position
Sr1
2b
Sr2
4e
Ti1
4e
O1 at X1eq
8g
O2 at X2ap,central
2a
F1 at X3ap,terminal
4e
F2 at X4int
4d
a [Å]
3.9059(8)
Rwp(XRD+NPD) [%] 2.98
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x
0
0
0
0
0
0
½

y

z

0
½
0
0.31381(5)
0
0.0804(1)
½
0.0822(1)
0
0
0
0.8335(1)
0
¼
c [Å]
23.372(5)
GOF(XRD+NPD) 1.83

Occupancy

B [Å2]

1
1
1
1
1
1
1

1.07(2)
1.07(2)
1.07(2)
1.07(2)
1.07(2)
1.07(2)
1.07(2)

RBragg [%] 0.98 (XRD)
2.75 (NPD, bank 1)

Bond-valence sum calculations were used to assign the anions to their respective
crystallographic sites. Different possible anion distribution models of oxide and fluoride ions
were tested and the results are listed in Table 4-9. The global instability index (GII) can be
used to judge the structural stability of the different distributions. 167, 168 The lowest GII and,
therefore, the most stable configuration is found when fluoride ions are located at the
interstitial site X4int and the terminal apical site X3ap,terminal, which is in good agreement with
previous studies on RP-type compounds 46. This configuration is also found to be the most
stable in DFT-based calculations. The refined crystal structure of Sr3Ti2O5F4 with the most
stable anion configuration is given in Figure 4-15.
Table 4-9: Results of bond-valance sum calculations of Sr3Ti2O5F4 for different oxide and fluoride ion distributions at
the anion sites X1eq, X2ap,central, X3ap,terminal and X4int. The anion sites X1eq, X2ap,central, X3ap,terminal and X4int refer to the
equatorial, central apical, terminal apical and interstitial sites, respectively.
Arrangement of oxide and fluoride ions at
anion sites X1eq, X2ap,central, X3ap,terminal and
X4int
O1X1 – O2X2 – F1X3 – F2X4

O1X1 – F1X2 – O2X3 – O3X4

O1X1 – (0.5O2/0.5F2)X2 – O3X3 – F4X4

F1X1 – O2X2 – (0.5O3/0.5F3)X3 – F4X4

O1X1 – (0.5O2/0.5F2)X2 – F3X3 – O4X4

F1X1 – (0.75O2/0.25F2)X2 – O3X3 – F4X4

F1X1 – (0.25O2/0.75F2)X2 – O3X3 – O4X4

Bond valance
sum
O1: 2.0482
O2: 1.6843
F1: 0.9924
F2: 1.1048
O1: 2.0482
O2: 1.3438
O3: 1.1801
F1: 1.4388
O1: 2.0482
O2: 1.6843
F2: 1.1048
O3: 1.1801
F1: 1.4388
F1: 1.7471
O2: 1.6843
O3: 1.1801
F2: 0.9924
F3: 1.1048
F1: 2.0482
O2: 1.6843
F2: 1.4388
F3: 0.9942
O4: 1.3471
F1: 1.7471
O2: 1.6843
F2: 1.4388
O3: 1.1801
F1: 1.1048
F1: 1.7471
O2: 1.6843
F2: 1.4388
O3: 1.1801
O4: 1.3438

Global
instability
index (GII)
0.2541

0.4811

0.3981

0.4095

0.3575

0.4342

0.4839
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Figure 4-15: Crystal structure of Sr3Ti2O5F4 as determined from the coupled Rietveld analysis. The assignment of
anions to different anion sites is based on bond-valance calculations.

4.1.2.2 Topochemical defluorination of Sr3Ti2O5F4
4.1.2.2.1 Analysis of the reduction mechanism of Sr3Ti2O5F4
To study the behaviour of Sr3Ti2O5F4 on the reductive deintercalation of fluoride ions,
defluorination reactions between various mixtures of Sr3Ti2O5F4 + x NaH with 0.5 ≤ x ≤ 4 and
∆x = 0.5 were performed. The X-ray diffraction data show a complex behaviour with several
partially overlapping and/or splitting reflections indicating the formation of various coexisting
RP-type phases in the reduction products (Figure 4-16). Over the entire range of x, none of
the patterns can be sufficiently accurately described using a single RP-type phase or one with
lowered symmetry. This is in strong contrast to the reduction products Sr2TiO3F2 + x NaH, for
which for x = 1 and 2 nearly phase-pure RP-type phase mixtures are obtained. Due to the
broad range of compositions studied, suitable compositions can be determined, for which an
individual phase is predominant. In summary, five different phases can be identified, namely
four tetragonal phases and one orthorhombic phase. The obtained phases were quantitatively
evaluated using the Rietveld method. The evolution of the phase fractions of the different
phases is depicted in Figure 4-17 a). In addition, coupled Rietveld refinements of X-ray and
neutron powder diffraction data of Sr3Ti2O5F4 + x NaH with x = 2 and 4 were performed to
determine suitable structural models of the contained phases (see section 4.1.2.2.1; refined
patterns are shown in Figure 4-19 and Figure 6-9).
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Figure 4-16: X-ray diffraction patterns of Sr3Ti2O7, Sr3Ti2O5F4 and the reduction products Sr3Ti2O5F4 + x NaH with 0.5
≤ x ≤ 4. For the Rietveld refinements of the patterns shown together with an assignment of reflections, the reader is
referred to Figure 6-7 in the Appendix.

As for the reduction products Sr2TiO3F2 + x NaH, strong shifts of reflections (hkl) with l ≠ 0
can be observed for all phases contained in reduction products Sr3Ti2O5F4 + x NaH in
comparison to the parent oxyfluoride Sr3Ti2O5F4. These changes are due to strong decreases of
the c lattice parameters, resulting in considerable unit cell volume changes (Figure 4-17 b).
Higher amounts of added NaH result in higher reductions in the cell volumes. When
considering a particular phase, the unit cell volume stays relatively constant, although smaller
changes of lattice parameters indicate some degree of compositional flexibility for each phase.
Smaller changes are also observed for the lattice parameters a and b, which undergo a
comparatively small expansion, which is related to the formation of low-valent Ti species. 54
When increasing the amount of reductant, a stronger degree of disorder is also introduced
into the obtained RP-type phases. This can be best assessed based on reflections (hkl) with
l ≠ 0 of the tetragonal #3 and #4 phases, which show, in comparison to the tetragonal #1 and
#2 phases and the orthorhombic phase, significantly increased anisotropic broadening. This
broadening is commonly observed for the reduction of RP-type compounds 94, indicating the
flexibility of the lattice to adopt compositional variations in a broader range. This also implies
that the phases obtained in the reduction products with lower values of x, i.e., the tetragonal
#1 and #2 phases as well as the orthorhombic phase, are highly ordered.
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After the reactions, NaF (Figure 4-17 c) is present in all reaction products. The measured and
theoretically predicted amounts of NaF are in good agreement. This also confirms that the
multi-phase model, which was used to describe the reflections of the RP-type phases, gives an
excellent approximation of the relative amount of each phase fraction. Furthermore, it
indicates a negligible degree of decomposition on reduction showing the stability of the
phases upon defluorination. Small amounts of the mixed crystals NaF1-zHz can be identified as
a shoulder next to the NaF reflection at ~ 38.8° in the XRD pattern of Sr3Ti2O5F4 + x NaH
with x = 4. Approximately 13.9 wt% of NaF0.93H0.07 and 12.1 wt% of NaF0.8H0.2 are present.
For Sr3Ti2O5F4 + x NaH with x = 2, while no shoulder next to the NaF reflections are visible
in the XRD pattern, the neutron diffraction suggests the formation 8.2 wt% of NaF0.91H0.09 in
the reduction product. When comparing SEM micrographs of Sr3Ti2O7 and Sr3Ti2O5F4 to the
reduction products Sr3Ti2O5F4 + x NaH with x = 2 and 4 (Figure 4-18), it appears that the
particles of the reduced particles are covered by a surface layer. Surface-sensitive XPS
measurements (see section 4.1.2.4) suggest that this layer consists of NaF since very high Na
and F signals are observed. This is also in agreement with the finding that the layer can be
removed upon washing of the reduction product Sr2TiO3F2 + x NaH with x = 2 (see section
4.1.1.2.1).

Figure 4-17: Relative phase fractions (a) and unit cell volumes per formula unit (b) of Sr3Ti2O5F4 and the reduced RPtype phases in the reduction product Sr3Ti2O5F4 + x NaH with 0.5 ≤ x ≤ 4 as a function of x. The relative phase
fractions were calculated neglecting other side and decomposition phases, e.g. NaF or SrF2. Measured phase
fraction of NaF (c) in the reduction products Sr3Ti2O5F4 + x NaH with 0.5 ≤ x ≤ 4 as a function of x. Also given are the
theoretically expected values of NaF calculated assuming full conversion of the added NaH to NaF.
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Figure 4-18: Scanning electron micrographs of Sr3Ti2O7 (a), Sr3Ti2O5F4 (b), the unwashed reaction product of
Sr3Ti2O5F4 + x NaH with x = 2 (c) and x = 4 (d) with rough porous layers of NaF on top of particles.

Elemental analysis confirms again the presence of hydride ions within the reaction products
and the formation of compounds with formal compositions of Sr3Ti2O5F2H0.42(2) + 2 NaF for
x = 2 and Sr3Ti2O5H1.26(10) + 4 NaF for x = 4 can be derived. As discussed, a small amount of
the hydride ions is located in NaF1-zHz. Since the presence of other hydride-containing side
and decomposition products or substantial amorphisation, leading to the formation of
amorphous hydride-containing products can be ruled out, the most plausible host for a major
part of the hydride ions are the reduced RP-type phases. However, because two-phase
mixtures of RP-type oxyfluoride hydrides are found for values of x = 2 and 4, the exact
hydride content of each individual RP-type phase cannot be determined.
Regardless of this, the overall degree of fluoride-hydride substitution in comparison to the
reductive defluorination under formation of H2 is lower compared to those of Sr2TiO3FH0.48(1)
and Sr2TiO3H1.48(10) contained in the reduction products Sr2TiO3F2 + x NaH with x = 1 and 2
(see section 4.1.1.2.1). For the reductions of both n = 1 and n = 2 RP-type strontium titanium
oxyfluorides, the reductive defluorination is the predominant reaction mechanism for low
NaH equivalents, and fluoride-hydride substitution becomes dominant for increasing amounts
of NaH.
Re-oxidation experiments on Sr3Ti2O5F4 + x NaH with x = 2 and 4 were performed, which
can also serve to confirm the successful defluorination. On exposure of the compounds to air
at elevated temperatures, phase mixtures containing several re-oxidised phases as well as side
and decomposition products (NaF, increased amounts of SrTiO3, TiO2 and SrF2) are found
(Figure 6-5). The lattice parameters of the re-oxidised phases have c lattice parameters
between those of Sr3Ti2O7 and Sr3Ti2O5F4, showing that a certain oxide-fluoride disorder is
present in the phases. The fact that Sr3Ti2O7 is not formed on re-oxidation suggests that a
complete defluorination of Sr3Ti2O5F4 to Sr3Ti2O5 has not taken place for the highest amount
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of NaH added, which is in agreement with the observation of NaF1-zHz. However, the phase
fractions of the phases with smaller c lattice parameters increase considerably when the
re-oxidation is performed on the higher-reduced phases, which contain less fluoride. Overall,
the phase fractions and the lattice parameters of the re-oxidised oxyfluorides are in good
agreement with the assumed degree of defluorination.

4.1.2.2.2 Coupled Rietveld analysis of the reduction products
Structural analyses of the reduction products Sr3Ti2O5F4 + x NaH with x = 2 and 4 were
performed via coupled analysis of XRD and NPD data. The refined patterns of
Sr3Ti2O5F4 + x NaH with x = 2 and 4 are shown in Figure 4-19 and Figure 6-9, respectively.

Figure 4-19: Coupled Rietveld refinements of the reduction product of Sr3Ti2O5F4 + x NaH with x = 2 of NPD HRPD
banks 1-3 and XRD data.

In Sr3Ti2O5F4 + x NaH with x = 2, three RP-type phases, i.e., two tetragonal phases (called
tetragonal #3 and #4) and an orthorhombic phase are found. The highest phase fraction of
the latter phase of the whole series is found within this reduction product. In
Sr3Ti2O5F4 + x NaH with x = 4, only the tetragonal #3 and #4 phases are present. Since only
multi-phase mixtures were obtained within this study, it is not possible to assign an
unambiguous anion contents to each phase. Moreover, it is also not possible to distinguish
between hydride and oxide/fluoride ions at sites, which contain anion vacancies in addition
(see section 2.4.1.2).
A very detailed structural analysis of the tetragonal phases is not possible due to a strong
correlation of the parameters. The intensity patterns can be accurately described with
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structural models of the aristotype n = 2 RP structure with I4/mmm symmetry. The analysis
of this phase, especially of the tetragonal #4 phase, is further impeded by strong anisotropic
reflection broadening. This is indicative for the presence of a distribution of multiple phases
with slightly varying c lattice parameters. Regardless of these implications, the structural
refinements indicate that considerable amounts of vacancies are present at the interstitial site
X4int of both phases and on the terminal apical site X3ap,terminal of the tetragonal phase #4.
Moreover, decreasing occupation factors of these sites in Sr3Ti2O5F4 + x NaH with x = 4 as
compared to x = 2 are plausible, considering that higher degrees of defluorination should be
expected when using higher NaH amounts. Structural parameters of the tetragonal #3 phase
are given in the Table 6-2.
For the patterns of Sr3Ti2O5F4 + x NaH with x = 2, some of the sharper reflections, e.g.
(116)I4/mmm or (110)I4/mmm at d values of ~ 2.25 and 2.76 Å, respectively, show reflection
splitting suggesting the presence of a phase, which has undergone a symmetry lowering to an
orthorhombic symmetry. A model within the translationengleiche supgroup Fmmm with a cell
size of √2 ⨯ √2 ⨯ 1 of the aristotype structure allows for a good fitting of the reflections.
Further loss of translational symmetry is not indicated due to the absence of superstructure
reflections. The neutron diffraction data can, moreover, give valuable information about the
approximate structure and composition of the anion sublattice, since, while oxide and fluoride
cannot be distinguished from each other, they can be differentiated from anion vacancies. The
equatorial (X1eq) and central apical (X2ap,central) sites are found to be fully occupied by oxide
and/or fluoride within errors and their occupations was, therefore, fixed to 100 %. The
occupation factors of the terminal apical (X3ap,terminal) and the interstitial (X4int) sites, on the
other hand, are significantly decreased due to the extraction of fluoride upon defluorination,
resulting in a formal composition of the orthorhombic phase of Sr3Ti2O5F1.86Hy. It was not
possible to assign the residual hydride ions, as determined from elemental analysis (see
4.1.2.2.1), to the X3ap,terminal or X4int site. The refined structural parameters and bond distances
are given in Table 4-10 and Table 4-11, respectively. The crystal structure of the orthorhombic
phase is shown in Figure 4-20. The assignment of the oxide and fluoride to the different anion
sites was done based on the most stable anion configuration of Sr3Ti2O5F4 obtained from
bond-valence sum calculations (see section 4.1.2.1.1), supported by the fact that, due to
fluoride extraction, only the terminal apical (X3ap,terminal) and interstitial (X4int) anion sites are
not fully occupied.
Table 4-10: Structural parameters of the reduced phase Sr3Ti2O5F1.86Hy (space group: Fmmm) derived from coupled
Rietveld analysis of XRD and NPD data of the reduction product of Sr3Ti2O5F4 + x NaH with x = 2. The anion sites
X1eq, X2ap,central, X3ap,terminal and X4int refer to the equatorial, central apical, terminal apical and interstitial sites,
respectively.
Atom

Wyckoff
position
Sr1
4b
Sr2
8i
Ti1
8i
O1 at X1eq
16j
O2 at X2ap,central
4a
F1 at X3ap,terminal
8i
F2 at X4int
8f
a [Å]
5.6083(4)
Rwp (XRD+NPD) [%] 3.09

x

y

0
0
0
0
0
0
¼
¼
0
0
0
0
¼
¼
b [Å]
GOF(XRD+NPD)

B [Å2]

z

Occupany

½
0.6818(2)
0.9147(4)
0.4024(2)
0
0.1721(9)
¼
5.5596(9)
1.71

1
0.87(6)
1
0.87(6)
1
0.87(6)
1
0.87(6)
1
0.87(6)
0.30(1)
0.87(6)
0.63(2)
0.87(6)
c [Å]
21.275(3)
RBragg [%] 0.99 (XRD)
3.61 (NPD, bank 1)
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Table 4-11: Bond distances of Sr3Ti2O5F4 the reduced phase Sr3Ti2O5F1.86Hy. The anion sites X1eq, X2ap,central,
X3ap,terminal and X4int refer to the equatorial, central apical, terminal apical and interstitial sites, respectively.
Bond
Sr1-O1 at X1eq

Bond distance [Å]
Sr3Ti2O5F4
Sr3Ti2O5F1.86Hy
2.750(2) [8x]
2.865(3) [8x]

Sr1-O2 at X2ap,central
Sr2-O1 at X1eq
Sr2-F1 at X3ap,terminal

2.7723(3) [4x]
3.130(2) [4x]
2.8105(6) [4x]

Sr2-F2 at X4int
Ti-O1 at X1eq
Ti-O2 at X2ap,central
Ti-F1 at X3ap,terminal

2.4666(8) [4x]
1.9608(4) [4x]
1.886(2) [1x]
2.020(3) [4x]

2.8042(2) [4x]
2.666(4) [4x]
2.787(2) [~1.2x]
2.812(2) [~1.2x]
2.450(3) [~2.52x]
1.992(1) [4x]
1.815(9) [1x]
1.897(5) [~1.2x]

Figure 4-20: Crystal structure of the reduced phase Sr3Ti2O5F1.86Hy as determined from the coupled Rietveld analysis.
The assignment of anions to different anion sites is based on bond-valance calculations.

4.1.2.3 Magnetisation study of Sr3Ti2O5F4 and the reduction products
The ZFC M(T) curves of Sr3Ti2O5F4 and reduction reaction products Sr3Ti2O5F4 + x NaH with
x = 2 and 4, respectively, are shown in Figure 4-21. Sr3Ti2O5F4 is diamagnetic in the whole
temperature range. This is due to the presence of diamagnetic Ti4+ cations with d0
configuration only. In contrast to this, the reduction products show predominantly
paramagnetic behaviour, reflecting the presence of unpaired electrons (d1 and d2 electron
configurations of Ti3+ and Ti2+, respectively) and, thus, confirming a successful defluorination
and reduction of the Ti oxidation state.
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Figure 4-21: ZFC M(T) (closed symbols) and χ-1(T) (open symbols) curves of Sr3Ti2O5F4 and the reduction products of
Sr3Ti2O5F4 + x NaH with x = 2 and 4 measured at µ0 = 1 T. The fitting curves of the Curie-Weiss fits, the corresponding
linear functions and the coefficients of determination are also given. The curves are corrected from the
diamagnetic contributions of the present phases and the gelatine capsules and straws used for the measurements.

As is discussed in section 4.1.1.3, different fitting strategies can be applied to describe the
temperature dependency of the magnetisation of reduced Ti-containing compounds and to
correct for diamagnetic and/or other temperature-independent magnetic contributions
possibly causing a deviation from ideal paramagnetic behaviour. After the correction of the
measured data from diamagnetic contributions, nearly linear regions of the χ-1(T) curves of
the reduction products can be found in the limited temperature range between 150 and
250 K. Curie-Weis fits in this range (Figure 4-21) result in spin-only magnetic moments of
~ 2.01 and 1.12 µB for Sr3Ti2O5F4 + x NaH with x = 2 and 4, respectively. These moments
correspond to ~ 1.25 and 0.50 unpaired electrons. The correlating oxidation states differ
strongly from the expected oxidation states based on the formal compositions of
Sr3Ti2O5F2H0.42 and Sr3Ti2O5H1.26 of the RP-type phases in the reduction products determined
in section 4.1.2.2.1. Additionally, it would be expected that the oxidation state of the
reduction product, for which a higher amount of NaH was used, would be lower. Modified
Curie-Weiss fits over the whole temperature range reveal considerable smaller spin-only
moments of ~ 0.24 and 0.26 µB for Sr3Ti2O5F4 + x NaH with x = 2 and 4, respectively.
Therefore, an unambiguous interpretation of the obtained moments and the corresponding
oxidation states is not possible and an ideally paramagnetic behaviour with spin-only
moments only can be excluded.

4.1.2.4 X-ray photoelectron spectroscopy Sr3Ti2O5F4 and the reduction products
Surface sensitive XPS measurements of Sr3Ti2O5F4 and the reduction products
Sr3Ti2O5F4 + x NaH with x = 2 and 4 allow to draw conclusions about the Ti oxidation states
on the surface of the particles. The Ti 2p3/2 spectra are given in Figure 4-22. The poor signalto-noise ratio of the Ti 2p3/2 spectra of the reduction products in comparison to the spectrum
of Sr3Ti2O5F4 is due to a layer of NaF, which is formed upon defluorination on the surface of
the particles of the RP-type phases. The presence of this layer can be confirmed by the high
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intensities of the Na 1s and F 1s spectra (Figure 6-10), which is also in agreement with the
obtained SEM images (Figure 4-18).

Figure 4-22: Ti 2p3/2 XPS spectra of Sr3Ti2O5F4 and the reduction products Sr3Ti2O5F4 + x NaH with x = 2 and 4. Due to
the release of hydrogen on the particle surface of the bulk materials a considerable reduction leading to the
formation of Ti3+ and Ti2+ species is found.

The spectrum of Sr3Ti2O5F4 features a peak at ~ 458.4 eV with a FWHM of ~ 1.25 eV, which
is typical for Ti4+ and suggests the existence of this oxidation state only. 245 In the spectra of
the reduced compounds, considerable shifts towards lower binding energies and broader
signals are observed. Characteristic binding energies of Ti3+ and Ti2+ containing oxides have
been reported at ~ 457.7 eV and ~ 454.7 eV 235, respectively, corresponding well to the found
signals. Therefore, it can be concluded that a strong reduction with the co-existence of
different oxidation states has taken place on the surface of the particles of the reduced RPtype phases. A precise quantification of the intensities of the different signals is hindered by
the poor quality of the spectra. However, the strongest reduction seems to have occurred in
Sr3Ti2O5F4 + 4 NaH, which is indicated by the extended tail to lower binding energies.

4.1.2.5 Summary
The topochemical fluorination of the n = 2 RP-type oxide Sr3Ti2O7 using stoichiometric
amounts of PVDF as fluorination reagent resulted in the formation of Sr3Ti2O5F4, suggesting
that the reaction proceeds via a non-oxidative substitution and insertion process, in which two
oxide ions are replaced by four fluoride ions. As determined via a coupled Rietveld analysis of
X-ray and neutron powder diffraction data, the fluorination results in a full occupation of all
anion sites and the I4/mmm aristotype structure of the oxide is maintained in the fluorinated
compound. The assignment of oxide and fluoride ions to the fully occupied anion sites was
achieved using bond-valance sum calculations, further confirmed by DFT-based calculations.
The most stable configuration is found when fluoride ions are located at the interstitial and
terminal apical sites, while the equatorial and central apical site are occupied by oxide ions.
Furthermore, it was found, that the fluorination of Sr3Ti2O7 leads to a higher degree of
decomposition in comparison to the fluorination of Sr2TiO4.

92

The reduction of Sr3Ti2O5F4 according to Sr3Ti2O5F4 + x NaH with 0 ≤ x ≤ 4 (∆x = 0.5)
performed at 300 °C was found to take place in a similar fashion as the reduction of Sr2TiO4
via a reductive defluorination and a fluoride-hydride substitution. In comparison to the
reduction of Sr2TiO4, the fluoride-hydride substitution is less pronounced, which should in
principle enable the synthesis of phases with lower Ti oxidation states. After the reactions, for
all values of x, phase mixtures of various reduced RP-type phases were found. This indicates a
more complex reduction behaviour with either a variety of phases of similar stability or
limited reaction kinetics, hampering the compositional equilibration of the reduced phases in
the reduction products. Considerable unit cell volume reductions, primarily due to decreases
in the c lattice parameters of the reduced phases, were observed compared to the parent
oxyfluoride (c ≈ 23.4 Å). The crystal structures of the reduced phases were investigated via
coupled Rietveld refinements of X-ray and neutron diffraction data of the reduction products.
For Sr3Ti2O5F1.86Hy (c ≈ 21.3 Å) obtained in the reduction product with x =2, in addition to
the decrease in cell volume, a symmetry reduction to Fmmm was observed. For higher degrees
of defluorination, phases with I4/mmm symmetry and strong anisotropic broadening were
observed. No considerable decomposition or amorphisation reaction were found to take place
upon reduction. The formation of low-valent Ti was confirmed by magnetic and X-ray
photoelectron spectroscopy measurements. A transition from a diamagnetic to a paramagnetic
states was found upon the defluorination of Sr3Ti2O5F4, confirming the presence of unpaired
electrons and, therefore, the successful defluorination of the RP-type phases in the reduction
products.
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4.1.3 Topochemical fluorination of La2NiO4+d to La2NiO3F2 and its defluorination
4.1.3.1 Topochemical fluorination of La2NiO4+d to La2NiO3F2
4.1.3.1.1 Analysis of the fluorination mechanism of La2NiO4+d
The fluorination behaviour of La2NiO4+d was studied for a variety of different molar ratios of
La2NiO4+d:CH2CF2 (PVDF) (Figure 4-23). A nearly single-phase product is obtained using a
stoichiometric ratio of 1:1 (only a marginal excess of ~ 2.5 % PVDF was used). For lower
fluorine contents (molar ratio of 1:0.5), a two-phase mixture with a partially fluorinated
phase and the phase obtained when using the stoichiometric ratio of 1:1 is found. For higher
amounts of PVDF (molar ratios of 1:1.5 and 1:2), again the phase obtained when using the
stoichiometric ratio of 1:1 and increasing degrees of decomposition, leading to the formation
of LaF3, is observed. The phase fraction of LaF3 increases with increasing amounts of PVDF.
Additionally, amorphisation takes place.
The found partially fluorinated phase has been reported previously by Hancock 246. It has been
found that the topochemical fluorination with 0.4 molar equivalents of PVDF results in the
formation of a nearly phase-pure sample with orthorhombic Fmmm symmetry
(a = 5.36781(7) Å, b = 5.60196(8) Å, c = 12.6887(2) Å). In accordance to what is observed
for a ratio of 1:0.5 in the current study, a ratio of 1:0.6 has resulted in the formation of a
phase mixture with a lower and higher fluorinated phase. However, in the previous study, it
has not been possible to synthesise phase-pure samples of the higher fluorinated phase since
higher levels of PVDF (> 0.6 molar equivalents of PVDF) have led to large LaF3 impurities.

Figure 4-23: X-ray diffraction patterns of La2NiO4+d and La2NiO4+d fluorinated with different amounts of PVDF
(CH2CF2)n in molar ratios of La2NiO4+d:CH2CF2 of 1:0.5, 1:1, 1:1.5 and 1:2.

To determine the composition of the product obtained at a ratio of 1:1, the La2NiO4+d and the
fluorination product were further investigated using iodometric titration and XPS (Figure
4-24) to determine the bulk and surface oxidations state of Ni, respectively. The titration
indicates an average Ni oxidation state of Ni2+ for both compounds (+2.10(1) for
La2NiO4+d (d ≈ 0.05) and +2.06(1) for the fluorinated compound). Thus, a small reduction of
the oxidation state is found. This reductive character of the fluorination has been observed
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previously for PVDF-based fluorination reactions even in air, e.g. for the synthesis of SrFeO2F
from SrFeO3-d. 247, 248 For the investigation of the surface oxidation states via XPS, the Ni 3p
peak was chosen, since the higher-intensity peaks of the Ni 2p3/2 and La 3d3/2 overlap; it
should be noted that the Ni 3p1/2 and 3p3/2 are in general not well resolved. 207, 249 The found
signals at ~ 67.7 and 67.0 eV can be assigned to the 3p signal of Ni2+ of La2NiO4+d and of the
fluorinated compound, respectively. 250-252 This is also in agreement with a reduction of the
oxidation state of the fluorinated compound as obtained from titration. In combination with
the determined anion content derived from the Rietveld analysis of diffraction data (see
section 4.1.3.1.2), it can be concluded that the fluorinated compound has an approximate
composition of La2NiO3F2 (more precisely La2NiO3.06F1.94). This corresponds to a nearly
stoichiometric incorporation of fluoride ions from the polymer into the RP-type oxide under
the substitution of one oxide ion by two fluoride ions. Assuming the same reaction mechanism
for the fluorination with lower amounts of PVDF, oxyfluorides with compositions
La2NiO3+d/2F2-d should be formed.

Figure 4-24: Ni 3p XPS spectra of La2NiO4+d and La2NiO4+d fluorinated with PVDF in a molar ratio of 1:1.

4.1.3.1.2 Coupled Rietveld analysis of La2NiO3F2
LaNiO4+d crystallizes in the tetragonal aristotype structure of n = 1 RP-type phases with space
group I4/mmm (a = 3.86279(5) Å and c = 12.6746(2) Å), in good agreement with previous
work. 253 Depending on the synthesis batch of the parent oxide, either phase pure samples are
formed or additionally a small amount of La0.5Zr0.5O1.75 (~ 1 wt%) is found. Presumably, the
impurity phase is formed due to the use of a ZrO2 grinding jar and balls during the ball milling
process. The phase fraction of this impurity phase, if found in La2NiO4+d and La2NiO3F2,
remains constant in the defluorinated products. When comparing the XRD patterns of
La2NiO4+d to La2NiO3F2 (Figure 4-25), significant changes can be observed. The pattern of
La2NiO3F2 shows a clear splitting of some reflections (e.g. (011)I4/mmm reflection at a d-spacing
of ~ 2.92 Å), indicating symmetry lowering to an orthorhombic symmetry.
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Figure 4-25: X-ray diffraction patterns of La2NiO4+d to La2NiO3F2.

The structural refinement of La2NiO3F2 was performed via a coupled Rietveld analysis of XRD
and NPD data (Figure 4-26). Fits of the patterns were attempted using a face-centred unit cell
(space group: Fmmm) with a size √2 ⨯ √2 ⨯ 1 of the parent unit cell with I4/mmm symmetry,
which allows fitting of the main reflections. In contrast to what was found previously for
fluorinations of other RP-type compounds, no strong increase of the c axis is observed and the
orthorhombic distortion results mainly form a strong straining within the ab plane with axis
lengths of a ≈ 5.79 Å and b ≈ 5.49 Å. This orthorhombic straining is one of the highest, if not
the highest, straining found for anion excess RP-type compounds A2BX4+y.
Further loss of translational symmetry is indicated from the presence of superstructure
reflections. The patterns could be best fitted using a structural model with space group Cccm
(a = 12.8364(3) Å, b = 5.7940(2) Å, c = 5.4871(2) Å). The corresponding symmetry tree is
shown in Figure 4-27. Other klassengleiche subgroups of Fmmm (e.g. different settings of
Cmce) were also examined but lead to significantly worse fits due to the systematic absence of
certain reflections (e.g. (130)Cccm, (510)Cccm, (221)Cccm and (112)Cccm, at d values of ~ 1.91 Å,
~ 2.35 Å, ~ 2.38 Å and ~ 2.43 Å, respectively).
The analysis of the neutron diffraction data facilitates the detailed determination of the
structure and composition of the anion sublattice. Both the equatorial (X1eq) and apical (X2ap)
anion sites, which are fully occupied in the tetragonal precursor oxide La2NiO4+d, are also
fully occupied in La2NiO3F2. The symmetry reduction from I4/mmm to Cccm results in a
splitting of the interlayer anion site into two independent crystallographic sites X3aint and
X3bint (Figure 4-27). Only the X3bint (4b) site is fully occupied with anion species, while the
X3aint (4a) site is not occupied. From this, an overall composition of La2NiX5 can be derived
for the fluorinated compound. Taking the presence of single-valent Ni2+ (see section
4.1.3.1.1) into account, the composition La2NiO3F2 can be derived. The refined structural
parameters are listed in Table 4-12. Bond distances are given in Table 4-18.
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Figure 4-26: Coupled Rietveld refinements of La2NiO3F2 of NPD HRPD banks 1-3 and XRD data.

Figure 4-27: Symmetry tree for the symmetry reduction from I4/mmm to Cccm. The different anion sites X1eq, X2ap
and X3int refer to the equatorial, apical and interstitial sites, respectively.
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Table 4-12: Structural parameters of La2NiO3F2 (space group: Cccm) derived from coupled Rietveld analysis of XRD
and NPD data. The anion sites X1eq, X2ap and X3int refer to the equatorial, central apical, terminal apical and
interstitial sites, respectively.
Atom

Wyckoff
position
La1
8l
Ni1
4e
O1 at X1eq
8g
F1 at X2ap
8l
X3aint
4a
O2 at X3bint
4b
a [Å]
12.8350(4)
Rwp (XRD+NPD) [%] 3.12

x

y

0.38826(4) 0.7458(2)
¼
¼
0.2673(2)
0
0.5869(2)
0.6576(3)
0
0
0
½
b [Å]
GOF(XRD+NPD) 1.58

z

Occupany

0
0
¼
0
¼
¼
5.7935(2)

1
1
1
1
0
1

B [Å2]

1.05(3)
1.61(4)
1.26(4)
2.34(6)
1.26(4)
1.26(4)
c [Å]
5.4864(2)
RBragg [%] 1.13 (XRD)
3.55 (NPD, bank 1)

In previous reports on oxyfluorides with RP-type structure (e.g. Sr2TiO3F2 63, 71 or
LaSrMnO4F 20, 21, 60), a layer-wise occupation of every second anion layer was observed,
resulting in a symmetry lowering to P4/nmm. This was found to result in a strong increase of
the c axis (see section 2.2.1), without any significant tilting of the TiO5F or MnO6 octahedra.
This layer-wise ordering is symmetry-forbidden in Cccm and the site splitting within this space
group implies half filling of every interstitial layer in a channel-like manner, accompanied by a
tilting of the octahedra. This appears to be the origin of the orthorhombic distortion. This
ordering scenario does not result in a strong increase of the long crystallographic axis cI4/mmm
respectively aCccm. Instead, a strong expansion along the [110]I4/mmm direction, along which the
tilting of the octahedra takes place, and a contraction along the [-110]I4/mmm direction, along
which channels of interstitial anions are formed are observed.
Bond-valance sum calculations were performed to assess different distribution models of
oxide and fluoride ions. Table 4-13 lists the results of the calculations for different
arrangements on equatorial (X1eq) and apical (X2ap) sites of the octahedra as well as at the
occupied interstitial site X3bint for the determined composition La2NiO3F2. The highest GIIs
were found for anion distributions, for which the equatorial anion site X1eq is (partially)
substituted by fluoride ions. Thus, these configurations can be excluded, which agrees well
with previous studies on RP-type oxyfluorides. 7 For an occupation of the equatorial anion site
X1ap by oxide ions, two different distributions of oxide and fluoride ions at the remaining sites
X2ap and X3bint can be considered: One configuration with an occupation of the interstitial site
X3bint by oxide ions and an occupation of the apical anion site X2ap by fluoride ions, and a
second configuration with an occupation of the interstitial site X3bint by fluoride ions and a
mixed occupation of the apical site X2ap by oxide and fluoride ions. For the latter
configuration an occupation with 50 % oxide and 50 % fluoride ions is assumed. The most
stable configuration is found for the configuration with the interlayer site X3bint being
occupied by oxide ions and the apical site X2ap being occupied by fluoride ions. This result is
surprising, since a significant occupation of the interlayer site by oxide ions instead of fluoride
ions has never been observed before for oxyfluoride with RP-type structure. The crystal
structure of La2NiO3F2 as derived from the coupled Rietveld analysis with an assignment of
the oxide and fluoride ions based on the performed bond-valance sum calculations is shown
for different viewing directions in Figure 4-28.
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Table 4-13: Results of bond-valance sum calculations of La2NiO3F2 for different oxide and fluoride ion distributions
at the anion sites X1, X2 and X3. The anion sites X1, X2 and X3 refer to the equatorial, central apical, terminal
apical and interstitial sites, respectively.
Arrangement of oxide and fluoride ions
at anion sites X1eq, X2ap and X3int

Bond valance
sum

O1X1 – F1X2 – O2X3

O1: 1.83
F2: 1.25
O3: 1.67
O1: 1.83
F1: 1.52
O2: 1.54
F2: 1.25
O3: 1.67
F1: 0.52
O2: 1.54
O3: 1.67
O1: 1.84
O2: 1.54
F2: 1.25
F3: 1.33
O1: 1.83
F1: 1.52
O2: 1.54
F3: 1.33

(0.5O1/0.5F1)X1 – (0.5O2/0.5F2)X2 –
O3X3

F1X1 – O2X2 – O3X3
O1X1 – (0.5O2/0.5F2)X2 – F3X3

(0.5O1/0.5F1)X1 – O2X2 – F3X3

Global
instability
index (GII)
0.19
0.33

0.37
0.27

0.34

Figure 4-28: Crystal structure of La2NiO3F2 as determined from the coupled Rietveld analysis. The assignment of
anions to different anion sites is based on bond-valence calculations. To illustrate the tilting of the NiO4F2
octahedra, the structure is show along the c axis (a) and the b axis (b).

When comparing the tilt pattern of the NiO4F2 octahedra of La2NiO3F2 to reported tilt patterns
of La2NiO4+d with varying values d, interesting observations can be made. The presence of
interstitial oxide anions affects the symmetry of La2NiO4+d significantly and a broad range of
oxygen-over-stoichiometry dependent phases with different space groups can be identified. At
room temperature, stoichiometric La2NiO4 crystallises in the orthorhombic space group
Bmeb. 44 For increasing values of interstitial oxide ions d, several phases have been reported: a
tetragonal phase with space group P42/nmc for 0.02 < d < 0.03 44, 254, a tetragonal phase
with I4/mmm 0.05 ≲ d ≲ 0.11 253, a orthorhombic phase with space group Fmmm for
0.13 ≲ d ≲ 0.18 255 and a monoclinic phase with space group C2 for d = 0.25 256, 257.
Additionally, several structural transitions have been observed at lower temperatures. 44, 253, 255
It should be noted that the orthorhombic distortion within the Fmmm phase in comparison to
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the I4/mmm phase is relatively small and the splitting of the reflections can be very subtle,
depending on the quality of the powder diffraction data.
With regards to the tilting pattern of the NiO4F2 octahedra of La2NiO3F2, a closer examination
of the orthorhombic structure with Bmeb symmetry when intercalating anions into the
interstitial site is interesting. As described by Tranquada et al. 253 conceptually, starting from
the ideal tetragonal I4/mmm aristotype symmetry of RP-type compounds, assuming relatively
rigid NiO6 octahedra with the Ni ions remaining on their special site, tilting of single
polyhedra would affect the whole crystal structure. If only one apical oxide ion would be
displaced along [1-10]I4/mmm, a tilting of the octahedron along the [110]I4/mmm axis of the unit
cell with the equatorial anions moving accordingly would be expected. Since the octahedra
are connected via the equatorial anions, the neighbouring octahedra would align in a zigzagfashion within the layer. In the layers above and below this plane, the octahedra would align
in phase to minimise Coulombic repulsion between the apical ions of adjacent layers. This also
requires the doubling of the unit cell to a size of √2 ⨯ √2 ⨯ 1 and an orthorhombic distortion
with a longer axis along the tilt direction is observed. This tilt pattern is found for the Bmeb
structure of La2NiO4.44 Figure 4-29 shows this tilt pattern in the non-conventional setting
Becm for easier comparability to the pattern of La2NiO3F2 with Cccm symmetry. The formed
interstitial cavities have the identical size.
Such a tilting of the octahedra is not possible for the higher symmetrical phases with higher
values of d due to symmetry restrictions. For the Fmmm symmetry, Jorgensen et al. 255 have
alternatively proposed that the intercalation of an additional anion into the interstitial site
leads to the formation of a local defect, which displaces the four closest apical oxide ions from
their ideal position. In this defect model, the apical oxide ion site is split into two sites. The
first site remains at its regular position and is filled by oxide ions, which are not neighbouring
the defect. The other site is in direct proximity to the defect anion at the interstitial site and
has been given positional flexibility in x, y and z direction with a sensible displacement away
from this intercalated anion. Final refinements provide reasonable atomic positions and
overall occupancies. The bond distance between the apical and interstitial oxide ions are
~ 2.54 and 2.71 Å (ionic radius of O2-: 1.40 Å) 54. Each distance is found twice. If the apical
anions would not be displaced around the interstitial anion, too short distances of ~ 2.07 and
2.28 Å would be obtained, making intercalation unfeasible. Moreover, small local
displacements of the La cations are also likely, which might give rise to the observed small
orthorhombic distortion. Within the defect model, the average Fmmm symmetry is maintained
when the interstitial anions are distributed randomly.
The allocation of one oxide ion at the interstitial site of the Bmeb structure 253, as opposed to
what is found for the Fmmm symmetry, results in an displacement of the apical ions in the
adjacent perovskite-type layers away from the interstitial ion accompanied by a tilting of the
octahedra (for the conventional setting of Bmeb along the [010]Bmeb of the cell). The tilting
propagates through the layers of octahedra and disturbs the tilting pattern on a local scale.
The Bmeb pattern is still found in the layer above and below the plane containing the
interstitial anion, although the pattern is reversed on crossing this plane. Thus, an antiphase
domain boundary is created. Furthermore, the tilting within the intercalated layer facilitates
the intercalation of additional anions into the resulting large cavities, leading to a staged
ordering. The small cavities next to the large cavities are energetically unfavourable for the
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intercalation of additional anions. The stage-3 ordering scenario of the Becm structure is given
exemplarily in Figure 4-29 b.
In La2NiO3F2 (Figure 4-29 c), the octahedra align similar to the octahedra closest to the
intercalated interstitial anions in the staged intercalation process. However, no Becm-like
ordering is found in the adjacent layers. Instead, the tilting pattern can be understood as a
stage-1 ordering of interstitial oxide ions of the Becm structure. The size difference of the
formed interstitial cavities is well represented by the distance of the apical fluoride ions to the
interstitial sites 4a and 4b, which are 1.995(2) and 2.654(2) Å, respectively. With respect to
the size of oxide and fluoride ions of ~1.40 and 1.33 Å 54, the distortion of the octahedra
avoids the formation of very short anion-anion distances. It further explains why the 4a site is
not occupied. As a consequence of this energetical inequivalence of the interstitial sites in the
Cccm symmetry, it follows that the filling of the vacant site due to the intercalation of
additional fluoride ions in an additional topochemical fluorination step (see Figure 4-74) or
due to the introduction of anion disorder (see Figure 4-90) can only occur if the site energies
approach each other. For this, the tilting has to be significantly reduced.

Figure 4-29: Comparison of the tilting of the octahedra in La2NiO4 with space group Bmeb 44 (the structure is shown
in the non-conventional setting Becm for easier comparability to La2NiO3F2) (a), stage-3 ordered La2NiO4+d as
proposed by reference 254 (b) and La2NiO3F2 with space group Cccm (c).
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4.1.3.1.3 Investigation of the anion sublattice of La2NiO3F2 by DFT calculations
To elucidate the structure of the anion sublattice and to provide an understanding for
stabilities of different anion ordering scenarios, DFT calculations on different ordering
scenarios were tested for La2NiO3F2 (Figure 4-30). Interestingly, the experimentally most
stable anion distribution OX1−FX2−OX3 is not found to be energetically most favourable (Table
4-14). The configurations of OX1−(0.5O/0.5F)X2−FX3 v1 and v2 are found to show lower
energies per La2NiO3F2 formula unit (Δ ≈ −0.06 to −0.04 eV) and a strong structural
distortion to monoclinic symmetry. However, these energy differences are small (and “0 K
energies”), being in the same order of magnitude as the thermal energy at the synthesis
temperature of 370 °C (~ 50 meV). Remarkably, bond valence sum calculations were able to
predict the ordering of oxide and fluoride ions correctly, which can be understood from the
fact that they originate from the evaluation of experimentally obtained bond distances. The
structural distortions found for the structures after DFT optimization strongly differ for the
different anion configurations. In this respect, it should be emphasized that the OX1−FX2−OX3
configuration is the one with lowest energy while maintaining the highest possible
orthorhombic symmetry, i.e., without transforming to monoclinic. An orthorhombic symmetry
is only obtained for the OX1−(0.5O/0.5F)X2−FX3 v3 configuration, which has a considerably
higher energy than the OX1−FX2−OX3 configuration (Δ = +0.18 eV per La2NiO3F2 formula
unit, corresponding to ~ 3.5x of the thermal energy at the synthesis temperature). Taking the
calculated structural distortions and energies into account, the experimentally observed
structure might be understood as the best compromise between energy and symmetry.
Furthermore, it should be noted that the models OX1−(0.5O/0.5F)X2−FX3 v1, v2 and v3 show
strong off-center shift of the Ni ion of the NiO5F octahedra towards the apical oxide ion. This
is not indicated from the refinement of XRD and NPD data with a structural model, which
allows for off-center displacement of the Ni cations.
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Figure 4-30: Crystal structures of La2NiO3F2 for different oxide and fluoride ion distributions at the anion sites X1, X2
and X3 after structural relaxation. The anion sites X1, X2 and X3 refer to the equatorial, central apical, terminal
apical and interstitial sites, respectively.
Table 4-14: Energy differences per formula unit of La2NiO3F2 of different oxide and fluoride ion distributions at the
anion sites X1, X2 and X3 to the most stable configuration OX1 – FX2 – OX3. The anion sites X1, X2 and X3 refer to
the equatorial, central apical, terminal apical and interstitial sites, respectively.
Arrangement of oxide and fluoride ions
at anion sites X1eq, X2ap and X3int
OX1 – FX2 – OX3
OX1 – (0.5O/0.5F)X2 –
OX1 – (0.5O/0.5F)X2 –
OX1 – (0.5O/0.5F)X2 –
OX1 – (0.5O/0.5F)X2 –

FX3 v1
FX3 v2
FX3 v3
FX3 v4

Energy difference per formula unit of La2NiO3F2
[eV] to the most stable configuration OX1 – FX2 –
OX3
0
-0.06
-0.04
+0.018
+0.22
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4.1.3.1.4 High-temperature X-ray diffraction study on La2NiO3F2
To investigate the decomposition behaviour and the temperature stability of La2NiO3F2, a
high-temperature X-ray diffraction study was performed (Figure 4-31). With increasing
temperature, reflections shift toward lower diffraction angles due to thermal lattice
expansion. Apart from the presence of a very small phase fraction of the impurity phase LaF3,
LaOF is formed as a decomposition product starting from ~ 500 °C, which is a well-known
behaviour found for the heating of oxyfluoride materials. 258 Between 500 and 650 °C,
increasing phase fractions of LaOF are found. A crystalline Ni-containing decomposition
product is not observed.

Figure 4-31: High-temperature XRD patterns of La2NiO3F2 in the temperature range from 50 °C to 650 °C. A strong
increase of the phase fraction of the decomposition product LaOF is found starting from ~ 500 °C.

From the shifts of different reflections on heating, reflected in the trend of the determined
lattice parameters (Figure 4-32), it becomes apparent that the thermal expansion is
anisotropic. While the increase of each of the three lattice parameters is fairly linear with
temperature (the lattice parameters obtained at 500 °C have to be excluded due to the onset
of decomposition), a and c show a significantly stronger increase than b. Thus, the
orthorhombic distortion decreases on heating of the compound. However, a complete
transition toward the tetragonal crystal system cannot be achieved prior to the decomposition,
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suggesting that the ordering of the oxide ions on the interstitial sites has a high thermal
stability.

Figure 4-32: Relative increase of the lattice parameters a, b and c as a function of temperature.

4.1.3.2 Topochemical defluorination of La2NiO3F2
4.1.3.2.1 Analysis of the reduction mechanism of La2NiO3F2
For the topochemical reduction of La2NiO3F2, various mixtures of La2NiO3F2 + x NaH with
0 ≤ x ≤ 2.5 and ∆x = 0.25 were reacted and investigated by means of X-ray diffraction (Figure
4-33). Depending on the amount x of NaH added, phase mixtures of phases with different
fluoride contents and strongly differing structures are formed in the reduction products,
visually evident from the strong shifts and splitting of reflections in comparison to La2NiO3F2.
By studying the broad range of compositions, the following four phases (given in the order of
appearance in the reduction products for increasing x) can be identified: one monoclinic, two
orthorhombic phases, labelled ‘orthorhombic #1’ and ‘orthorhombic #2’, and one tetragonal
phase. The monoclinic phase found after the reduction should not be mistaken for the
monoclinic phases discussed in the context of different anion ordering scenarios in La2NiO3F2
based on DFT calculations (section 4.1.3.1.3).
Quantitative Rietveld analysis of XRD data was performed for all compositions studied. The
crystal structures of the reduced phases were additionally analysed by coupled analyses of Xray and neutron powder diffraction data (see section 4.1.2.2.2; the refinements of the
reduction products of La2NiO3F2 + 0.25 NaH, La2NiO3F2 + 0.5 NaH and La2NiO3F2 + 1.5
NaH, from which the used structural models of the four phases were deducted, are shown in
Figure 4-37, Figure 4-38 and Figure 4-39).
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Figure 4-33: X-ray diffraction patterns of La2NiO4+d, La2NiO3F2 and the reduction products La2NiO3F2 + x NaH with
0.25 ≤ x ≤ 2.5. For the Rietveld refinements of the patterns shown together with an assignment of reflections, the
reader is referred to Figure 6-11 in the Appendix.

The evolution of the phase fractions of obtained reduced phases as a function of the NaH
amount is given in Figure 4-35 a. It should be emphasised that the absolute phase fractions of
the RP-type phases are given instead of the relative fractions (compared to Figure 4-4 and
Figure 4-17 of the titanium-based RP-type compounds). For x = 0.25, the majority of the
sample consists of the monoclinic phase, with the orthorhombic #1 phase being present in
addition. While the phase fraction of the monoclinic phase is continuously decreasing for
increasing values of 0.25 ≤ x ≤ 0.75, the orthorhombic #1 phase becomes the main phase. For
x ≥ 1, the phase fraction of the orthorhombic #1 phase is reduced and additionally the
orthorhombic #2 phase and the tetragonal phase are formed. The phase fractions of these
phases increase for increasing NaH amounts, before they decrease drastically. This strong
decrease for x ≥ 1.75 suggests a substantial decomposition of the previously present RP-type
phases. It can be ruled out that the decomposition is due to water and a resulting HF release,
since the samples were prepared, stored and characterized under Ar atmosphere (< 0.1 ppm
H2O). It is rather indicated that the reaction temperature of 300 °C is slightly too high to
ensure the structural stability of the metastable La2NiO3F2 upon reduction. As discussed above
(see section 2.2.2), a balance between the metastability of the parent oxyfluoride and kinetic
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as well as thermodynamic factors concerning the reduction products has to be found. This
also imply that the synthesis of phase-pure samples might be limited.
Each RP-type phase, formed during the reduction, has a distinctive set of lattice parameters
with a nearly constant volume per formula unit (Figure 4-35 b) within its range of existence.
Compared to La2NiO3F2, the volumes of the orthorhombic phases decrease significantly with
increasing degrees of defluorination. The monoclinic phase has an increased volume and the
tetragonal phase shows a slightly decreased volume, although strong changes of lattice
parameters are found.
The increasing decomposition is also apparent with respect to the increasing phase fractions
of LaOF, La2O3 and NiO in the reduction products (Figure 4-35 c). Besides these crystalline
decomposition products, the formation of amorphous decomposition products has to be taken
additionally into consideration. This becomes particularly clear when comparing the amounts
of formed NaF to the theoretical amounts of it in the reduction products (assuming again a
complete reaction of the used NaH to NaF (in accordance with the absence of NaH or NaOH)
as well as crystalline phases only) (Figure 4-35 d). The measured NaF phase fractions are
significantly higher than the theoretical fractions, which can only be explained by the
presence of one or more non-crystalline phases, which leads to an overestimation of the phase
fractions of crystalline phases in the reduction products, since the phase fractions of
amorphous phases cannot be directly measured by means of diffraction (see also below). The
strong increase of LaOF and the divergence between the phase fraction of measured and
theoretical NaF starts already at x = 1. The formation of La2O3 is observed for x ≥ 1.75. For
x = 2.5, besides La2O3, only ~ 7 wt% of the orthorhombic #2 phase is found. The presence of
crystalline Ni (or NiO), which should also be formed during the decomposition cannot be
confirmed by means of diffraction (except for the reduction products with x = 1.75 and 2, in
which a very small phase fraction of NiO is observed) possibly since it may form amorphous
or nano-crystalline clusters. Indication for the formation of an amorphous Ni containing phase
is only given in the reduction product with a large excess of NaH (x = 2.5), in which, even
though no crystalline Ni phase can be found at all, a very broad bump is found between
~ 43 and 46° 2θ (Figure 4-36). This angular range coincides with the range, in which the
scattering of amorphous Ni has been reported. 259 The highest-intense (111) reflection of
crystalline Ni would be expected at ~ 44° 2θ. 260 However, magnetic measurements (see
section 4.1.3.4.1) give clear indication for the existence of ferromagnetic Ni, especially with
regards to the antiferromagnetic ordering found for the reduced compounds (see section
4.1.3.4.2).
The partial decomposition leading also to the formation of amorphous phases on reduction
can be confirmed further by determining the amorphous phase fractions (Figure 4-35 e)
within the reaction products using the method of an internal standard. For 0.25 ≤ x ≤ 1.5, a
continuous increase of the amorphous weight fractions is found (it has to be emphasized that
the outlier of the reduction product with x = 1 could be reproduced within 3 attempts).
Remarkably, for 1.75 ≤ x ≤ 2.5, the amorphous phase fractions decrease again, indicating a recrystallization on the formation of the final decomposition product La2O3. Such strong
decomposition and amorphisation processes are not observed in the reduction series of the
Sr2TiO3F2 (section 4.1.1.2) and Sr3Ti2O5F4 (section 4.1.2.2). This could be related to
differences in the degree of exothermicity of the reduction reactions and of the metastability
of the RP-type Ti- and Ni-based compounds. If the reduction reaction is highly exothermic, the
released thermal energy is high enough to overcome the activation barrier for the
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decomposition of the metastable oxyfluorides into the stable decomposition products. In
accordance with the higher redox potential of Ni+|Ni2+ in comparison to Ti3+|Ti4+ vs. Li|LiF
in the electrochemical series 261 (for the reduction of both RP-type compounds, H- ions
(E0(2H-|H2) = -2.23 V vs. SHE, E0(2H-|H2) ≈ 0.77 V vs. Li|LiF) are the reductive species), ∆G
of the reduction of La2NiO3F2 is more negative, which is also related to a higher enthalpic
contribution (Ni2+ is a stronger oxidant than Ti4+). Therefore, the exothermic enthalpic
contribution is higher, which could facilitate the decomposition of La2NiO3F2.

Figure 4-34: Schematic illustration of the interdependency of the exothermicity of the hydride-based reductions and
the metastability of Sr2TiO3F2 and La2NiO3F2. ∆G is assumed to be approximately ∆H (∆S is equal in both reductions
and was, therefore, neglected in this consideration). *The detailed decomposition products of the decomposition
of La2NiO3F2 are not known.

From the broad range of samples measured, a set of competing reactions including reductive
defluorination, decomposition and anion exchange reactions can be formulated, which
explain the variety of phases found, highlighting also the most plausible reaction mechanism:
Reductive defluorination reaction:
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Since NaOH is not observed in the reduction products, a reaction according to the first
decomposition reaction equation seems unlikely. This can be also understood with regard to
the H2|2H+ potential, which would be involved in the formation of NaOH. This potential
reduces the enthalpic contribution to the change of the Gibb’s free energy considerably due to
its lower reductive power as compared to 2H-|H2. This phase is also not observed in the
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studies on the reduction of Sr2TiO3F2 and Sr3Ti2O5F4, which do not show significant
decomposition or amorphisation. The other decomposition reaction involving the formation of
NaF as observed experimentally seems also not probable, since La2O3 is only formed for
x ≥ 1.75, while LaOF is obtained for x ≤ 1.75. However, a partial fluoride-oxide exchange
between La2NiO3F2-x and La2O3 according to the partial fluoride-oxide exchange reaction
equation might explain the formation of the reduced RP-type phases and LaOF at low values
of x. Taking this into account, together with the fact that more than one RP-type phase is
present especially for high values of x, it is clear that a detailed determination of the anion
composition, i.e. the oxide/fluoride ratio, of the reduced phases is not possible, since oxide
and fluoride ions are indistinguishable by diffraction. However, the neutron diffraction studies
allow for the approximate determination of an overall anion content of each phase.
Nevertheless, the consistency of the structural changes together with the quantification of the
phases in the reduction products renders the above described defluorination mechanism
involving reductive defluorination and partial fluoride-oxide exchange the most likely
scenario.
The determination of occupation factors of the anion sites of the reduced phases (see section
4.1.3.2.2) allows a rough estimation of the composition of each individual phase. It should be
emphasised that for the estimation of the compositions, the proposed fluoride-oxide exchange
is not considered and changes of the occupation factor of an anion site were correlated only to
the extraction of fluoride ions due to the reaction with NaH, i.e., the reductive defluorination.
Weighted by the relative phase fraction of the reduced phases (not taking decomposition and
side products, fluoride-hydride substitution (see below) or amorphisation into account) an
approximate overall value of ∆ in La2NiO3F2-∆ can be determined for a specific x (Figure 4-35
f). While for values 0.25 ≤ x ≤ 0.75, a steady increase in ∆ can be observed, ∆ adopts values
between ~ 0.81 and 0.94 for higher x. This seems to be reasonable since a theoretical
extraction of more than one fluoride ion from La2NiO3F2 would correspond to the formation of
metallic nickel (or an average nickel oxidation state below +1, respectively) within the
reduced phase, which is chemically implausible. It might be, further, possible to extract more
fluoride if a (partial) fluoride-hydride substitution takes place. Elemental analysis indicates,
however, relatively low hydride contents in the reduction products (formal compositions:
La2NiO3F1.75H0.12(2) + 0.25 NaF for x = 0.25, La2NiO3F1.5H0.12(2) + 0.5 NaF for x = 0.5;
La2NiO3FH0.17(2) + 1 NaF for x = 1; La2NiO3F0.5H0.21(4) +1.5 NaF for x = 1.5). In comparison to
the reductions of Sr2TiO3F2 and Sr3Ti2O5F4, the hydride contents are significantly lower.
Assuming that the RP-type phases are the hosts of these hydride ions, such a fluoride-hydride
substitution can have occurred in addition to the reductive defluorination and fluoride-oxide
exchange, as explained previously, only to a small extent. From the Rietveld analysis, it was
not possible to assign the residual hydride ions to one of the RP-type phases or to other
crystalline or amorphous phases (see section 2.4.1.2).
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Figure 4-35: Absolute phase fractions (a) and unit cell volumes per formula unit (b) of La2NiO3F2 and the reduced
RP-type phases in the reduction product La2NiO3F2 + x NaH with 0.25 ≤ x ≤ 2.5 as a function of x. Due to the strong
decomposition and amorphisation observed, the absolute phase fractions are given here. This is in contrast to the
reduction series on Sr2TiO3F2 and Sr3Ti2O5F4, for which the relative phase fractions are given. Measured phase
fraction of the decomposition phases (c), NaF (d) and amorphous phases (e) in the reduction products
La2NiO3F2 + x NaH with 0.25 ≤ x ≤ 2.5 as a function of x. Also given are the theoretically expected values of NaF
calculated assuming full conversion of the added NaH to NaF. Values of extracted fluoride ∆ in La2NiO3F2-∆Hy (f) of
all reduced RP-type phases in the reduction product La2NiO3F2 + x NaH as a function of x. The values were
calculated using the relative phase fractions and approximate compositions of the reduced phases as derived from
the occupation factors determined via coupled Rietveld analyses of the found phases.
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Figure 4-36: Comparison of selected angular ranges of La2NiO3F2 + 2.5 NaH indicating the presence of amorphous
or nanocrystalline Ni. When Ni is not included in the refinement (a), a systematic deviation in the difference curve
due to missing intensity related to amorphous or nanocrystalline Ni is observed. Taking Ni into account (b), this
intensity is described by a broad bump. The crystallite size of the Ni is small (~ 2-3 nm).

Further support for the proposed reaction mechanism can be obtained by re-oxidation and refluorination experiments on the reduction products. After the exposure of the products
La2NiO3F2 + x NaH with x = 0.5, 1 and 1.5 to air at elevated temperatures, phase mixtures
with several re-oxidised phases are found (Figure 6-12). Phases with similar lattice
parameters have been found when the parent oxide La2NiO4+d has been fluorinated with
varying non-stoichiometric amounts of PVDF to La2NiO3+x/2F2-x 246; this, together with the fact
that La2NiO3F2 cannot be reformed on re-oxidation supports the extraction of fluoride, which
is also in agreement with the NaF formation. Moreover, the re-fluorination of the reduction
reaction products La2NiO3F2 + x NaH with x = 1 and 1.5 were attempted using F2 gas at
various temperatures (Figure 6-13). A considerable re-fluorination with progressive
decomposition occurring in parallel could only be achieved in a narrow temperature range.
However, instead of the synthesis of desired La2NiO3F2, a monoclinic phase La2NiO3F2+x with a
considerably increased c lattice parameter (c ≈ 14.92 Å) is found due to difficulties in
controlling the extent of fluorination using F2 gas. Nevertheless, the successful fluorination
demonstrates the reversibility of the reduction process and confirms the reaction mechanism.

4.1.3.2.2 Coupled Rietveld analysis of the reduction products
For the determination of the nuclear structures of the four reduced phases, coupled Rietveld
analyses of room-temperature XRD and NPD data were performed on the reduction products
of La2NiO3F2 + x NaH with x = 0.25, 0.5, 1 and 1.5. The refinements of La2NiO3F2 + x NaH
with x = 0.25, 0.5 and 1.5 are given in Figure 4-37, Figure 4-38 and Figure 4-39, respectively
(the refinements of La2NiO3F2 + x NaH with x = 1 are given in Figure 6-14). Due to the
presence of two to three reduced phases within each sample, a structural model of a
particular phase was deduced from the measurement showing the highest phase fraction of
this phase. The obtained model was then used to refine the other measurements with lower
phase fractions of the respective phase. While doing so, no significant changes in structural
parameters (lattice parameters, atom positions, site occupations etc.) of the phase and stable
convergence of the refinements were observed. Although structural characterisation was
performed on phase mixtures, the large d-spacing range covered in the measurements in
combination with the changes of resolution of the diffraction detector banks, and sufficient
peak separation of the phases enables the determination of a concise picture of the structural
changes.
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Figure 4-37: Coupled Rietveld refinement of the reduction product of La2NiO3F2 + x NaH with x = 0.25 of NPD GEM
banks 1-6 and XRD data measured at room-temperature (RT).
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Figure 4-38: Coupled Rietveld refinement of the reduction product of La2NiO3F2 + x NaH with x = 0.5 of NPD GEM
banks 1-6 and XRD data measured at room-temperature (RT).
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Figure 4-39: Coupled Rietveld refinement of the reduction product of La2NiO3F2 + x NaH with x = 1.5 of GEM banks
1-6 and XRD data measured at room-temperature (RT).
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Facilitated by the high phase fraction of the monoclinic phase (~ 73 wt%) within the
reduction product, its structural model was derived from the measurement of
La2NiO3F2 + 0.25 NaH (Figure 4-37). Indexing can be performed with a base-centered
√2 ⨯ √2 ⨯ 1 supercell of the tetragonal aristotype RP-type structure. Different structural
models were tested, and a close structural relationship between the orthorhombic La2NiO3F2
(space group: Cccm) and the reduced monoclinic phase is observed. It is found that the
reduction of the symmetry from the orthorhombic space group Cccm towards a monoclinic
distortion with C centering is only possible for the translationengleiche subgroups C12/m1 or
C12/c1, with superior fit for the model with C12/c1 symmetry. The corresponding symmetry
tree of the symmetry reduction from Cccm to C12/c1 and the refined structural parameters are
given in Figure 4-40 and Table 4-15, respectively.

Figure 4-40: Symmetry tree for the symmetry reduction from Cccm to C12/c1. The different anion sites X1eq, X2ap
and X3int refer to the equatorial, apical and interstitial sites, respectively. The symmetry tree for the symmetry
reduction from I4/mmm to Cccm is given in Figure 4-27.
Table 4-15: Structural parameters of the monoclinic phase with approximate composition La2NiO3F1.93 (space group:
C12/c1) derived from coupled Rietveld analysis of XRD and NPD data of the reduction product of
La2NiO3F2 + x NaH with x = 0.25. The anion sites X1eq, X2ap and X3int refer to the equatorial, apical and interstitial
sites, respectively.
Atom

Wyckoff
position
La1
8f
Ni1
4c
eq
O1 at X1
8f
F1 at X2ap
8f
X3aint
4e
O2 at X3bint
4e
a [Å]
12.9413(4)
c [Å]
5.6186(2)
Rwp(XRD+NPD) [%] 3.40

x

y

0.1123(7)
¼
0.2704(1)
0.9118(1)
0
0

0.7483(3)
¼
-0.0317(3)
0.8445(2)
0
0.5177(5)
b [Å]
β [°]
GOF(XRD+NPD) 1.66

z

Occupancy

B [Å2]

-0.0236(2)
0
0.7771(3)
-0.0330(3)
¼
¼
5.7608(2)
88.509(2)

1
1
1
0.964(3)
0
1

0.88(1)
0.88(1)
0.88(1)
0.88(1)
0.88(1)
0.88(1)

RBragg [%] 1.73 (XRD)
3.70 (NPD, bank 3)

Even though oxide and fluoride ions are indistinguishable by neutron and X-ray diffraction,
the neutron diffraction data can be used to investigate the structure and composition of the
anion sublattice in more detail by analysis of the occupation factors of anion sites. The
symmetry reduction from I4/mmm to C12/c1 leads to a splitting of the interlayer anion site
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into two 4e crystallographic sites X3aint and X3bint (Figure 4-27 and Figure 4-40). Similar to
what is found for La2NiO3F2, only the X3bint site is occupied resulting in a channel-like halffilling of the interstitial sites. When also refining the occupation factors of the equatorial
(X1eq) and apical (X2ap) anion sites, a small but considerable decrease of the occupancy of the
apical anion site is observed, while the equatorial anion site remains fully occupied. From this,
an overall composition of approximately La2NiX4.93 or of La2NiO3F1.93 (assuming that only
fluoride is extracted in the reduction process) can be derived. Furthermore, this indicates that
the fluoride is, as in La2NiO3F2, occupying the apical anion site. Major structural
rearrangements of the oxide and fluoride ions between different anion sites upon the
reduction with low amounts of NaH can, therefore, be excluded. This can be confirmed by
bond-valence-sum calculations, for which, similar to calculations made on La2NiO3F2, more
stable configurations are found when fluoride is occupying the apical site. In comparison to
the orthorhombic parent phase La2NiO3F2, the slight reduction results in a change of the b/c
ratio towards unity accompanied by a monoclinic distortion. For orthorhombic La2NiO3F2, the
distortion originates from a considerable tilting of the NiO4F2 octahedra along the b axis. The
additional degrees of freedom of the monoclinic phase enable also a tilting of the octahedra
along the c axis. This tilting leads to an increase of the distance of Fap-Fap (d(X2ap-X2ap
(La2NiO3F2)) ≈ 2.88 Å, d(X2ap-X2ap (La2NiO3F1.93)) ≈ 2.93 Å) between two neighbouring
perovskite building blocks. As it will be shown in section 4.1.3.2.3, this structural behaviour
on extraction of comparatively small amounts of fluoride ions can be well confirmed from
DFT-based calculations of a phase with composition La2NiO3F1.75 and is explained there in
detail. The crystal structure of the monoclinic phase with the approximate composition of
La2NiO3F1.93 is shown in Figure 4-41 a.

Figure 4-41: Crystal structures of the reduced monoclinic (a), orthorhombic #1 (b), orthorhombic #2 (c) and
tetragonal (d) phases as determined from the coupled Rietveld analysis. To illustrate the tilting of the octahedra in
the monoclinic, orthorhombic #1 and orthorhombic #2 phases, the structures are show along the c axis and the b
axis. The structure of the tetragonal phase is shown along the a axis and twisted around the c axis to show the
infinite NiO2 square-planar layers.
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In the reduction product La2NiO3F2 + 0.25 NaH, besides the main monoclinic phase,
additionally the orthorhombic #1 phase (~ 14 wt%) is present. The structural model of this
phase was derived from La2NiO3F2 + x NaH with x = 0.5 (Figure 4-38), since it has a higher
phase fraction of the phase (~ 42 wt%). The highest weight fractions of the orthorhombic #2
(~ 45 wt%) and the tetragonal (~ 18 wt%) phases were found in the reduction product
La2NiO3F2 + 1.5 NaH (Figure 4-39) and their structural models were derived from its
refinement.
For both orthorhombic phases, best fits could be achieved using structural models with space
group Cccm. Higher symmetries such as Fmmm or other orthorhombic space groups, which
show different tilting patterns of the NiX6 octahedra (e.g. Cmce 44), were tested in addition.
These models can, however, not explain some superstructure reflections (e.g. (110)Cccm at a d
value of ~ 5.1 Å), which can be described using the Cccm model. The structural parameters
are given in Table 4-16 and Table 4-17.
Table 4-16: Structural parameters of the orthorhombic #1 phase with approximate composition La2NiO3F1.39 (space
group: Cccm) derived from coupled Rietveld analysis of XRD and NPD data of the reduction product of
La2NiO3F2 + x NaH with x = 0.5. The anion sites X1eq, X2ap and X3int refer to the equatorial, central apical, terminal
apical and interstitial sites, respectively.
Atom

Wyckoff
position
La1
8l
Ni1
4e
O1 at X1eq
8g
O2/F1 at X2ap
8l
X3aint
4a
F2 at X3bint
4b
a [Å]
12.698(1)
Rwp (XRD+NPD) [%] 4.44

x

y

0.1117(2) 0.7416(5)
¼
¼
0.2430(4) 0
0.9271(3) 0.8153(4)
0
0
0
½
b [Å]
GOF(XRD+NPD) 2.36

B [Å2]

z

Occupany

0
0
¼
0
¼
¼
5.6484(5)

1
0.73(1)
1
0.73(1)
1
0.73(1)
1
0.73(1)
0
0.73(1)
0.386(9)
0.73(1)
c [Å]
5.4675(5)
RBragg [%] 0.34 (XRD)
1.65 (NPD, bank 3)

Table 4-17: Structural parameters of the orthorhombic #2 phase with approximate composition La2NiO3F1.08 (space
group: Cccm) derived from coupled Rietveld analysis of XRD and NPD data of the reduction product of
La2NiO3F2 + x NaH with x = 1.5. The anion sites X1eq, X2apand X3int refer to the equatorial, central apical, terminal
apical and interstitial sites, respectively.
Atom

Wyckoff
position
La1
8l
Ni1
4e
O1 at X1eq
8g
O2/F1 at X2ap
8l
X3aint
4a
F2 at X3bint
4b
a [Å]
12.5309(3)
Rwp (XRD+NPD) [%] 4.31

x

y

0.1134(1) 0.7500(5)
¼
¼
0.2558(4) 0
0.9284(2) 0.7875(3)
0
0
0
½
b [Å]
GOF(XRD+NPD) 2.28

B [Å2]

z

Occupany

0
0
¼
0
¼
¼
5.5427(1)

1
0.44(1)
1
0.44(1)
1
0.44(1)
1
0.44(1)
0
0.44(1)
0.077(5)
0.44(1)
c [Å]
5.4758(1)
RBragg [%] 1.35 (XRD)
2.46 (NPD, bank 3)

When refining the occupation factors of the equatorial (X1eq), apical (X2ap) and interstitial
(X3bint) sites of the orthorhombic phases, the occupation factor of the X3bint interstitial site,
which is fully occupied in La2NiO3F2, decreases considerably resulting in compositions of
La2NiX4.39 (La2NiO3F1.39) for the orthorhombic #1 phase and of La2NiX4.08 (La2NiO3F1.08) for the
orthorhombic #2 phase. In the monoclinic phase, vacancies are formed at the apical site, i.e.,
at the site, at which the fluoride ions are located in the parent phase La2NiO3F2. In contrast,
no indication is given for the presence of vacancies at the apical sites for the orthorhombic
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phases. This shows that at least a partial rearrangement of anions between the apical and
interstitial sites can take place, which is also accompanied by a lowering of the tilting of the
NiX6 polyhedra. This lowering of the tilting leads to a decrease of the bond valance sums of
the interstitial anion site, which renders the allocation of fluoride ions at it more plausible.
This correlates with a change in the bond distances of Ni to the apical (X2ap) and equatorial
(X1eq) anions, showing increased stretching of the octahedra for increasing amounts of NaH
used (Table 4-18 and Figure 4-41 b and c). This is in plausible agreement with the formation
of Jahn-Teller active Ni+ with d9 electron configuration and is also observed in DFT-based
calculations (see section 4.1.3.2.3). Furthermore, when comparing the bond distances
between apical (X2ap) and interstitial anions (X3bint) of La2NiO3F2 with the reduced
monoclinic and orthorhombic phases, it can be seen that the distances decrease considerably,
indicating that the tilting of the octahedra decreases for stronger reduced phases. These
distances are relatively short, but it has to be taken into account that the occupancies of this
interstitial site in these phases decrease significantly. This also shows that refinements can
only serve to determine an average structure of the disordered state, in which local
adaptations have to be expected. Furthermore, considerable disorder is most likely to be
present within the reduced orthorhombic phases. The unrealistic small distances between the
apical (X2ap) and the unoccupied interstitial anions (X3aint) highlight, moreover, that this
interstitial site cannot be occupied. The distances between two apical sites (X2ap) of
neighbouring perovskite building blocks are also given.
Table 4-18: Bond distances of La2NiO3F2 and the reduced monoclinic, orthorhombic #1, orthorhombic #2 and
tetragonal phases. The anion sites X1eq, X2ap and X3int refer to the equatorial, central apical, terminal apical and
interstitial sites, respectively.
Bond distance [Å]
orthorh. #1
orthorh. #2

Bond
La1 – O1 at X1eq

La2NiO3F2

monoclinic

2.539(2) [2x]
2.813(2) [2x]

2.423(2) [1x]
2.621(2) [1x]
2.626(2) [1x]
3.145(2) [1x]

2.552(4) [2x]
2.721(4) [2x]

2.546(3) [2x]
2.642(3) [2x]

La1 – F1 at X2ap
or
La1 – O2/F1 at X2ap

2.356(2) [1x]
2.602(2) [1x]
2.809(1) [2x]

2.551(4) [1x]
2.809(1) [2x]
3.184(4) [1x]

2.617(3) [1x]
2.7953(6) [2x]
3.025(3) [1x]

La1 – O2 at X3bintCccm or

2.4718(8) [2x]

2.379(2) [1x]
2.577(2) [1x]
3.176(2) [1x]
3.450(2) [1x]
2.486(2) [1x]
2.487(2) [1x]

2.396(2) [2x]

2.411(2) [2x]

2.417(1) [4x]

2.071(2) [2x]
2.019(2) [2x]
2.152(3) [2x]

1.9673(3) [4x]

1.9492(1) [4x]

1.9962(1)
[4x]

2.279(4) [2x]

2.245(3) [2x]

1.876(1) [1x]
2.174(2) [1x]

1.953(2) [2x]

2.017(2) [2x]

(X3intaCccm is
unoccupied)

(X3intaCccm is
unoccupied)

2.428(2) [2x]

2.284(2) [2x]

2.790(5) [1x]
3.302(3) [1x]
4.014(4) [2x]

2.961(3) [1x]
3.274(2) [1x]
3.658(2) [2x]

C12/c1

or
La1 – F2 at X3bintCccm
or
La1 – O2/F1 at X3intI4/mmm
Ni1 – O1 at X1eq
Ni1 – F1 at X2ap
or
Ni1 – (O2/F1) at X2ap
X2ap – X3aintCccm or C12/c1
or
X2ap – X3intI4/mmm

2.0076(2) [4x]
2.160(2) [2x]

1.990(2) [2x]
(X3intaCccm is
unoccupied)

X2ap – X3bintCccm or C12/c1

2.657(2) [2x]

X2ap– X2ap

2.883(2) [1x]
3.536(2) [2x]
4.552(3) [1x]
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int

(X3 aC12/c1 is
unoccupied)
2.659(3) [1x]
2.733(2) [1x]
2.933(2) [1x]
3.297(2) [1x]
3.963(2) [1x]
4.599(2) [1x]

tetragonal
2.665(2) [4x]

2.2921(1)
[4x]
(X2ap is
unoccupied)

3.6117(1)
[4x]
(X2ap is
unoccupied)

On increasing of the amount of NaH further, a tetragonal phase (Figure 4-39) is formed. This
phase is found to possess a completely different neutron diffraction intensity pattern with
strong changes in the relative reflection intensities compared to the T-related orthorhombic
phases (Figure 4-42). This intensity pattern is indicative for the formation of a tetragonal
phase with T’-type structure (space group: I4/mmm), in which the apical site X2ap is empty
and the interstitial site X3int is filled, suggesting an approximate composition of La2NiO3F. The
Ni cations have a square planar coordination in this structure (Figure 4-41 d). The structural
parameters are listed in Table 4-19. DFT calculations (see section 4.1.3.2.3) support this
observation, showing that this is the most stable structure for a phase with a composition of
La2NiO3F. Such T’-type RP phases have only been found for compounds containing high
amounts of Jahn-Teller active cations, e.g. for the Nd2CuO4 50, La3Ni2O6 100, 101, La4Ni3O8 99, 101,
giving further support that a composition close to La2NiO3F is obtained here. Additionally, the
reduction of La2NiO3F2 to La2NiO3F leads to a lower average Ni oxidation state as compared to
the previously reported reductions of La3Ni2O7 and La4Ni3O10 to La3Ni2O6 and La4Ni3O8,
respectively. For La2NiO3F, a Ni valence of +1 is achieved, while only higher Ni valences of
+1.5 and +1.33 can be obtained for in La3Ni2O6 and La4Ni3O8. 99-101

Figure 4-42: Comparison between refined diffraction patterns of reduced orthorhombic #2 (T-type structure) and
tetragonal (T’-type structure) phase of the reduction product La2NiO3F2 + x NaH with x = 1.5 of NPD GEM banks 3
and 4 measured at room-temperature (RT). The differences in the relative reflections intensities of the patterns are
indicative for the formation of T- and T’-type structures due to different occupied and unoccupied anion sites.
Additionally, characteristic reflections are indexed. The reader should be aware that the different indexes result
from the increased unit cell size from the transition from tetragonal to orthorhombic (lattice parameters of
orthorhombic cell: aortho = ctetra, bortho = atetra-btetra, cortho = atetra+btetra). The groups of reflections corresponding to
the same set of lattice planes, e. g. (013)tetra and (311)ortho as well as (110)tetra and (020)ortho/(002)ortho, are found at
similar overall d-spacings.
Table 4-19: Structural parameters of the tetragonal phase with approximate composition La2NiO3F (space group:
I4/mmm) derived from coupled Rietveld analysis of XRD and NPD data of the reduction product of
La2NiO3F2 + x NaH with x = 1.5. The anion sites X1eq, X2ap and X3int refer to the equatorial, central apical, terminal
apical and interstitial sites, respectively.
Atom

Wyckoff
position
La1
4e
Ni1
2q
O1 at X1eq
4c
X2ap
4e
O2/F1 at X3int
2d
a [Å]
3.9925(2)
(a·√2 = 5.6462(3))
Rwp (XRD+NPD) [%] 4.61

x

y

z

Occupany

B [Å2]

0
0
0
0
0

0
0
½
0
½

0.6411(2)
0
0
0.84
¼
c [Å]

1
1
1
0
1

0.54(1)
0.54(1)
0.54(1)
0.54(1)
0.54(1)
12.5150(9)

GOF(XRD+NPD) 2.70

RBragg [%] 1.25 (XRD)
2.23 (NPD, bank 3)
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As discussed in section 2.2.4, the introduction of additional anions into La2NiO4+d via the nonoxidative fluorination reaction using PVDF seems to be crucial to obtain the single (n=1)
layer T’-type structure with infinite NiO2 square-planar layers after the reductive
defluorination. For the stabilisation of the T’-type structure it seems further important that not
more than 2n+2 anions are present within the compound. As has been also observed for
Sr2CuO2F2+δ 64, 69 (see section 2.2.1.2), excess anions lead to the formation of T-type
structures, which is also found for the orthorhombic #1 and #2 phases. Especially for the
orthorhombic #2 phase with its approximate composition of La2NiO3F1.08, only a small overstoichiometry is observed, highlighting the high sensitivity of the stability of different
structure types towards small compositional differences.
Interestingly, a strong collapse of the long crystallographic axis, as it occurs for the transition
from the T- to T’-type structure of Sr2CuO2F2+δ and Sr2CuO2F2, is already observed for the
orthorhombic #2 phase (a ≈ 12.53 Å). For comparison, the parent oxyfluoride La2NiO3F2,
which has, as the orthorhombic #2 phase, a T-type related structure, has an a lattice
parameter of ~ 12.84 Å. The tetragonal phase with T’-type structure shows only a small
additional decrease of the c axis to ~ 12.52 Å compared to the orthorhombic #2 phase. The
observed collapse in the orthorhombic #2 phase seems to be related to significant decreases
of the X2ap-X3bint and X2ap-X2ap bond distances (even to an extent, for which in particular the
distance between X2ap and the slightly filled X3bint sites becomes too short) (Table 4-18). The
atomic rearrangements of anions from the apical to the interstitial anion site in the tetragonal
phase, on the other hand, result in a potentially more favourable structure with more
reasonable bond distances. The transition from the T- to T’-type structure gives rise to the
strong reduction of the c lattice parameter.

4.1.3.2.3 Towards understanding of the structural distortions in the reduced phases
by DFT calculations
As shown in the previous section, obtaining a complete structural understanding of the anion
chemistry of the reduced phases is difficult to achieve experimentally. Therefore, DFT
calculations were performed to develop a deeper understanding of the most favourable
structural relaxations of the anion sublattice on reductive defluorination of La2NiO3F2. To do
so, the structural model of La2NiO3F2 was considered as a starting point. Then, one to four
fluoride ions per unit cell were successively removed, corresponding to compositions of
La2NiO3F1.75 to La2NiO3F, and the structure was allowed to relax. In addition, various different
relative orientations of the introduced vacancies were examined together with different
distributions of oxide and fluoride ions at the apical and/or interstitial sites. The equatorial
site was always occupied by oxide ions. In the following, the discussion is limited to the
changes of the initial to the most stable relaxed structures of the reduced phases.
For calculations on compounds La2NiO3F2-∆ with high values of ∆, it was found that the
remaining anions show a very high mobility, although no molecular dynamics was chosen
(i.e., a structure optimization at 0 K). This is exemplified for the defluorinated phase with the
composition La2NiO3F (Figure 4-43 vacancy configuration 1). For this composition, a complete
relaxation to the T’ structure can be observed for suitable initial vacancy configurations, which
is due to the movement of apical fluoride ions to the interstitial site, leading to a fully
unoccupied apical site and a filled interstitial site (an occupation with 50 % fluoride and 50 %
oxide ions is assumed). This is in agreement with the experimental observation of the T’-type
tetragonal phase (see section 4.1.3.2.2). It is found that the principle relaxation of the lattice
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parameters on transition to the T’-type structure can also be reproduced: the b and c lattice
parameters after relaxation are found to be of the order of 5.7 to 5.8 Å, which is close to the
experimental value 5.65 Å, whereas the lattice parameter a decreases to 12.67 Å (12.52 Å
experimentally). Furthermore, it is found that a relaxation to the T’ structure is independent
on the initial anion configuration; both, La2Ni(O2)eq(F)ap(O)int and La2Ni(O2)eq(O)ap(F)int relax
to T’-type La2Ni(O2)eq( )ap(OF)int. It should be emphasized that a relaxation to a T’-type
structure seems to be hindered, if the relative location of the vacancies towards each other are
unfavourable (Figure 4-43 vacancy configuration 2). This might also explain why both, T and
T’-type phase can be observed at the same time in the reduction products. This behaviour is in
principle also found for intermediate compositions La2NiO3F1.25 and La2NiO3F1.5.

Figure 4-43: Structural relaxation of different vacancy ordered starting models of La2NiO3F. The starting models
were derived from the experimentally determined orthorhombic structure of La2NiO3F2, from which four different
fluoride ions were removed to create different vacancy configurations. Configuration 1 was found to relax to a T’
type structure, whereas configuration 2 does not.

Removing only one fluoride ion from the unit cell of La2NiO3F2 results in a composition of
La2NiO3F1.75. With respect to the subgroups of Cccm, this corresponds to a monoclinic ordering
variant (isomorphic subgroups which maintain the orthorhombic symmetry for a similar
composition require a 3- to 5-fold increase of the unit cell size, which was computationally too
costly to be considered). A deviation from the orthorhombic symmetry is also found in a
partly relaxed structure (compare Figure 4-44 a and b), where the angle γ changes due to this
artificial ordering of fluoride ions and vacancies. On fully relaxing the structure by inducing
further strain, it is found that the energetically most stable structure has a similar distortion
and tilting pattern as the experimentally found structure of the monoclinic phase with an
approximate composition La2NiO3F1.93 (compare Figure 4-44 c and d), which is expressed by
the deviation of the angle β from 90°. The structural distortion is complicated and can be
explained as follows: the reductive defluorination results in a change of the electronic
structure to a d9 Jahn-Teller-active electron configuration of the formed Ni+. This Ni+ ion is
located in the NiO4F polyhedron, and, consequently, close to the anion vacancy. The
polyhedron distorts towards square planar coordination by shifting the remaining fluoride ion
away from the apical site towards the position of the interstitial site. However, this shift is
energetically costly due to the proximity to the fluoride ion of the polyhedron with identical
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tilting in the layer above. By inducing the tilting along the c axis, the apical fluoride ion of the
NiO4F polyhedron can move further away from the central Ni-ion by an additional increment
of ~ 0.12 Å (= Δ(d(Ni-X2ap) = d(Ni-X2ap(c)) – d(Ni-X2ap(a)), while additionally increasing
the distance to the next closest fluoride ion d(X2ap-X2ap) by ~ 0.05 Å. This has a strong
energetic impact of -0.39 eV per unit cell (u. c.).

Figure 4-44: Scheme of the DFT-based calculations performed to determine the most stable structure of the
reduced monoclinic phase with approximate composition of La2NiO3F1.93 by performing calculations on nonstrained and strained La2NiO3F1.75. The starting model (a) was derived from the experimentally determined
orthorhombic structure of La2NiO3F2 by removing one fluoride ion. Calculations were performed on a non-strained
model with symmetry restrictions (c) and strained model without symmetry restrictions (d). For reference, the
experimentally obtained crystal structure of La2NiO3F1.93 is shown (e). The viewing directions of the left and right
representations corresponding to one relaxed structure are along the b axis and c axis, respectively. (*: ”Overall”
refers to the combination of cell metrics and inner symmetry of the atoms.)

The electronic origin of the monoclinic distortion can also be verified by comparing with
results for the structure of La2NiO3F2, obtained using similar calculation strategy. Even after
inducing a monoclinic straining to La2NiO3F2, a relaxation back to the orthorhombic symmetry
with negligible orthorhombic distortion (β = 89.94°) and no energy difference (∆E = 0.00 eV
per unit cell) can be observed (Figure 4-45). This indicates the absence of a structural driving
force for the lowering of the symmetry in stoichiometric, well-ordered La2NiO3F2, highlighting
the strong impact of small compositional changes in materials containing elements with d9
electron configuration.
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Figure 4-45: Scheme of the DFT-based calculations performed to corroborate the experimentally found crystal
structure of La2NiO3F2 is the most stable structure by comparing the relaxed structures obtained after straining and
non-straining. Calculations were performed with and without symmetry restrictions.

4.1.3.3 Transmission electron microscopy study of La2NiO3F2 and the reduction
products
High-resolution-TEM imaging can be a powerful technique to investigate structural changes in
phase mixtures. However, this type of analysis is impeded by the fact that the crystals
obtained in this study are generally quite thick and can be composed of multiple domains of
different RP-type phases as well as decomposition and side products. Therefore, an alternative
approach was used to confirm the structures observed via X-ray and neutron powder
diffraction methods by independent means using the Fast-ADT technique. This relatively new
tool is based on the sequential acquisition of electron diffraction patterns from preferably
mono-domain crystals at different consecutives tilt angles, which are separated by a fixed tilt
step. The 3-dimensional reconstruction of the diffraction space data facilitates the
determination of crystal structures in a similar way as in single crystal X-ray methods.
In order to reinforce the proposed structures of La2NiO3F2 and the reduced phases derived
from X-ray and neutron powder diffraction, Fast-ADT measurements were performed on
La2NiO3F2 and the reduction products with x = 0.25 and 1.5. The selection of suitable crystals
for the measurements turned out to be very difficult because they have to be reasonably thin
in order to obtain good quality data sets. Although thinner particles (Figure 4-46) were
chosen for the acquisition of the Fast-ADT data, these crystals are still relatively thick. Most of
the analysed particles contain twins, other domains or large amounts of the side product NaF
and/or the decomposition product LaOF, which hamper the successful structure
determination of the reported phases (Figure 4-47). Furthermore, it cannot be excluded that a
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(partial) re-oxidation of the phases took place during the preparation of the samples.
Especially isolated particles, which were deliberately selected for the measurements, should
be more prone towards oxidation. However, the deduction of unit-cell and space group
information was possible for all phases. The obtained lattice parameters (Table 4-20) are in
agreement within the accuracy of this method with the results obtained from X-ray and
neutron diffraction reported in the previous sections.

Figure 4-46: High-angle annular dark field (HAADF) images of crystals with the monoclinic structure (a) and
orthorhombic #1 of structure (b) of the reduction product La2NiO3F2 + x NaH with x = 0.25 and of crystals with the
orthorhombic #2 structure (c) and tetragonal structure (d) of the reduction product La2NiO3F2 + x NaH with x = 1.5.
The red circles point out the size of the electron beam and its position for the Fast-ADT measurements.
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Figure 4-47: Views of the reciprocal space along the a* and c* axes of a crystal with monoclinic (a), orthorhombic
#2 (b) and the tetragonal (c) structure. The reflections highlighted with blue circles correspond to LaOF, growing
presumably expitaxially on the RP-type phases.
Table 4-20: Unit cell parameters of La2NiO3F2 and reduced phases within the reduction products La2NiO3F2 + x NaH
with x = 0.25 and 1.5 determined from Fast-ADT measurements. Crystal structure determination was performed on
the crystals which are marked with *.
Phase

La2NiO3F2

Crystal 1 *

La2NiO3F2

Lattice parameters
a [Å] b
c [Å]
[Å]
13.13 5.79 5.56

La2NiO3F2+ 0.25 NaH

Crystal 1
Crystal 2
Crystal 3 *

orthorhombic #1
monoclinic
monoclinic

12.95
12.83
12.92

5.76
5.79
5.80

5.68
5.63
5.65

90.1
90.2
90.1

90.4
88.3
88.0

89.9
89.9
90.1

La2NiO3F2 + 1.5 NaH

Crystal 1
Crystal 2
Crystal 3
Crystal 4
Crystal 5

tetragonal
tetragonal
orthorhombic #2
tetragonal
tetragonal

3.96
3.97
12.97
3.90
3.92

3.99
4.01
5.72
3.88
3.89

12.62
12.65
5.64
12.52
12.61

90.5
89.7
89.9
89.6
90.0

89.8
90.2
90.8
90.2
90.5

90.4
90.0
90.2
86.5
90.0

α
[°]
90.2

β
[°]
91.0

γ [°]
89.6

Using dynamical refinement approaches, it was also possible to confirm the Cccm structure of
La2NiO3F2 and the C12/c1 structure of the monoclinic phase present within the reduction
product with x = 0.25 (Table 4-21). Data acquisition, structural solution and dynamical
refinement parameters are given in Table 6-3. It was also attempted to refine the structures of
the orthorhombic #1 and #2 phases as well as the tetragonal phase found in the products
with x = 0.25 and x = 1.5. Although the centering of these phases could be confirmed (Figure
4-47), accurate structural analyses of these phases were not possible. This is presumably due
to an epitaxial growth of the decomposition product LaOF on the reduced RP-type phases,
which biases the obtained reflection intensities significantly. This epitaxy gives an indication
of the decomposition mechanism of the metastable oxyfluoride phases. Therefore, it is not
possible to confirm the structural models of the stronger reduced phase determined from
coupled Rietveld analysis of X-ray and neutron diffraction data by means of electron
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diffraction methods. It has to be pointed out that the coupled Rietveld refinement of X-ray
and neutron diffraction data provides a more robust analysis of the anion sublattice, especially
with respect to small details in anion occupancies found for La2NiO3F2 and the monoclinic
phase.
Table 4-21: Atomic positions of structural models of La2NiO3F2 and the reduced monoclinic phase refined from FastADT measurements by the dynamical approach implemented into the Jana2006 program. Note that some of the
oxygen positions have negative or too high Uiso values. Such deviations as well as their high R1 values may be
explained from the presence of other domains in the data sets with reflections partially overlapping with reflections
of the main phase. The Uiso of the monoclinic crystal structure is given as the equivalent U (Ueq ) since it was refined

anisotropically (Ueq =

1
3

∑ ∑ Uij ai ∗ aj ∗ ×Ø · ×Ú ). Furthermore, the occupation factors of the reduced monoclinic phase
have not been refined.

La2NiO3F2 (space group: Cccm)
Atom
Wyckoff position
x
y
z
Occupancy
La1
0.3927(4)
0.7513(5)
0
1
8l
Ni1
¼
¼
0
1
4e
O1 at X1eq
0.281(1)
0
¼
1
8g
F1 at X2ap
0.592(2)
0.658(4)
0
1
8l
O2 at X3bint
0
½
¼
1
4b
Monoclinic phase with approximate composition La2NiO3F1.93 (space group: C12/c1)
Atom
Wyckoff position
x
y
z
Occupancy
La1
0.1131(1)
0.7472(3)
0.9740(4) 1
8f
Ni1
¼
¼
0
1
4c
O1 at X1eq
0.2292(5)
0.525(1)
0.223(2)
1
8f
F1 at X2ap
0.4152(2)
0.658(2)
0.466(2)
1
8f
O2 at X3bint
0
0.522(2)
¼
1
4e

Uiso [Å2]
0.0197(9)
0.013(1)
-0.011(1)
0.053(5)
0.17(3)
Uiso [Å2]
0.0114(6)
0.014(1)
0.012(3)
0.013(3)
0.005(4)

4.1.3.4 Magnetic characterisation of La2NiO3F2 and the reduction products
4.1.3.4.1 Magnetisation study of La2NiO3F2 and the reduction products
The ZFC M(T) and χ-1(T) curves of La2NiO3F2 are shown in Figure 4-48 a. The difference
between the ZFC and FC M(T) curves is shown in Figure 6-15. Above 49 K, a paramagnetic
behaviour is observed. Between 150 and 300 K, χ-1(T) data are nearly linear and can be fitted
in accordance with the Curie−Weiss law. The obtained paramagnetic moment of 2.82 µB
agrees well with the expected spin-only magnetic moment of high-spin Ni2+ (2.83 µB). A
Weiss constant Θ of ~ −469 K indicates strong antiferromagnetic interactions.
At 49 K, a transition from paramagnetic to antiferromagnetic behaviour is observed. The
increase of the magnetisation at temperatures below 30 K suggests the contribution of a weak
ferromagnetic component, which could originate from a magnetic canting within the
compound on antiferromagnetic ordering. 44
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Figure 4-48: a) ZFC M(T) (closed symbols) and χ-1(T) (open symbols) curves of La2NiO3F2 measured at µ0 = 1 T. The
fitting curve of the Curie-Weiss fit, the corresponding linear function and the coefficient of determination are also
given. The curves are corrected from the diamagnetic contributions of the present phases and the gelatine capsules
and straws used for the measurements; (b) M(H) curves measured at 5, 49 and 350 K of La2NiO3F2. The inset shows
the exchange bias observed at 5 K in comparison to the measurements at 49 and 350 K. The fitting curves of the
Curie-Weiss fits, the corresponding linear functions and the coefficients of determination are also given.

To confirm the origin of ferromagnetism below 30 K, a field-dependent M(H) measurement
was performed at 5 K (Figure 4-48 b). The observed weak hysteresis confirms an intrinsic
ferromagnetic component. In addition, an exchange bias with an exchange bias field of
−0.17 T is observed. The presence of such an exchange anisotropy can be explained by
coexistence of ferromagnetic and antiferromagnetic components in the system. The
predominant hard antiferromagnetic component pins the soft ferromagnetic component,
resulting in a shift of the hysteresis curve from its origin. This shift is, however, found to
reduce significantly when measured at 49 K, due to a strong antiferromagnetic coupling at the
Néel temperature and temperature-dependent decay of the ferromagnetic component.
Furthermore, a similar FC and ZFC temperature-dependent magnetisation rules out the
possibility of exchange-bias via spin-glass.
The ZFC M(T) curves of the reduction reaction products La2NiO3F2 + x NaH with x = 0.25,
0.5, 1 and 1.5 (Figure 4-49 a) show an entirely different behaviour compared to their parent
oxyfluoride La2NiO3F2. Over the whole temperature range, the magnetisation of all reduction
products is significantly higher as compared to the magnetisation of La2NiO3F2 and increases
additionally strongly when higher amounts of NaH were used in the reaction. This provides
an indication for a magnetic contribution of a decomposition product to the otherwise
antiferromagnetic or paramagnetic phases formed upon the reduction of La2NiO3F2 (see also
section 4.1.3.4.2). Due to a weak hysteresis in field-dependent measurements (Figure 4-49 b),
the presence of a ferromagnetic component can be assumed. The analysis of the reduction
mechanism (see section 4.1.3.2.1) suggests that the ferromagnetic contribution originates
from metallic Ni which is formed due to the partial decomposition of La2NiO3F2 during the
defluorination process. This is also in accordance with previous findings made on the
reduction of LaNiO3 to LaNiO2. 22 This ferromagnetic contribution of Ni with its high
susceptibility dominates the overall magnetic signal and renders a deconvolution of the
contribution of the reduced RP-type phases impossible. Therefore, the magnetic
measurements on their own cannot reveal changes of the magnetic properties of the phases
obtained on reduction of La2NiO3F2.
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Figure 4-49: ZFC M(T) (closed symbols) and χ-1(T) (open symbols) curve of reduction products of La2NiO3F2 + x NaH
with x = 0.25, 0.5, 1 and 1.5 measured at µ0 = 1 T (a) and M(H) curves measured at 10, 100 and 300 K of reduction
product of La2NiO3F2 + x NaH with x = 1.5 (b).

4.1.3.4.2 Analysis of magnetic structure of La2NiO3F2 and the reduction products
In order to develop a deeper understanding of the magnetic properties of La2NiO3F2 and the
reduced RP-type phases found in the reduction products La2NiO3F2 +x NaH with x = 0.25,
0.5, 1 and 1.5, neutron diffraction data were recorded at low temperatures. The comparison
between data measured at room-temperature and at 10 K (Figure 4-50) shows the appearance
of additional reflections in all diffraction patterns. Since Ni+ and Ni2+ ions do not possess large
spin moments, the intensity of the magnetic reflections is low and only two reflections are
clearly visible.
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Figure 4-50: Comparison between NPD GEM bank 3 data measured at room-temperature (RT) and 10K of
La2NiO3F2 and the reduction products of La2NiO3F2 + x NaH with x = 0.25, 0.5, 1 and 1.5. Reflections attributed to
magnetic scattering are highlighted. Reflections, which could not be identified, are marked with *.

For the parent oxyfluoride La2NiO3F2 and the reduction products La2NiO3F2 + x NaH with
x = 0.25 and 0.5, the additional reflections could be indexed with a k-vector of [1 0 0] based
on the nuclear structures determined in section 4.1.3.2.2. The magnetic reflections in
La2NiO3F2 + x NaH with x = 0.25 and 0.5 can be attributed to the reduced monoclinic phase
with an approximate composition of La2NiO3F1.93. Since the number of additional reflections is
low, the amount of additional refinement parameters was limited by using a magnetic
subgroup approach, i.e., refining the magnetic intensities within one of the maximal magnetic
subgroups of the nuclear structures. 262 By this approach, it is possible to limit the additional
refinement parameters to a single parameter. This is due to the fact that the magnetic space
group implies certain relative orientations of the magnetic moments of the Ni atoms. Robust
refinements (Figure 4-51) could be achieved based on the magnetic subgroups CPc'cm
(66.9.572) and PC21/c (14.84) of the space groups Cccm and C12/c1, respectively. The
magnetic vectors of the Ni ions align parallel to the c axis with G-type antiferromagnetic
(AFM) ordering of the magnetic moments within the perovskite building blocks. The
corresponding magnetic structures are shown in Figure 4-52. It is also worth emphasizing that
this inter- and intra-layer ordering of magnetic moments has been also found for La2NiO4
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experimentally 44 and for the stronger reduced n = 3 La4Ni3O8 (67 % Ni+) by DFT based
calculations 263.

Figure 4-51: Rietveld refinements of La2NiO3F2 and the reduction products of La2NiO3F2 + x NaH with x = 0.25, 0.5, 1
and 1.5 of NPD GEM bank 3 and XRD data measured at 10 K.

130

Figure 4-52: Magnetic structures of La2NiO3F2 and the reduced monoclinic phase as determined from the Rietveld
analysis of NPD data 3 at 10 K. The arrows indicate the length and directions of the magnetic vectors.

Remarkably, at 10 K, a strong difference is observed for the magnitudes of the magnetic
moments refined for La2NiO3F2 and for La2NiO3F1.93 of 0.7(1) µB and 1.62(7) µB, respectively.
This is surprising, since it would be assumed that a higher magnetic moment (2.83 µB for Ni2+
(d8), 1.73 µB for Ni+ (d9)) would be found in the phase with a higher fraction of Ni2+, i.e., for
La2NiO3F2. It is known that superexchange interactions between adjacent layers are weak, and
especially for the layered perovskite-related compounds of the n = 1 RP structure family
A2BO4 with quasi-two-dimensional B-O-B networks, highly anisotropic magnetic interactions
can be expected. 23, 24, 25 Furthermore, superexchange interactions via fluoride ions are weaker
as compared to oxide ions. 56
In this respect, a comparison of the magnetic properties and structures of La2NiO3F2 and the
reduced RP-type phase to La2NiO4+d might help to understand the observed differences. In
La2NiO4+d, only the stoichiometric samples with d = 0 are reported to possess 3-dimensional
antiferromagnetic ordering up to temperatures of 300 K 44, while slightly over-stoichiometric
compounds (d > 0) show considerably lower transition temperatures. 43 For La2NiO3F2,
where the oxidation state is maintained with regard to La2NiO4, no 3-dimensional AFM
ordering is present at ambient temperature and the moments found at 10 K are significantly
lower than the moment of La2NiO4 of 1.68 µB (measured at 4 K) 44. This highlights that the
introduction of additional anions into the interstitial site weakens magnetic interactions
between adjacent layers. Surprisingly, for La2NiO3F1.93, ordering is found at least at up to
100 K without a significant decrease of the magnetic moment compared to lower temperature
(Figure 4-53). Furthermore, the moment is close to the moment found for La2NiO4 at 4 K.
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Figure 4-53: Magnetic moments of La2NiO3F2 and the reduced monoclinic phase in the reduction products of
La2NiO3F2 + x NaH with x = 0.25 as a function of measurement temperature. For La2NiO3F2, FC and ZFC M(T)
measurements show a Néel temperature of 49 K 29, the neutron powder diffraction data suggests a higher
transition temperature (> 55 K); the exact Néel temperature could, however, not be determined.

For monoclinically distorted La2NiO3F1.93, it appears that the structural distortion in
combination with the change of the electron configuration strengthens the exchange between
adjacent perovskite building blocks. The Ni-F-F-Ni super-superexchange, found in La2NiO3F2
only, is partly replaced by Ni-F-Ni superexchange interactions (Figure 4-54).

Figure 4-54: Illustration of the Ni-F-F-Ni super-superexchange between Ni2+ and and F- ions of adjacent perovskitetype building blocks in La2NiO3F2 (a) and of the Ni-F-Ni superexchange between Ni+ and and F- ions ions of adjacent
perovskite-type building blocks and Ni-F-F-Ni super-superexchange between Ni+/2+ and F- ions of adjacent perovskitetype building blocks in La2NiO3F1.93 (b). On a local scale, the extraction of one fluoride ion (its former position is
indicated by the green X in the circle), the fluoride ion located oppositely in the adjacent perovskite-type building
blocks moves slightly away from its apical site, resulting in an increase of the distance between the Ni2+ and the
fluoride ion (compare section 4.1.3.2.3) and Ni-F-Ni interactions are found. For the composition La2NiO3F1.93, it can
be assumed that every ~16th fluoride ion is extracted. The remaining fluoride ions of the formed NiO4F polyhedron
is also shifted slightly due to formation of Ni+, which leads to an increase of the distance between the Ni+ and the
fluoride ion and strengthened Ni-F-F-Ni interactions are expected.
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It has to be noted that it was not possible to draw robust and reliable conclusions about the
magnetic properties and/or ordering scenarios for the stronger reduced phases. Even though
additional reflections (marked with *) are present in the samples La2NiO3F2 + x NaH with
x = 0.5, 1 and 1.5 (Figure 4-50 and Figure 4-51), they could not be indexed successfully by
testing different ' ‚ · ‚ o superstructures with reasonably small n, m, l ∈ ℕ. Their analysis is
impeded by the small number of identifiable reflections with low intensities, which show in
one case additionally overlapping with one neighbouring nuclear reflection of another phase.
The absence of these additional reflections in the ambient temperature measurements renders
possible that they belong to a magnetic ordering process. However, a clear assignment would
require that the higher reduced phases could be prepared in a purer state.

4.1.3.5 Summary
The topochemical fluorination of the n = 1 RP-type oxide La2NiO4+d performed using
stoichiometric molar ratios of the oxide and the fluorination reagent PVDF leads to the
synthesis of La2NiO3F2. Therefore, the fluorination mechanism can be described as nearly nonoxidative reaction, in which one oxide ion is replaced by two fluoride ions. However, a small
reduction of the oxidation state was found. A coupled Rietveld analysis of X-ray and neutron
diffraction data reveals an unusually strong orthorhombic distortion within the ab plane with
lattice parameters of a ≈ 5.79 Å and b ≈ 5.49 Å of the fluorinated compound. This is in
contrast to the typically observed expansion along the long crystallographic axis of other RPtype compounds upon fluoride intercalation. Such an expansion was also observed for the
previously discussed oxyfluorides Sr2TiO3F2 and Sr3Ti2O5F4. Furthermore, a symmetry
lowering to Cccm with a half filling of both interstitial layers in the unit cell due to the
occupation of only one of the two available interstitial sites is found to take place. This results
in a channel-like filling of the interstitial site by anions, accompanied by a strong tilting of the
octahedra. The structure of the anion sublattice, i.e., the oxide and fluoride ion configuration
leading to the most stable structure, was investigated by bond-valance sum and DFT-based
calculations. The bond-valance sum calculations, being based on the experimentally obtained
crystal structure, suggests an unprecedented anion ordering with oxide ions filling the
interstitial site and fluoride ions occupying the apical site. In contrast to this, DFT-based
calculations of different anion ordering scenarios predicted slightly more stable crystal
structures with a mixed apical anion site occupation and fluoride ions filling the interstitial
sites after structural relaxation. These structures showed, however, a further symmetry
lowering to monoclinic lattices. It can be followed that the experimentally observed
orthorhombic structure is the best compromise of energy and symmetry. Moreover, a hightemperature X-ray diffraction study on La2NiO3F2 showed that the orthorhombic distortion has
a higher thermal stability.
The investigation of the defluorination products of La2NiO3F2 obtained using NaH as reducing
agent according to La2NiO3F2 + x NaH with 0 ≤ x ≤ 2.5 (∆x = 0.25) at reaction temperatures
of 300 °C revealed a complex reduction behaviour with reductive defluorination taking place
in parallel to substantial decomposition processes and anion exchange reactions in the form of
partial fluoride-oxide substitutions. The strong decomposition is accompanied by considerable
amorphisation, which is strongly increasing with increasing NaH contents. The occurrence of
this increased decomposition in comparison to the reductions of Sr2TiO3F2 and Sr3Ti2O5F4
could be explained by a higher exothermicity of the defluorination reactions of La2NiO3F2.
Moreover, substitution reactions are of importance to understand the formation of the
experimentally observed reduced RP-type phases and the decomposition product LaOF via the
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exchange of fluoride and oxide ions between the reductively formed La2NiO3F2-x and La2O3.
The decomposition reaction, causing the formation of La2O3 and a subsequent fluoride-oxide
exchange reaction, leading to the formation LaOF, is more likely than a direct formation of
LaOF upon decomposition, since the initial formation of La2O3 and the other side products of
this decomposition reaction are more plausible concerning the experimentally observed
phases. In addition to these reactions, minor degrees of fluoride-hydride substitutions within
the reduced RP-type phases were found as compared to the reduced Ti-based phases. Overall,
multiple RP-type phases, forming different phase mixtures in the reaction products were
obtained. The reduced phases underwent significant structural changes upon reduction. A
chemically plausible maximum extraction of approximately one fluoride ion per formula unit
was found to take place. The coupled Rietveld analyses of room-temperature X-ray and
neutron powder diffraction data of the reaction products were performed to derive the
structural models of the reduced phases. The extraction of small amounts of fluoride-ions
leads to the formation of a monoclinic phase with C12/c1 symmetry. The reduction leads to a
decrease of the occupation of the apical anion site. An approximate composition of
La2NiO3F1.93 was determined. For increasing NaH amounts, two orthorhombic phases with
approximate compositions of La2NiO3F1.39 and La2NiO3F1.08 were found. Both phases crystallise
in space group Cccm. Vacancies are formed at the interstitial anion sites. This also suggests an
anion rearrangement within the unit cell, since the interstitial site of La2NiO3F2 is filled with
oxide ions, which cannot be extracted within the defluorination reaction. Further increase of
the equivalents of NaH used, finally led to the formation of a tetragonal phase (space group:
I4/mmm) with an approximate composition of La2NiO3F. Interestingly, for this phase a
transition from a T-related RP-type structure, as observed for all other phases within this
work, to a T’-type structure was found. In a T’-type structure the apical anion site is not
occupied and the interstitial site is fully filled. Similar structural transitions have been
previously only observed for compounds containing high amounts of Jahn-Teller active
cations, e.g. La3Ni2O6 100, 101 or La4Ni3O8 99, 101, confirming a strong reduction leading to the
formation of large contents of d9 Ni+ ions. Furthermore, the obtained La2NiO3F can be
considered as the first single (n=1) layer T’-type structure with infinite NiO2 square-planar
layers. By means of DFT-based calculations, the origin of the structural distortions within the
monoclinic phase and the T’-type structure of La2NiO3F was examined and could confirm the
proposed structural changes. For the monoclinic phase it was found that the introduction of
the monoclinic distortion, expressed by a deviation of the angle β from 90° leads to an
energetically favourable configuration. The tilting of the polyhedra along the c axis facilitates
longer bond distances between the apical anions of adjacent perovskite building blocks, while
also ensuring that a longer distance between the apical fluoride ion of a polyhedron to the
Jahn-Teller active central Ni+ cation can be formed, which is the driving force for the
structural distortion. Moreover, the crystal structures of the reduced phases were studied by
means of electron diffraction using automated diffraction tomography, confirming the crystal
structures derived from the coupled Rietveld analysis of X-ray and neutron powder diffraction
data.
While the temperature-dependent magnetisation measurement of La2NiO3F2 revealed an
antiferromagnetic character of the parent oxyfluoride below a transition temperature of 49 K,
only the presence of the ferromagnetic decomposition product Ni, could be confirmed using
such measurements. This ferromagnetic contribution made the determination of magnetic
properties of the reduced RP-type phases impossible. In order to be able to relate structural
changes of La2NiO3F2 and the reduced RP-type phases to potential changes in magnetic
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properties, the magnetic structures were additionally investigated using coupled Rietveld
analyses of low-temperature X-ray and neutron powder diffraction data of the reaction
products. For all examined reduction products, additional reflections were observed in the
low-temperature measurements. The reflections, correlated to the nuclear structures of
La2NiO3F2 and the reduced monoclinic phase La2NiO3F1.93, could be successfully fitted based
on a magnetic subgroup approach. For the stronger reduced phases, the magnetic structures
could not be indexed unambiguously. Using the magnetic subgroups CPc'cm (66.9.572) and
PC21/c (14.84) of the space groups Cccm and C12/c1, respectively, magnetic moments of
0.7(1) µB for La2NiO3F2 and 1.62(7) µB for the monoclinic phase were determined. For these
magnetic subgroups, the magnetic vectors of the Ni ions align parallel to the c axis with Gtype antiferromagnetic ordering of the magnetic moments within the perovskite layers.
Remarkably, the magnetic moment of the monoclinic phase is considerably higher as in
La2NiO3F2 and is even comparable to the moment of La2NiO4, for which a moment of 1.68 µB
has been measured at comparable temperatures 62. Due to the higher moment of Ni2+, it
would be expected that La2NiO3F2 possesses a higher magnetic moment. With respect to
La2NiO4, the occurrence of weaker magnetic interactions between the perovskite layers of the
fluorinated compounds would be expected, as the interaction over several anion and, in
particular, via fluoride ions is found to be weaker. 35 However, it seems that the introduction
of the structural distortion in the monoclinic phase combined with the change of Ni electron
configuration to that of a Jahn-Teller active d9 Ni+ strengthens the exchange between
neighbouring perovskite building blocks. In addition, the transition temperature of the
monoclinic phase in comparison to La2NiO3F2 increases significantly.
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4.2 Topochemical modifications of Ruddlesden-Popper-type
electrochemical reactions in fluoride-ion batteries

compounds

via

A part of the following chapter summarises the findings reported previously in the following
publication:

5

Vasala, S.; Jakob, A.; Wissel, K.; Waidha, A. I.; Alff, L.; Clemens, O.,
Reversible Tuning of Magnetization in a Ferromagnetic Ruddlesden–
Popper‐Type Manganite by electrochemical Fluoride‐Ion Intercalation. Adv.
Electron. Mater., 2019, 6 (2), 1900974.

When considering the feasiblity of electrochemical reactions within a battery, the redox
potentials of the used anode and cathode materials play an important role. An anode material
should have a high reducing power in its charged state, i.e., an unsually low oxidation state of
the transition metal cation and comparatively low potential against Li|LiF (E0(Li|LiF) ≈ -3 V
vs. H2|2H+). Therefore, RP-type oxyfluorides An+1BnO3n+1-xF2x with 0 < x ≤ 2, synthesised via a
non-oxidative fluorination of An+1BnO3n+1, can be regarded as the discharged states of
potential anode materials, while the corresponding defluorinated phases present the charged
states (Figure 4-55).

Figure 4-55: Illustration of the effect of reductive defluorination and oxidative fluorination reactions on the
composition and oxidation states of the formed phases derived from n = 1 RP-type oxides and non-oxidatively
fluorinated oxyfluorides phases in terms of their potential use as electrode materials in FIBs. The reversible
processes are denoted as oxidative re-fluorination and reductive re-defluorination. In addition it is pointed out,
which phases can be regarded as the charged and discharged states of the respective electrode material.

As shown in section 4.1, the hydride-based defluorinations of Sr2TiO3F2, Sr3Ti2O5F4 and
La2NiO3F2 result in the formation of various reduced RP-type phases with differing fluoride ion
contents. If the topochemical modifications via an electrochemical defluorination lead to
similar structural distortions within the oxyfluorides, the emerging phases would be relatable
to the chemically formed phases in terms of structural characteristics and fluoride contents.
Additionally, changes in the magnetic properties could be deduced from the chemically
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formed equivalent phases. Therefore, the comparison to the equivalents obtain using the
hydride-based defluorination would make an in-depth analysis of the electrochemically
reduced phases possible. Furthermore, the DFT-based calculations performed to investigate
the most stable crystal structures of Sr2TiO3F2 and La2NiO3F2 and their chemically reduced
phases enable a prediction of redox potentials from the determined changes of the Gibb’s free
energies. The obtained potentials are illustrated in Figure 4-56. Potential ranges are given
since different anion configurations within the oxyfluorides with slightly differing energies are
taken into account. For Sr3Ti2O5F4 and its reduced phases no DFT calculations were
performed. However, it can be assumed that the redox potential is close to the potential of
Sr2TiO3F2-x|Sr2TiO3F2.

Figure 4-56: Predicted redox potentials of RP-type oxyfluorides investigated in terms of their potential application
as active materials in intercalation-based electrode materials in FIBs within this work in relation to Li|LiF. The
potentials were calculated based on DFT calculations. Additionally given are the potentials of the redox couples of
the used conversion-based counter electrodes Zn|ZnF2 and Pb|PbF2 20 and of other RP-type compounds, which
have been studied previously as active cathode materials. 18-20, 264 The potential of Zn|ZnF2 was derived from
reference 262. The redox potentials of La1.3Sr1.7Mn2O7|La1.3Sr1.7Mn2O7F and La1.3Sr1.7Mn2O7F| La1.3Sr1.7Mn2O7F2
were not calculated.
261

In contrast to anode materials, cathode materials should have a high oxidising power in the
charged state corresponding to high potentials against Li|LiF. RP-type oxides An+1BnO3n+1 and
oxidative fluorinated An+1BnO3n+1Fx with 0 < x ≤ 2 can be, therefore, considered to be the
discharged and charged states of active cathode materials, respectively. Various RP-type
oxides have been investigated as intercalation-based cathode materials previously. 18-20, 264 The
potentials of the respective redox couples are also shown in Figure 4-56. Moreover, n = 1 RPtype oxyfluorides A2BO3F2 might also be suitable as cathode materials (Figure 4-55) due to the
presence of vacancies at the anion sites, which might be filled in an oxidative postfluorination step using electrochemical approaches. So far, alternative topochemical
fluorination methods require the use of highly oxidising fluorination reagents for an
additional oxidative fluorination. These are, however, often difficult to handle and extensive
safety measures have to be followed. 8 Therefore, the electrochemical modification method
could present a viable and safer approach for the synthesis of A2BO3F2+x obtained from
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A2BO3F2 via an additionally fluorination. In this context, the redox potential of
La2NiO3F2|La2NiO3F2+x is given in addition in Figure 4-56.
Not only could the topochemical modification via electrochemical reactions allow for the
synthesis of new, otherwise inaccessible materials, but also drive the development of FIBs
forward. The cell potential and consequently the energy density of a cell depends on the
choice of the electrode materials. For the development of a FIB battery with a preferentially
high energy density, suitable low potential anodes and high potential cathodes would be need
to be found. So far, only conversion-based anode materials containing Zn/ZnF2 and Pb/PbF2
have been combined with intercalation-based RP-type cathode materials. 18-20, 264 In order to
realise a high energy density FIB, the use of intercalation-based anode composites containing
the above-mentioned RP-type oxyfluorides as active material might, therefore, be a promising
strategy.
With respect to this, the behaviour of the potential active anode materials Sr2TiO3F2,
Sr3Ti2O5F4 and La2NiO3F2 is examined in the following two subchapters. In particular, the Tibased RP-type oxyfluorides should be suitable active anode materials due to their low
potential against Li|LiF. The redox couple La2NiO3F2-x|La2NiO3F2 has a slightly higher redox
potential than the Ti-based oxyfluorides (Figure 4-56). After testing the structural stability of
the RP-type oxyfluorides used within the anode composites under experimental conditions,
the reversibility of structural changes within the RP-type phases upon galvanostatic charging
and discharging, also upon cycling, is investigated. Furthermore, the reversible
electrochemical fluorination of La2NiO3F2 when used as cathode material is studied. As
counter electrodes either a Pb/PbF2, Zn/ZnF2 or La2NiO4+d composite was used. The structural
characterisation is mainly based on the Rietveld analysis of X-ray diffraction data. For the
structural analysis, electron diffraction techniques were used in addition. Oxidation states
were analysed using X-ray photoelectron and X-ray absorption spectroscopy.
All redox potentials included in Figure 4-56 lay within the stability window of the used
electrolyte La0.9Ba0.1F2.9 26, so that substantial side reactions involving the electrolyte can be
ruled out. However, as shown by Nowroozi et al. 18-20 based on studies on the reversible
electrochemical fluorination of RP-type oxides used as active materials in cathode composites,
side reactions affecting the conductive carbon additive within the electrode composites occur
in parallel to the desired fluoride intercalation reactions during charging. Especially when
addressing an extended cyclability of FIBs, these side reactions gain importance, as they lead
to a progressive decrease of the electrical conductivity due to the formation of insulating CFx
species within the electrode composites. In order to limit these side reactions, the selection of
suitable cut-off criteria for the charging and discharging processes has been found to be
important. In particular, relatively low charging cut-off potentials, correlating with low
charging capacities, have been shown to increase the cyclability tremendously, since the
carbon fluorination is less pronounced at such low potentials. Additionally, it has been found
that the comparatively low Coulombic efficiencies, observed in the first cycles due to the
irreversible side reactions taking place during charging, increase considerably upon cycling.
This indicates that the influence of the side reactions decreases and that the desired reversible
intercalation of fluoride ions into the RP-type materials becomes more dominant, possibly
related to the formation of stable interfaces between the active material and the carbon
additive, which impede additional irreversible reactions. The occurrence of such carbon
oxidations due to the reaction with fluoride is also likely to be found for the cathode
composites investigated within this work. Moreover, side reaction could also take place when
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reducing RP-type oxyfluorides within anode composites due to a possible reduction of the
carbon additive. Therefore, special attention is given to the investigation of carbon oxidation
and potential carbon reduction reactions. The influence of these reactions is investigated on
the La2NiO3F2-containing electrode composites and resulting implications are discussed.
To ease to differentiation between experiments involving electrode composites, either used as
active anode or cathode material, the cells are referred to by the name of the respective active
RP-type phase in the material in relation to the active material in the counter electrode (i.e.,
M/MF2 vs. La2NiO3F2 (La2NiO3F2 is active material in anode composite), La2NiO3F2 vs. M/MF2
(La2NiO3F2 is active material in cathode composite). The anode composite is always used as
reference. Cells with electrode materials without RP-type phases are labelled as M/MF2 vs.
La0.9Ba0.1F2.9 + CB or La0.9Ba0.1F2.9 + CB vs. M/MF2.
As demonstrated for the chemically reduced equivalents, along with structural changes, the
electrochemical reactions should lead to magnetic property changes of the obtained phases in
comparison to their parent oxyfluorides. Due to the reversibility of structural changes upon
charging and discharging within the FIBs, it should be also possible to switch reversibly
between the magnetic states of the obtained phases. For a technological application, high
absolute changes of the magnetisation between two magnetic states are desirable. Since the
differences in magnetisation of the reduced oxyfluorides and their parent oxyfluorides are
comparatively small, the potential of reversible magnetic tuning is demonstrated on n = 2 RPtype La1.3Sr1.7Mn2O7. When using this compound as active material in a cathode composite, an
oxidative fluorination should take place, which leads to a transition from a three-dimensional
ferromagnetic to a non-ferromagnetic ordering of the magnetic moments of the Mn ions. The
made findings are presented in the last subchapter of this part of the work.

4.2.1 Screening for suitable Ruddlesden-Popper-type oxyfluorides as active anode
materials – Stabilities and defluorination feasibilities of anode composites
As active materials in the anode composites, the RP-type oxyfluorides Sr2TiO3F2, Sr3Ti2O5F4
and La2NiO3F2 were investigated within the scope of this work. The anode composites were
prepared via ball milling of 30 wt% of the respective oxyfluoride with 60 wt% of the
electrolyte La0.9Ba0.1F2.9 and 10 wt% of carbon black. The electrolyte and the carbon black
were used to ensure sufficient ionic and electronic conductivity, respectively. To investigate
the stability of the RP-type oxyfluorides within the anode composites after the milling step
and of pressed cell pellets consisting of the respective anode composite, the electrolyte and
the cathode composite after heating to 170 °C, Rietveld refinements were performed. A
composite containing Pb/PbF2 was used as cathode material. For the heating, a duration of
approximately 72 h was chosen, which is the average duration of the conducted galvanostatic
charging experiments. If the oxyfluorides were found to be stable, cells Pb/PbF2 against the
respective anode composite were galvanostatically charged to ~ 3 V using a slow C-rate of
C/25 in a Swagelok-type cell (see section 3.1.4.2) and a Rietveld analysis of the anode side
after charging was conducted. The charging was also performed at 170 °C. To give an
impression about the dimensions of the electrode and electrolyte layers within a pressed
pellet, a SEM cross-section of a pellet is given in Figure 4-57.
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Figure 4-57: SEM cross-section of a pressed pellet consisting of the anode composite containing La2NiO3F2, the
electrolyte La0.9Ba0.1F2.9 and the cathode composite containing Pb/PbF2.

Figure 4-58 shows the Rietveld analysis of XRD data of Sr2TiO3F2, as obtained after the
topochemical fluorination of Sr2TiO4 using PVDF (see section 4.1.1.1), the anode composite
containing this Sr2TiO3F2 after milling and the anode side of a cell after heating. The
comparison of reflection positions of the fluorination product and the milled anode composite
reveals that no reactions between the electrolyte La0.9Ba0.1F2.9 and Sr2TiO3F2, which would
possibly lead to shifts of the reflections, have taken place during the milling procedure. The
obtained phase fractions of the electrolyte La0.9Ba0.1F2.9 and Sr2TiO3F2 in the anode composite
are in good agreement with the used amounts and, therefore, major decomposition or
amorphisation can be ruled out. The relative phase fractions of Sr2TiO3F2 and SrF2 in the
fluorination product and the anode composite stay also constant, indicating only a minor
influence of decomposition. However, after the heating, significant changes in the XRD
pattern of the anode side of the pressed pellet can be observed. This becomes most evident by
the disappearance of the reflections corresponding to Sr2TiO3F2 and the appearance of
additional reflections of a new phase, which could not be identified. Moreover, increased
phase fractions of SrF2, related to a substantial decomposition of Sr2TiO3F2, and of the
electrolyte, suggesting significant amorphisation of Sr2TiO3F2 upon heating, are found. Due to
the formation of SrF2, it would be reasonable to expect also the presence of SrTiO3. This phase
is, however, not found. Assuming that the additional reflections belong to one phase, it could
be followed that an orthorhombic phase with higher lattice parameters is formed, since a shift
of the reflection positions towards lower diffraction angles in comparison to the positions of
the (013) and (110) reflections of Sr2TiO3F2 at 29.1° and 33.3°, respectively, and the splitting
of the (110) reflection is observed. However, no phase, which would describe the missing
reflection intensities could be found.
Due to the observed instability of Sr2TiO3F2 within the anode composite under the
experimental conditions applied within the test cells, no galvanostatic charging experiments
were conducted using this anode composite.
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Figure 4-58: Comparison between Rietveld refinements of X-ray diffraction data of Sr2TiO3F2 used in the anode
composite, of the anode composite containing Sr2TiO3F2 after milling and of the anode side of a cell Pb/PbF2
against Sr2TiO3F2 heated to 170 °C for 72 h.

The same procedure was followed for the Sr3Ti2O5F4-containing anode composite. In contrast
to the Sr2TiO3F2-containing anode composite, no reactions involving Sr3Ti2O5F4 are observed
when heating the pellets to 170 °C (Figure 4-59). The relative phase fractions of Sr3Ti2O5F4,
SrF2 and SrTiO3 found within the fluorination product, the milled anode composite and the
anode side of the heated pellet remain relative constant within errors. Only a marginal
increase of the decomposition phases SrF2 and SrTiO3 by ~ 1 and 2 wt%, respectively, are
observed in comparison to the fluorination product, which contains ~ 5 wt% SrF2 and
~ 7 wt% SrTiO3. Furthermore, the phase fractions of La0.9Ba0.1F2.9, Sr3Ti2O5F4, SrF2 and SrTiO3
in the anode composite and the anode side of the heated pellet correspond well with the
expected phase fractions. This suggests that no major decomposition or amorphisation is
taking place upon milling or heating. With respect to this, the observed instability of Sr2TiO3F2
within the heated electrode composite is rather surprising. In both composites, the same ions
with the same oxidation states are present. Based on this, a higher redox activity of one of the
RP-type phases when in contact with of La0.9Ba0.1F2.9 and carbon at elevated temperatures,
potentially leading to the formation of other phases, can be ruled out. However, small
compositional and/or structural distortions in Sr2TiO3F2 might possibly facilitate its
decomposition.
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Figure 4-59: Comparison between Rietveld refinements of X-ray diffraction data of Sr3Ti2O5F4 used in the anode
composite, of the anode composite containing Sr3Ti2O5F4 after milling, of the anode side of a cell Pb/PbF2 against
Sr2TiO3F2 heated to 170 °C for 72 h and of the anode side of a cell Pb/PbF2 against Sr3Ti2O5F4 charged to 420 mAhg-1
(2.95 V).

The stability Sr3Ti2O5F4 in the anode composite encouraged further electrochemical testing.
Therefore, a cell Pb/PbF2 vs. Sr3Ti2O5F4 was galvanostatically charged to 2.95 V. The
galvanostatic charging curve is shown in Figure 4-60. Since no changes of the RP-type phase
within the anode composite is observed after the heating process, changes of the reflections of
phases in the anode side of the cell have to be related to occurring redox reactions taking
place within the cell during electrochemical charging. No distinctive, ideally horizontal
plateaus are observed. Instead, sloping plateaus are found above ~ 0.55 V. These plateaus
cover a capacity of ~ 420 mAhg-1, which indicates that side reactions have a substantial
contribution to the observed capacity (see section 4.2.2.5). This becomes, in particular,
evident when considering that the gravimetric capacity for the extraction of one fluoride ion
from Sr3Ti2O5F4 is ~ 54 mAhg-1. Furthermore, assuming similar redox potentials of the n = 1
and n = 2 strontium titanium oxyfluorides, a possible reduction of Sr3Ti2O5F4 should occur in
a potential range above ~ 1.5 V vs. Sr3Ti2O5F4-x|Sr3Ti2O5F4, which can be estimated based on
the predicted redox potentials of Sr2TiO3F2-x|Sr2TiO3F2 and Pb|PbF2 (Figure 4-56). This
assumption does not consider any over-potentials. Due to the low potential of the titaniumcontaining RP-type phases vs. Li|LiF, the reduction of Sr3Ti2O5F4 would take place at
potentials, which lay significantly above the potentials, at which the onset of the side
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reactions is located. These side reactions impede, however, the reduction of the RP-type
phases as they most likely affect the electronic conductivity of the carbon additive. This aspect
is discussed in detail based on the example of the reduction of La2NiO3F2 in section 4.2.2.5
and is assumed to take place for titanates in an analogous manner. Nevertheless, when
comparing the XRD patterns of the fluorination product, the anode composite and the anode
side of a heated cell to the charged cell (Figure 4-59), a small shift of the (015) reflection at
~ 29.7° 2θ towards higher angles is found, which indicates a small chemical modification of
Sr3Ti2O5F4. This shift is related to a decrease of the c lattice parameter from 23.372(5) Å of
the starting Sr3Ti2O5F4 used within the anode composite (see also section 4.1.2.1.1) to
23.152(8) Å of the electrochemically reduced Sr3Ti2O5F4. The a lattice parameter decreases
also slightly (Sr3Ti2O5F4: a = 3.9059(8) Å, reduced phase: a = 3.9024(7) Å). The obtained
lattice parameters and the cell volume per formula unit of 176.3(2) Å3 of the reduced
Sr3Ti2O5F4 phase after the electrochemical charging are similar to those of the tetragonal #1
phase found after the hydride-based reduction using low amounts of NaH (x = 0.5 and 1)
(compare section 4.1.2.2 and Figure 4-17 b). As is shown for the chemically reduced
equivalents, the formation of considerable amounts of Ti3+ species in the reduced RP-type
compound due to the extraction of fluoride would lead to a stronger decrease of the c lattice
parameter and an increase within the ab plane. A small degree of defluorination of Sr3Ti2O5F4
would plausibly explain the described findings. The quantification of the phases within the
anode side of the charged cell based on a Rietveld analysis reveals in addition, that the
relative phase fractions of the decomposition products SrF2 and SrTiO3 increase to ~ 11 and
16 wt% with respect to the phase fraction of Sr3Ti2O5F4. Its phase fraction decreases
accordingly. Therefore, considerable decomposition of Sr3Ti2O5F4 is also taking place upon
charging of the cell.
In order to investigate the reduction and decomposition behaviour of Sr3Ti2O5F4 within a FIB
in more detail, clearly additional experiments are required. By applying another conductive
additive, less prone to side reactions below or in the potential range of the reduction of
Sr3Ti2O5F4, it might be possible to achieve a stronger reduction of the RP-type phase.
Furthermore, by choosing suitable cut-off voltages it might be also possible to prevent the
decomposition of Sr3Ti2O5F4, if the decomposition is not taking place in parallel to the
reduction. In the latter case, a potential extended cycling of the cells would be highly limited.
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Figure 4-60: Charging curve of a cell Pb/PbF2 against Sr3Ti2O5F4 charged to 420 mAhg-1 (2.95 V).

Since only a minor degree of defluorination and a substantial decomposition was observed
upon charging of Sr3Ti2O5F4, La2NiO3F2 was also investigated as potential anode material. The
redox potential of La2NiO3F2-x|La2NiO3F2 is with ~ 0.6 to 1.1 V vs- Li|LiF higher in
comparison to the potential of the Ti-containing RP-type compounds (Figure 4-56), which
might give the possibility to separate the potential ranges, in which the reduction of La2NiO3F2
and the side reactions are taking place. Ideally, the side reactions would occur at higher
potentials than the desired reduction and the side reactions could be avoided by setting
suitable cut-off potentials.
Similar to what is found for the Sr3Ti2O5F4-containing anode material, no change of reflection
positions of La2NiO3F2 can be found for the synthesised and heated anode composite in
comparison to sample obtained after chemical fluorination of La2NiO4+d containing La2NiO3F2
and La2NiO3-d/2F2-d (Figure 4-61). In addition, the relative phase fractions of the RP-type
phases to each other as well as the phase fraction of La0.9Ba0.1F2.9 to the RP-type phases stay
relatively constant within errors. This suggests that no decomposition or amorphisation takes
place during the synthesis or heating process. When charging a cell Pb/PbF2 vs. La2NiO3F2,
significant changes in the reflection patterns of the RP-type phases can be observed, which
can be related to the successful reduction of La2NiO3F2 based on the result obtained after the
hydride-based reductions (see section 4.1.3.2). Therefore, a detailed investigation of the
reduction behaviour of La2NiO3F2 is given in the following subchapter (section 4.2.2).
Furthermore, the fluorination behaviour of La2NiO3F2, when used in a cathode composite, is
studied.
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Figure 4-61: Comparison between Rietveld refinements of X-ray diffraction data of La2Ni2O3F2 used in the anode
composite, of the anode composite containing La2Ni2O3F2 after milling, of the anode side of a cell Pb/PbF2 against
La2Ni2O3F2 heated to 170 °C for 72 h and of the anode side of a cell Pb/PbF2 against La2Ni2O3F2 charged to
235 mAhg-1 (2.85 V).

4.2.2 Electrochemical defluorination and additional fluorination of La2NiO3F2
4.2.2.1 Electrochemical defluorination of La2NiO3F2
4.2.2.1.1 Electrochemical defluorination behaviour of La2NiO3F2
A typical charging curve of a cell Pb/PbF2 vs. La2NiO3F2 is shown in Figure 4-62. The first
sloping plateau extends over a potential range from ~ 0.6 to 1.1 V vs. La2NiO3F2 and covers
~ 75 mAhg-1. This plateau is followed by a second steeper sloping plateau until 2.85 V
(235 mAhg-1). The potential range of the first plateau is in good agreement with the expected
one based on the redox potentials of the electrode materials (compare Figure 4-56). Since the
theoretical capacity for the extraction of one fluoride ion from La2NiO3F2 is ~ 67 mAhg-1, it is
indicated that besides the desired reduction of La2NiO3F2 other redox processes occur.
Moreover, a topochemical extraction of more than one fluoride ion would be chemically
implausible without the formation of metallic Ni.
In order to obtain an insight into the structural changes of the RP-type phases at different
charging states, several cells were charged to different cut-off capacities (Figure 4-62) and X-
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ray diffraction patterns (Figure 4-63) were collected ex-situ and analysed using the Rietveld
method. Structural models were derived from the chemical equivalents. It should be noted
that an extensive investigation of structural changes and phase fraction evolutions of the
phases obtained upon charging and discharging has shown a significantly improved
reproducibility when specific cut-off capacities were chosen as opposed to usually applied
potential limitations. This is most likely due to slightly varying over-potentials observed for
different cells, which are not yet fully understood.

Figure 4-62: Charging curve of a cell Pb/PbF2 against La2Ni2O3F2 charged to 235 mAhg-1 (2.85 V). The arrows show
various cut-off capacities, to which different cells were charged.
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Figure 4-63: X-ray diffraction patterns of anode sides of different cells Pb/PbF2 against La2NiO3F2 charged to various
cut-off capacities. For reference, a cell, which was only heated, is given.

Besides the electrolyte La0.9Ba0.1F2.9 and amorphous CB, the main starting phase is the fully
fluorinated La2NiO3F2 (called ‘orthorhombic #1’, space group: Cccm, a = 12.8414(16) Å,
b = 5.8013(6) Å, c = 5.4724(6) Å). Additionally, ~ 2 wt% of partly fluorinated
La2NiO3+d/2F2-d (called ‘orthorhombic #2’, space group: Fmmm, a = 12.731(7) Å,
b = 5.605(3) Å, c = 5.372(3) Å) are found. The lattice parameters of the latter phase are in
accordance with the previously reported parameters obtained in a fluorination of the parent
oxide La2NiO4+d with slightly lower fluorine amounts 74 (compare also section 4.1.3.1). Its
formation is hard to be avoided completely.
When electrochemically defluorinating on charging, the phase fraction of the orthorhombic
#1 phase decreases (Figure 4-64 a) and the lattice parameters change continuously on further
charging up to ~ 45 mAhg-1 (Figure 4-64 c-e). For the orthorhombic #2 phase, the phase
fraction remains relatively constant (note that the phase fraction of this phase is in the order
of quantification errors of the Rietveld method), while the lattice parameters change
significantly. For both phases, the changes of the lattice parameters b and c are indicative for
the extraction of fluoride ions. With increasing degree of reductive defluorination
(C > 30 mAhg-1), a monoclinic phase (Figure 4-63 and Figure 4-65) (called ‘monoclinic #1’,
space group: C12/c1, lattice parameters at 90 mAhg-1: a = 12.976(3) Å, b = 5.7422(13) Å,
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c = 5.6231(9) Å, β = 88.798(15)°) occurs. Its phase fraction increases strongly up to
~ 75 mAhg-1 and remains comparatively constant at higher charging states.

Figure 4-64: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c), b (d) and
c (e) of reduced RP-type orthorhombic #1, orthorhombic #2 and monoclinic #1 phases in the anode sides of cells
Pb/PbF2 against La2NiO3F2 charged to different cut-off capacities. For the calculation of the relative phase fractions
of the RP-type phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account.

For each individual phase the unit cell volumes per formula unit remain relatively constant
over the whole capacity range (Figure 4-64 b), while the lattice parameters undergo
considerable changes in all three phases (Figure 4-64 c-e), which might indicate that the
tilting of the octahedra is affected due to the introduction of defects. The highest unit cell
volume is observed for the monoclinic #1 phase, and on formation of this phase from the
orthorhombic #1 phase a steep increase in cell volume of ~ 3 Å3 per formula unit is found.
Strong expansions along the a axis and within the bc plane are observed. The latter mainly
affects the equatorial Ni-O bonds. This is in agreement with the structural analysis of this
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compound obtained via the hydride-based reductions (see section 4.1.3.2). Furthermore, for
the orthorhombic #1 and #2 phases, strong changes in the b and c lattice parameters are
found, leading to significantly smaller orthorhombic distortions. The observed changes in
symmetry could result from changes of the ordering of anions and/or the tilting of polyhedra,
which could, however, not be resolved with the structural analysis methods used.
A comparison between the X-ray diffraction patterns of the uncharged (only heated) anode
side of a cell, the anode side of a cell charged to 90 mAhg-1 and the reduction product
La2NiO3F2 + x NaH with x = 0.25 obtained via the hydride-based chemical defluorination
(see section 4.1.3.2) is given in Figure 4-65. The electrochemically formed monoclinic #1
phase is in excellent agreement with the monoclinic phase found on reducing La2NiO3F2 via
hydride-based reactions. No indication is given for the formation of stronger defluorinated,
orthorhombic phases, found when reducing La2NiO3F2 chemically, in the electrochemically
reduced anode composite, even when charging to the highest charging capacities.

Figure 4-65: Comparison between selected angular ranges of Rietveld refinements of X-ray diffraction data of the
anode side of a cell Pb/PbF2 against La2Ni2O3F2 heated to 170 °C for 72 h, of the anode side of a cell Pb/PbF2
against La2Ni2O3F2 charged to 90 mAhg-1 and of chemically defluorinated La2NiO3F2-∆Hy synthesised via a hydridebased reduction according to the reaction equation La2NiO3F2 + x NaH with x = 0.25. For full refinements, see Figure
4-37 and Figure 6-16 in the appendix.

149

4.2.2.1.2 X-ray photoelectron and X-ray adsorption spectroscopy of La2NiO3F2, the
anode composite and the reduced phases
The determination of the detailed oxidation state after the electrochemical reactions has
proven to be difficult. XPS spectra (see Figure 6-17) give no meaningful information about the
oxidation state of Ni of the electrochemically reduced RP-type phases due to the small energy
separation between the La 3d and Ni 2p (or La 4d and Ni 3s signals). 250, 251 These signals are,
moreover, dominated by the La signals, which are majorly originating from large amount of
the electrolyte La0.9Ba0.1F2.9 used within the composite electrode. Only the low-intensity Ni 3p
signals are not overlapping with other signals. Their intensities are, however, too low to make
a meaningful analysis possible. The same observations were made for the oxidised RP-type
phases obtained after electrochemical oxidation of La2NiO3F2 (see section 4.2.2.2). Even
though the Ni oxidation states of the RP-type phases could not be determined based on XPS
measurements, this technique could be used to gain insights into the nature of the side
reactions occurring during charging. In this context, C 1s spectra were recorded to investigate
changes of the carbon additive used within the electrodes composites (see section 4.2.2.6).
To further examine the oxidation state of the reduced RP-type phases, XAS spectra of pure
La2NiO3F2 and of the electrochemically reduced anode composite (charged to 75 mAhg-1)
(Figure 4-66) were measured and compared. For the scratched-off anode sides of the charged
cells, a small energy shift of the adsorption edge of ~ 0.5 eV to lower binding energies is
observed and confirms that a partial reduction of La2NiO3F2 to La2NiO3F2-∆ has occurred. The
shift is substantially smaller to what would be expected for a complete reduction from Ni2+ to
Ni+ species. For the reduction of n = 2 and 3 RP-type nickelates, shifts of ~ 2 - 3 eV upon the
deoxygenation of La3Ni2O6.9 to La3Ni2O6 and La4Ni3O10 to La4Ni3O8, correlated to the reduction
of the Ni oxidation state from +2.4 to +1.5 and +2.67 to +1.33, respectively, have been
reported. 99, 100 An exact quantification of the oxidation state from the shift is not possible due
to the lack of reference systems with similar coordinated Ni+ and due to the fact that changes
in the coordination environment, e.g. the number of coordinating O/F ions also influences the
edge in terms of energy position and shape. Moreover, it should be noted that in the
scratched-off charged anode composite (for the quantification see Figure 6-18), only ~ 37 %
of the Ni cations are contained in the reduced monoclinic RP-type phase, while the remaining
~ 63 % are found in the orthorhombic #1 phase. The latter undergoes a smaller reduction
compared to the monoclinic phase, which causes a smaller edge shift in the spectrum, since
the Ni ions of both phases are measured simultaneously. From the coupled Rietveld
refinement of X-ray and powder neutron diffraction of the monoclinic #1 phase found after
the chemical reduction, a composition of the phase of approximately La2NiO3F1.93 (not
considering possible hydride substitution processes) has been derived and it can be assumed
that the monoclinic phase obtained electrochemically has a similar composition. Considering
this, the small but noteworthy shift is in good agreement with the expected oxidation states of
the obtained RP-type phases.
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Figure 4-66: Normalized Ni K-edge X-ray absorption spectra of La2NiO3F2 and the scratched-off anode sides of cells
Pb/PbF2 against La2NiO3F2 charged to 75 mAhg-1. As references, the spectrum of metallic Ni and NiO are plotted.

Furthermore, it should be noted that minor changes of the sample on scratching-off the
electrode for measuring the composite and on handling the as obtained small amounts is
indicated (see Figure 6-18).

4.2.2.2 Electrochemical fluorination of La2NiO3F2
4.2.2.2.1 Electrochemical fluorination behaviour of La2NiO3F2
The charging curve of a cell La2NiO3F2 vs. Pb/PbF2 composite (La2NiO3F2 is used as active
cathode material in this nomenclature) is shown in Figure 4-67. Between potentials of ~ 1.1
to 1.4 V vs. Pb/PbF2, a first plateau covers ~ 320 mAhg-1. After a steep potential increase to
~ 2 V, a second sloping plateau is found until the cut-off voltage of 3 V (739 mAhg-1) is
reached. The potential range, in which redox reactions occur, are again in good agreement
with the expected potentials (see Figure 4-56). As for the electrochemical reduction of
La2NiO3F2, the observed capacities strongly exceed the theoretical capacity of ~ 64 mAhg-1 for
the intercalation of one fluoride ion leading to the formation of La2NiO3F3. Therefore,
undesired side reactions have to take place, as has been previously reported for the
electrochemical fluorination of intercalation-based RP-type cathodes. 18-20
In the same fashion as for the defluorination of La2NiO3F2, X-ray diffraction patterns of
cathode sides of cells charged to different cut-off capacities (Figure 4-68) being differently
strongly oxidized were measured and analysed.
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Figure 4-67: Charging curve of a cell La2Ni2O3F2 against Pb/PbF2 charged to 739 mAhg-1 (3 V). The arrows show
various cut-off capacities, to which different cells were charged.

Figure 4-68: X-ray diffraction patterns of cathode side of different cells La2NiO3F2 against Pb/PbF2 charged to
various cut-off capacities. For reference, a cell, which was only heated, is given.
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The starting cathode composite contains, besides the electrolyte La0.9Ba0.1F2.9 and CB, only
La2NiO3F2 (called ‘orthorhombic #1’, space group: Cccm, a = 12.8381(12) Å, b = 5.7978(4) Å,
c = 5.4964(5) Å). Electrochemically fluorination upon charging (Figure 4-69 a) leads for
capacities above 30 mAhg-1 to the appearance of a monoclinic phase (called ‘monoclinic #2’,
presumable space group: C12/c1, lattice parameters at 739 mAhg-1: a = 14.890(5) Å,
b = 5.4759(13) Å, c = 5.3811(13) Å, β = 91.238(16)°) and an orthorhombic phase (called
‘orthorhombic #3’, space group: Cccm, lattice parameters at 739 mAhg-1: a = 13.44(3) Å,
b = 5.648(12) Å, c = 5.496(13) Å). Along with these observations, a continuous decrease of
the phase fraction of the orthorhombic #1 phase up to ~ 150 mAhg-1 takes place. For higher
capacities, its phase fraction remains constant. Further small decrease in the phase fraction of
the orthorhombic #1 phase is observed for high capacities corresponding to the second
charging plateau. The unit cell volume and lattice parameters of the phase are independent of
the state of charging (Figure 4-69 b-e).
The relative phase fraction of the monoclinic #2 phase increases up to ~ 150 mAhg-1 to
~ 45 wt%. Similar to the phase fraction of the orthorhombic #1 phase, it remains relatively
constant until ~ 450 mAhg-1. A strong increase of the relative phase fraction to ~ 90 wt% is
found only for much higher capacities. For this phase, a considerable change in the lattice
parameter a is found for capacities up to ~ 150 mAhg-1. This increase of a can only be
explained by a strong change of the anion sublattice, which is most likely due to the filling of
the vacant interstitial site, present in La2NiO3F2, by fluoride under formation of La2NiO3F3 (see
Figure 4-69). The orthorhombic #3 phase appears at higher capacities than the monoclinic #2
phase and its phase fraction is comparatively constant between ~ 180 and 300 mAhg-1. The
decrease of its phase fraction due to the increased formation of the monoclinic #2 phase at
high capacities suggests that the monoclinic #2 phase is partly formed from the orthorhombic
#3 phase. This also implies that the monoclinic #2 phase has a higher fluoride content than
the orthorhombic #3 phase. The lattice parameters are relatively constant within errors.
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Figure 4-69: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c), b (d) and
c (e) of oxidised RP-type orthorhombic #1, monoclinic #2 and orthorhombic #3 phases in the cathode sides of cells
La2NiO3F2 against Pb/PbF2 charged to different cut-off capacities. For the calculation of the relative phase fractions
of the RP-type phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account.

The unit cell volumes per formula unit of the found RP-type phases remain also relatively
constant over the entire capacity range (Figure 4-69 b). Only for the monoclinic #2 phase an
increase of the volume is found for capacities up to ~ 150 mAhg-1, which is related to changes
in the lattice parameter a. The highest unit cell volume is observed for the monoclinic #2
phase, which undergoes a volume increase of up to ~ 7 Å³ per A2BXy formula unit as
compared to the orthorhombic #1 phase due to fluoride intercalation within interstitial
vacancies upon charging. The increase is caused from an expansion of the a lattice parameter,
while the b and c lattice parameters contract. The contraction of the bc plane suggests strong
changes of bond distances of equatorial Ni-O bonds, which would be expected for an
oxidation to Ni3+, since Ni2+ is larger than Ni3+ (ionic radii: Ni2+: 0.63 Å, Ni3+: 0.56 Å (highspin configuration) or 0.6 (low-spin configuration))54. The orthorhombic #3 phase possesses
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a cell volume between that of the orthorhombic #1 and the monoclinic #2 phases. The
volume increase is again due to an expansion along the a axis. The smaller b lattice
parameter, which also results in smaller orthorhombic distortions, is again consistent with an
increase of the Ni oxidation state.
At this point a comparison between the X-ray diffraction patterns of the uncharged (only
heated) and charged (to 739 mAhg-1) cathode sides of cells La2NiO3F2 vs. Pb/PbF2 and
chemically fluorinated La2NiO3F2+x is interesting. The additional chemical fluorination of
La2NiO3F2 in a post-fluorination step using highly oxidizing F2 gas was attempted for the first
time in this work. Various reaction temperatures were investigated (Figure 4-70). The best
results in terms of yield of La2NiO3F2+x are obtained when using a reaction temperature of
190 °C for a duration of 15 min. However, the additional chemical fluorination results only in
a very small fraction of La2NiO3F2+x, while the predominant phase (~ 90 wt%) is still
unreacted La2NiO3F2. Longer exposure to F2 (Figure 4-71) or higher reaction temperatures
(Figure 4-70) cause a progressive decomposition of La2NiO3F2 under formation of LaF3. Lower
reaction temperatures at increased reaction times do not lead to any changes of the parent
phase. The positions of the additional reflections of the chemically fluorinated La2NiO3F2+x are
in good agreement to the positions of the reflections found for the electrochemically formed
monoclinic #2 phase, indicating a chemical similarity of both products.
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Figure 4-70: XRD patterns of the fluorination products containing additionally fluorinated La2NiO3F2+x. The postfluorination was performed using F2 gas at various reaction temperatures for 15 min.

Figure 4-71: XRD patterns of the fluorination products containing additionally fluorinated La2NiO3F2+x. The postfluorination was performed using F2 gas for different reaction times at 190 °C, which was found to be the best
temperature for the reaction.
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A direct comparison between the XRD patterns of the cathode side of the cell La2NiO3F2
against Pb/PbF2 charged to 739 mAhg-1 and the additionally fluorinated La2NiO3F2+x obtained
after chemical fluorination confirms this (Figure 4-72). The electrochemical fluorination
results, however, in considerably higher phase fractions of the monoclinic #2 phase.
Therefore, electrochemical routes can present viable, safe and easily controllable methods for
the synthesis of fluorinated compounds, which cannot be obtained via other routes.

Figure 4-72: Comparison between selected angular ranges of Rietveld refinements of X-ray diffraction data of the
cathode side of a cell La2Ni2O3F2 against Pb/PbF2 heated to 170 °C for 72 h, of the cathode side of a cell La2Ni2O3F2
against Pb/PbF2 charged to 739 mAhg-1 and of chemically fluorinated La2NiO3F2+x synthesised via a post-fluorination
using F2 gas at 190 °C for 15 min. For full refinements, see Figure 6-16 and Figure 6-19 in the appendix.

4.2.2.2.2 Transmission electron characterisation of the oxidised La2NiO2F2+x
Since the synthesis of sufficiently high amounts of La2NiO2F2+x, necessary for a structural
analysis using neutron diffraction, via the oxidation approach using F2 gas was not possible,
an alternative approach based on electron transmission microscopy was attempted for the
structural characterisation. This approach has been successfully used previously for the
determination of the structure La2NiO4.13F1.59 obtained via electrochemical fluorination of
La2NiO4.13 within FIBs. 19
In contrast to this previous study, it was much harder to identify suitable crystals in the
polycrystalline sample for the ADT analysis. In analogy to the previously used approach for
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the identification of Ni-containing crystals, consisting, therefore, of the targeted RP-type
phase, EDX spectroscopy was performed. However, after the EDX spectroscopy measurements,
a strong amorphisation of the investigated crystals, making ADT measurements unfeasible, is
found. It can be assumed that the relatively high electron dose applied during the
spectroscopy leads to a destruction of the phase and strong amorphisation. This is of special
interest with respect to the metastability of such phases; since La2NiO4.13F1.59 did not
decompose under such conditions, it is indicated that the fluorinated phase La2NiO3F2+x
suffers from a lower stability as compared to La2NiO4.13F1.59. Due to this instability, it was also
not possible to use EDX spectroscopy to estimate the composition of La2NiO3F2+x. In order to
assure the presence of Ni within the investigated particles, EDX measurements were,
therefore, performed after the ADT measurements. An exemplary EDX spectrum is shown in
Figure 6-20.
Only one of the crystals, on which measurements were attempted, was finally found to to
provide diffraction and contain Ni. This is also in agreement with our previous findings, which
showed that agglomerates of La0.9Ba0.1F2.9 are hardly distinguishable from RP-type particles
from a morphological point of view; the RP-type particles are, additionally, partly covered
with La0.9Ba0.1F2.9. The reconstructed ADT diffraction volumes of this crystal is shown in
Figure 4-73. Due to the comparatively small data set of the obtained data, i.e., a limited
reflection coverage, a detailed structural analysis was not possible. Missing b and c axes result
in a certain uncertainty of the atomic positions of the ions in the bc plane, therefore, the
derived structure can only give general indications about structural changes occurring upon
electrochemical fluorination.

Figure 4-73: Views of the reciprocal space along the directions from left to right (100), (010), (001) of the measured
crystal with monoclinic #2 structure obtained via galvanostatic charging of a cell La2NiO3F2 vs. Pb/PbF2.

The derived lattice parameters are given in Table 4-22. The change of the lattice parameters
with a strong expansion of the a axis as observed in the X-ray diffraction study could be well
confirmed by the ADT method within the expected errors. Furthermore, a symmetry lowering
to a monoclinic C-centered cell is indicated and atomic positions corresponding to a C12/c1
symmetry could be derived (Table 6-4 and Table 6-5). The refined atomic positions are also in
principle agreement with the structural model used for the Rietveld refinements.
Table 4-22: Unit cell parameters of the monoclinic #2 RP-type phase of two crystals obtained via galvanostatic
charging of a cell La2NiO3F2 vs. Pb/PbF2 determined from Fast-ADT measurements.
Phase
monoclinic #2
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Lattice parameters
a [Å] b [Å]
c [Å]
14.74 5.57
5.31

α [°]
90.8

β [°]
91.4

γ [°]
90.0

A successful topochemical post-fluorination of La2NiO3F2 requires the intercalation of up to
one additional fluoride ions per formula unit into the vacant interstitial site of La2NiO3F2. The
presence of structurally inequivalent interstitial anion sites as found in C12/c1 would be in
principle justified upon the intercalation of these additional fluoride ions, in particular when
considering that the occupied interstitial site in La2NiO3F2 is filled by oxide ions. It has to be
emphasised that structural solutions were also attempted based on other C-centred groups
such as C12/m1. A C12/m1 symmetry would allow for a single interstitial anion site, which
would be structurally plausible for a fully fluorinated phase La2NiO3F3 if reorganization of
anions would take place (e.g. only fluoride ions occupy the interstitial layer or fluoride-oxide
disorder within the interstitial layer arises). These structural models differ with respect to the
relative orientation of the tilting patterns of the NiX6 octahedra of adjacent perovskite-type
layers (Figure 4-74 a and b), which leads to different shapes and possibly sizes of the
interstitial cavities due to the different underlying symmetry elements. In Figure 4-74 a, the
tilting of the octahedra in the oxidised phase is illustrated for the structural model with
C12/c1 symmetry derived from the electron diffraction data. From the relative coordination
around the interstitial ions, it becomes evident that two independent crystallographic
interstitial sites are present in this symmetry. When viewing along the c axis, the differences
between the red and blue hexagons, from which the three-dimensional shape of the polyeder
filling the interstitial cavities can be derived, are obvious. In contrast to this, the differences
between the red and blue hexagons, when viewing along the b axis are quite subtle. Close
inspections of the bond distances between the anions at the apical and at both interstitial sites
showed that distances differ, which is related to the different atomic positions of the anions in
the interstitial sites. In comparison to the parent phase La2NiO3F2 with Cccm symmetry (see
section 4.1.3.1.2), the longer bond distances between the apical and interstitial anions make
an occupation of the former vacant site in this monoclinic space group energetically more
feasible. The shortest distance present is ~ 2.5 Å. This is also related to a less pronounced
tilting of the octahedra. Similar considerations can be made for the introduction of disorder at
the interstitial sites due to the repeated electrochemical fluoride intercalation and
deintercalation (see Figure 4-90). Nevertheless, the relative orientation of the octahedra of
neighbouring perovskite-type layers of La2NiO3F2 and the additionally fluorinated phase is still
comparable.
For the structural model with C12/m1 symmetry (structural parameters are given in Table
6-6), on the other hand, the tilting patterns is changed significantly (Figure 4-74 b), i.e., the
octahedra of different perovskite-type layers align in the same fashion as the octahedra of
adjacent layers above and below. A comparison of the sizes of the interstitial cavities shows
that only one interstitial site is present, making a complete filling of this site plausible. For
each viewing direction, only one shape and size of the hexagons is observed and the lighter
and darker hexagons can be transferred into each other by mirror or rotation operations.
In strong contrast to the tilting of the octahedra found for these two structural models with
monoclinic space groups, a tilting of the octahedra is not possible for their supergroup with
Fmmm symmetry. This symmetry has been, however, observed when electrochemically
fluorinating La2NiO4.13, leading also to a composition close to La2NiX6 (Figure 4-74 c). 19 Only
one interstitial site is present within this space group. The sizes of the hexagons differ slightly
for both viewing directions, which is in accordance with the independency of the lattice
parameters a and b. Relatively short bond distances between the apical and interstitial anions,
related to the absence of octahedra tilting, are partly compensated by an additional expansion
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along the c axis. Moreover, the shapes of the octahedra identified for the monoclinic space
groups can be all related to the regular shape of the octahedra found in Fmmm symmetry by
pulling at opposite corners and/or edges, illustrating the structural relationship between the
space groups.

Figure 4-74: Comparison of the tilting pattern of the NiX6 octahedra of La2NiX6 (respectively La2NiO3F3) in space
group C12/c1 (a), C12/m1 (b) and Fmmm (c). For a better visualisation, only three edge-sharing NiX6 octahedra per
perovskite-type layer and the corresponding interstitial anions are shown (La3+ ions are not included). The letters
next to edges of the hexagons and the given relationships indicate whether a symmetric equivalency or not is
present between the edges (respectively the ions at the corners of the hexagons). The symmetry elements (glide
and mirror planes and 2-fold rotational axes) are only included in the representation of the monoclinic structures.
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From the structural changes of the cells in dependence of the charging state observed using Xray diffraction combined with the additional information gained from ADT, a composition
close to La2NiO3F3 can be assumed for the monoclinic #2 phase.

4.2.2.3 Electrochemical re-fluorination of the reduced La2NiO2F2-x
Re-oxidation of reduced RP-type phases was performed in Pb/PbF2 vs. La2NiO3F2 cells, which
were previously charged to 90 mAhg-1. Due to strong over-potentials, a considerable
discharging can only be obtained when the cells are discharged to negative potentials (Figure
4-75). A first discharging plateau is found between ~ -0.8 and -1.1 V against La2NiO3F2
covering ~ 80 mAhg-1 of discharge capacity. Within this plateau, the orthorhombic #1 and #2
starting phases La2NiO3F2 and La2NiO3+d/2F2-d are regained and the monoclinic #1 phase
vanishes completely (Figure 4-76 and Figure 4-77 a). This confirms the reversibility of the
structural changes on re-fluorination. Considering that the charging of the cell to 90 mAhg-1
results in the formation of a relative phase fraction of ~ 50 % of the reduced monoclinic #1
phase containing Ni+ in addition to large percentage of La2NiO3F2 containing Ni2+, the first
discharging plateau related to the re-oxidation of the Ni+ species is too long, suggesting that
side reactions take place as well.

Figure 4-75: Charging and discharging curves of a cell Pb/PbF2 against La2NiO3F2 charged to 90 mAhg-1 and
subsequently discharged to 395 mAhg-1. The arrows show various cut-off capacities, to which different cells were
discharged.

Forcing the cells to discharge beyond this first discharging plateau, a second extended plateau
extending ~ 310 mAhg-1 in the voltage range of ~ -1.2 and -1.45 V occurs. In the diffraction
patterns (Figure 4-76) strong changes resulting from the formation of the monoclinic #2
phase (presumable space group: C12/c1, lattice parameters at 395 mAhg-1: a = 14.906(3) Å,
b = 5.4646(9) Å, c = 5.3709(9) Å, β = 91.074(1)°) are observed. The same phase is observed
for a direct fluorination of the respective cathode composite. The phase fraction of
La2NiO3F2+∆ increases continuously while the other phases diminish. For all phases, the unit
cell volumes and lattice parameters (Figure 4-77 b-f) are in good agreement with what is
found in the sections 4.2.2.1 and 4.2.2.2. Interestingly, the orthorhombic #3 phase, which is
observed for a direct oxidation when charging the cathode composite (see Figure 4-69),
seems, not to be formed.
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Figure 4-76: X-ray diffraction patterns of anode sides of different cells Pb/PbF2 against La2NiO3F2 charged to
90 mAhg-1 and subsequently discharged to various cut-off capacities. For reference, a cell, which was only charged
to 90 mAhg-1, is given.
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Figure 4-77: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c), b (d) and
c (e) of reduced/oxidised RP-type orthorhombic #1,orthorhombic #2, monoclinic #1 and monoclinic #2 phases in the
anode sides of cells Pb/PbF2 against La2NiO3F2 charged to 90 mAhg-1 and subsequently discharged to different cutoff capacities. For the calculation of the relative phase fractions of the RP-type phases, the phase fraction of
La0.9Ba0.1F2.9 was not taken into account.

A comparison of the diffraction patterns of an oxidized cathode side (charged to 739 mAgh-1)
of a La2NiO3F2 against Pb/PbF2 cell and a reduced and subsequently oxidized (charged to
90 mAhg-1 and subsequently discharged to 395 mAhg-1) anode side of a Pb/PbF2 against
La2NiO3F2 cell is given in Figure 4-78. The reduction of La2NiO3F2 followed by its oxidation
leads to a smaller phase fraction of the orthorhombic #1 starting phase and considerably
higher phase fractions of the monoclinic #2 phase at lower capacities and potentials
compared to the direct oxidation (for better comparability of phase fractions at other charging
capacities of La2NiO3F2 against Pb/PbF2 cells, see also Figure 4-69 a). The results suggest that
a prior defluorination facilitates the electrochemical fluorination process under formation of
Ni3+. This might result from anion disorder introduced on the defluorination of the starting
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material, aiding anion migration and thus facilitating the formation of the highly fluorinated
state. Comparable phase fractions of the orthorhombic #1 and monoclinic #2 phases are only
obtained at much higher charging capacities in the direct oxidation of the cathode material.

Figure 4-78: Comparison between selected angular ranges of Rietveld refinements of X-ray diffraction data of the
cathode side of a cell La2Ni2O3F2 against Pb/PbF2 heated to 170 °C for 72 h, of the cathode side of a cell La2Ni2O3F2
against Pb/PbF2 charged to 739 mAhg-1 and of the anode side of a cell Pb/PbF2 against La2Ni2O3F2 charged
to 90 mAhg-1 and subsequently discharged to 395 mAhg-1. For full refinements, see Figure 6-16 in the appendix.

4.2.2.4 Electrochemical re-defluorination of the oxidised La2NiO2F2+x
Similar to the re-oxidation of the reduced RP-type phases, re-reduction experiments on the
oxidized phases were performed via discharging of previously defluorinated (charged to
90mAhg-1) La2NiO3F2 against Pb/PbF2 cells. A first discharging plateau is located between
~ 0.55 and 0.45 V against Pb/PbF2 covering ~ 20 mAhg-1 of discharge capacity (Figure 4-79).
Within this plateau, the orthorhombic #1 starting phase La2NiO3F2 is fully regained and the
monoclinic #2 phase disappears (Figure 4-80 and Figure 4-81 a). This shows that full
structural reversibility is found for charging and discharging within the positive potential
range making the cathode composite a promising candidate for its application in reversible
intercalation-based FIBs (see section 4.2.2.6). The changes in unit cell volumes and lattice
parameters of the orthorhombic #1 and monoclinic #2 phases (Figure 4-81 b-e) indicate that
the discharging in this potential range leads to an extraction of fluoride ions and, therefore, to
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a reduction of the Ni3+ to Ni2+. With respect to the relative phase fraction of the monoclinic
#2 phase of ~ 30 % found within the cathode side of the cell after charging and its
composition close to La2NiO3F3, the corresponding theoretical discharge capacity for the
reduction of Ni3+ to Ni2+ is in good agreement with the observed length of the first
discharging plateau. Since the potential of this plateau is relatively high, side reactions seem
to play a minor role.

Figure 4-79: Charging and discharging curve of a cell La2NiO3F2 against Pb/PbF2 charged to 90 mAhg-1 and
subsequently discharged to 448 mAhg-1. The arrows show various cut-off capacities, to which different cells were
discharged.

Discharging the cells to negative potentials, a second extended sloping plateau occurs
between ~ -0.35 and -1.5 V, where a discharge capacity of ~ 448 mAhg-1 is obtained. The
formation of the orthorhombic #1 phase (space group: Cccm, lattice parameters at
448 mAhg-1: a = 12.917(9) Å, b = 5.750(2) Å, c = 5.591(2) Å, β = 88.99(4)°) can be
followed from the changes of the X-ray diffraction patterns of cells, which were discharged to
different cut-off capacities (Figure 4-80). The same phase with similar lattice parameters has
also been observed for a direct defluorination of the anode composite (see section 4.2.2.1).
The evolutions of phase fractions, unit cell volumes and lattice parameters are given in Figure
4-81 a-e.
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Figure 4-80: X-ray diffraction patterns of cathode sides of different cells La2NiO3F2 against Pb/PbF2 charged to
90 mAhg-1 and subsequently discharged to various cut-off capacities. For reference, a cell, which was only charged
to 90 mAhg-1, is given.

166

Figure 4-81: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c), b (d) and
c (e) of reduced/oxidised RP-type orthorhombic #1, monoclinic #2 and monoclinic #1 phases in the cathode sides of
cells La2NiO3F2 against Pb/PbF2 charged to 90 mAhg-1 and subsequently discharged to different cut-off capacities.
For the calculation of the relative phase fractions of the RP-type phases, the phase fraction of La0.9Ba0.1F2.9 was not
taken into account.

A comparison between diffraction patterns of a directly reduced anode side (charged to
90 mAhg-1) of a Pb/PbF2 against La2NiO3F2 cell and an oxidized and subsequently reduced
(charged to 90 mAhg-1 and subsequently discharged to 448 mAhg-1) cathode side of a
La2NiO3F2 against Pb/PbF2 cell is given in Figure 4-82. Even though smaller phase fractions of
the orthorhombic #1 phase (as well as no orthorhombic #2 phase) and larger phase fractions
of the monoclinic #1 phase are obtained after discharging to 448 mAhg-1, the influence of the
previous oxidation of La2NiO3F2 on the formation of the reduced monoclinic #1 phase seems
to be not as severe as for the opposite sequence of reduction followed by oxidation (see
section 4.2.2.3). Especially, since the much higher discharge capacity of 448 mAhg-1 as
compared to 90 mAhg-1 of a directly reduced cell has to be taken into account. This limited
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influence of the previously performed slight fluorination might be related to a smaller extent
of introduced disorder.

Figure 4-82: Comparison between selected angular ranges of Rietveld refinements of X-ray diffraction data of the
anode side of a cell Pb/PbF2 against La2Ni2O3F2 heated to 170 °C for 72 h, of the anode side of a cell Pb/PbF2
against La2Ni2O3F2 charged to 739 mAhg-1 and of the cathode side of a cell La2Ni2O3F2 against Pb/PbF2 charged
to 90 mAhg-1 and subsequently discharged to 448 mAhg-1. For full refinements, see Figure 6-16 in the appendix.

4.2.2.5 Investigation of side reactions
When comparing theoretical capacities for the extraction and intercalation of one fluoride ion
to the obtained capacities of the reduction and oxidation experiments, it becomes apparent
that side reactions are taking place, which do not affect the RP-type phases.
Grenier et al. 26 investigated the electrochemical stability of an electrolyte La1-xBaxF3-x in its
pure form and in a composite with carbon. It has been shown that the pure electrolyte starts
to decompose at potentials beyond ~ 5 V vs. Li (~ 2.7 V vs. Pb/PbF2), showing the large
electrochemical window of the electrolyte. Potentials > 5 V are much higher than the used
potentials in electrochemical fluorination experiments. The electrochemical activity of the
carbon within a composite with the electrolyte was observed at lower potentials of ~ 4.2 to
4.8 V vs. Li (~ 1.9 to 2.5 V vs. Pb/PbF2), which is related to an early onset of the irreversible
fluorination of C leading to the formation of electronic insulating CFx species and minor
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degrees of electrolyte decomposition. This shows that the electrochemical window needs to be
narrowed to avoid the carbon fluorination.
In order to differentiate, in which potential range the fluorination of the active material
and/or the carbon additive occurs, cyclic voltammograms of cells La2NiO3F2 vs. Pb/PbF2 and
La0.9Ba0.1F2.9 + CB vs. Pb/PbF2 were recorded (Figure 4-83). It should be emphasised that the
used cathode composite, containing the active RP-type La2NiO3F2, contains also
La0.9Ba0.1F2.9 and CB, while the cathode composite denoted as ‘La0.9Ba0.1F2.9 + CB’ is only
comprised of La0.9Ba0.1F2.9 and CB. It can be followed that a clear separation between the
oxidation of the active material and the carbon additive is not possible. Moreover, in the cell
La0.9Ba0.1F2.9 + CB vs. Pb/PbF2, the fluorination of carbon seems to be largely irreversible since
no current is observed in the anodic branch, whereas a certain reversibility is found for the
La2NiO3F2 vs. Pb/PbF2 cell. This suggests that the carbon fluorination is also irreversible in
cells containing the active material. It has also to be taken into account that La2NiO3F2 (or
La2NiO4.13) used here in a composite with La0.9Ba0.1F2.9 and CB could have an additional
catalytic effect on the fluorination of carbon resulting in the formation of CFx at lower
potentials. 19 In comparison to the reported onset of carbon fluorination and electrolyte
decomposition 26, reactions at lower potentials are observed in the electrode composite
containing only La0.9Ba0.1F2.9 and CB.

Figure 4-83: Cyclic voltammograms of cells La2NiO3F2 against Pb/PbF2 and La0.9Ba0.1F2.9 + CB against Pb/PbF2. A scan
rate of 0.01 mVs-1 between 3 and 0 V starting from the OCV.

A possible reduction of the carbon additive, presumably due to a release of surface-adsorbed
oxygen or via a reaction with La or Ba of the electrolyte La0.9Ba0.1F2.9, could also cause side
reactions alongside the actual reduction of the active material. A potential reduction involving
a reaction between carbon and the electrolyte (simplified to the expression LaF3) could be
imagined to take place via the following reaction equation
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Different reaction mechanisms for this proposed reaction are conceivable. With respect to the
size of La3+ (ionic radius of La3+: 1.032 Å)54, the intercalation of La3+ between the graphene
layers of graphite-like carbon in carbon black might be possible since the interlayer spacing in
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graphite is 3.35 Å 265. As has been shown for other cations (e.g. Na+, K+ (ionic radii of Na+:
1.02 Å and of K+: 1.38 Å)54) 266, 267, such an intercalation of La3+ could be assumed to result in
a staged intercalation. While the graphite lattice can host the larger K+ ions up to a
concentration of KC8 268, which corresponds to a capacity of ~ 279 mAhg-1, only NaC64 269 can
be formed due to the intercalation of Na+. This low Na+ contents corresponds to a low
capacity of ~ 35 mAhg-1. This shows that not only the size of the cation, but also
thermodynamic considerations have to be taken into account. 270, 271 In addition to this,
stronger electrostatic interactions of the trivalent lanthanum cation in comparison to the
monovalent alkali metal ions should have a strong influence on the feasibility of intercalation
reactions. For example, Al3+ cannot be intercalated into graphite. 272 Therefore, more
reasonably would be insertion into distorted parts and adsorption into pores of the carbon
black particles or reactions at grain boundaries or defect sides. These could lead to an
absorption and clustering of La3+ in pores and/or adsorption processes at the surfaces and
defects, as it is also found for the sodiation of hard carbon. 273
The presence of such side reactions becomes also evident on investigating the reduction of
La2NiO4.13 within Pb/PbF2 against La2NiO4.13 cells (Figure 4-84). Here, only the reduction to
La2NiO4 (space group: Bmeb) 44, i.e., the reduction from Ni3+ to Ni2+, is observed between
~ -0.3 and 0.3 V vs. La2NiO4.13 showing that interstitial oxide can be also deintercalated using
the FIB set-up. No additional structural changes of the RP-type phase (Figure 4-84 b) occur
when charging beyond a subsequent plateau (~ 0.6 to 1.5 V vs. La2NiO4.13). Since no further
reduction of La2NiO4 to La2NiO4-x, i.e., the formation of Ni+, can be observed, this also
highlights the importance of the presence of interstitial oxide or fluoride anions, for the
facilitation of the electrochemical reductions. In contrast to La2NiO4, La2NiO3F2 is rich in
interstitial anions making a reduction from Ni2+ to Ni+ feasible. Moreover, the much higher
cell potentials of > 0.6 V of cells Pb/PbF2 vs. La2NiO3F2, needed to access the reaction under
the deintercalation of fluoride in comparison to the reduction of La2NiO4.13, point to the
formation of low-valent Ni.
The observed plateau between ~ 0.6 to 1.5 V vs. La2NiO4.13, which is purely related to side
reactions, coincides with the first plateau observed for the electrochemical reduction of
La2NiO3F2. This indicates that alongside the actual reduction of La2NiO3F2 side reactions take
place, which do not affect the RP-type phases further.

Figure 4-84: a) Charging curves of cells Pb/PbF2 against La2NiO4.13 charged to of 17, 283 and 350 mAhg-1; b) XRD
diffraction patterns of the anode sides of different cells Pb/PbF2 against La2NiO4.13 charged to 17, 283 and
350 mAhg-1. For reference, a cell, which was only heated, is given. For the Rietveld refinements, see Figure 6-21 in
the appendix.
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Cyclic voltammograms of cells Pb/PbF2 against La2NiO3F2 and Pb/PbF2 vs. La0.9Ba0.1F2.9 + CB
(Figure 4-85) confirm the findings obtained for the reduction of the La2NiO4.13. Again, the
reduction of the CB in the cell Pb/PbF2 vs. La0.9Ba0.1F2.9 + CB seems to be widely overlapping
with the electrochemical activity recorded for the cell Pb/PbF2 against La2NiO3F2 containing
La2NiO3F2 and CB. For both cells, no reversibility can be observed.

Figure 4-85: Cyclic voltammograms of cells Pb/PbF2 against La2NiO3F2 and Pb/PbF2 against La0.9Ba0.1F2.9 + CB.

Even though the separation of the electrochemical signals belonging to the fluorination or
defluorination of La2NiO3F2 and the oxidation or reduction of the carbon additive,
respectively, is not possible, surface sensitive XPS measurements show clear changes of the
carbon C 1s signals, which are related to the oxidation and reduction of the carbon (Figure
4-86). The pristine anode composite possesses a C 1s signal at ~ 284.4 eV, which is
characteristic for carbon black. 207 The spectrum of the reduced anode composite features a
shoulder at lower binding energies indicating a partial reduction of the carbon species. For the
oxidized cathode composite, a shift of the main signal of ~ 0.5 eV towards higher binding
energies suggests the oxidation of the carbon. This is also in accordance with previous
findings made when electrochemically fluorinating La2NiO4.13. 19
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Figure 4-86: C 1s XPS spectra of the anode composite containing La2NiO3F2 after milling, of the anode side of a cell
Pb/PbF2 against La2NiO3F2 charged to 90 mAhg-1 and of the cathode side of a cell La2NiO3F2 against Pb/PbF2
charged to 180 mAhg-1.

4.2.2.6 Cycling of cells containing La2NiO3F2-based electrodes
Since the structural reversibility of the charged La2NiO3F2+x is observed within the positive
potential range upon discharging when using La2NiO3F2 as active cathode material (see
4.2.2.2.2), the application of it in a reversible FIB might be possible. To address the cycling
performance on extended cycling, cells La2NiO3F2 vs. Pb/PbF2 were cycled between different
charging cut-off capacities of 30, 60 and 90 mAhg-1 and subsequently discharged to 0 V
against Pb/PbF2. The cycling curves are given in Figure 4-87 a-c. As has been also found for
the reversible cycling of La2NiO4.13 vs. M/MF2 with M = Pb, Zn 19, the choice of suitable
charging cut-off capacities plays herein an important role. The best charging behaviour is
found for low charging capacities of 30 mAhg-1, while the cells with higher charging capacities
fail significantly faster. This becomes apparent when comparing the charging capacities
needed to reach the second charging plateau at potentials above 2 V of the cycled cells and of
the cell that was only charged once (see section 4.2.2.2). The early onset of the second
plateau at such low capacities after a few cycles could show that considerable amounts of the
cathode composite containing the electrochemically active La2NiO3F2 peel-off, possibly due to
larger volume changes related to higher charging states. A major role could also play side
reactions, which lead to the increasing formation of diffusion barriers for fluoride ions and
electrons at the interface between the active material and carbon black. These barriers hinder
the reversible intercalation of fluoride ions into the RP-type phases via the ionically
conductive electrolyte due to progressive deterioration of the carbon matrix within the
composite, which is needed to ensure sufficient electron conduction for the occurring redox
reactions, resulting in higher over-potentials in consecutive cycles during charging. On the
other hand, these barriers may result in a stable interface between the active material and
carbon black, as soon as the fluoride ion incorporation into the carbon additive, resulting in
the increasing formation of insulating CFx species 19, is effectively suppressed. The formation
of these CFx species seems to take place largely simultaneously with the fluorination of the
RP-type phase and becomes more dominant at higher capacities, which impedes the long-term
cycling performance. Interestingly, increasing over-potentials are only observed during
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charging, indicating that the destruction of the carbon matrix impedes only the intercalation
of fluoride, while the re-defluorination process seems to be widely unaffected. For cells only
charged to the cut-off capacity of 30 mAhg-1, the side reactions seem to be less pronounced,
leading to a longer cyclability over at least 50 cycles. This is further confirmed by the
Coulombic efficiencies (Figure 4-87 d), which give information about the extent of irreversible
side reactions. Even though the efficiencies are relatively low for the cells charged to
30 mAhg-1, the cells charged to 60 and 90 mAhg-1 possess significantly lower efficiencies. This
suggests that more side reactions are taking place within these cells. Interestingly, the
Coulombic efficiencies increase for all cells for increasing cycle numbers before they fail.
Especially for the cell charged to 30 mAhg-1, a significant increase of the efficiency of ~ 36 %
over the first 50 cycles can be observed.

Figure 4-87: Cycling curves of cells La2NiO3F2 against Pb/PbF2 cycled between the charging cut-off capacity
30 mAhg-1 (a), 60 mAhg-1 (b) and 90 mAhg-1 (c) and the discharging cut-off voltage 0 V. Coulombic efficiencies of
cells (c) are additionally given. For comparison, the Coulombic efficiencies of a cell La2NiO3F2 against Zn/ZnF2 cycled
between the charging cut-off capacities of 30 mAhg-1 and the discharging cut-off voltage of 0 V is given.

It has been also shown that the use of Zn/ZnF2 as counter electrode can improve the cycling
performance of intercalation-based RP-type cathode materials, e.g. La2CoO4 or La2NiO4.13. 19, 29
When, however, charging La2NiO3F2 against Zn/ZnF2 instead of Pb/PbF2 considerably worse
cycling performances are obtained with increasing over-potentials and significant capacity
fading after the fifth cycle (Figure 4-87 d). The cycling curves and the Rietveld refinement of
a cell La2NiO3F2 against Zn/ZnF2 can be found in Figure 6-22. This increase in over-potentials
might be related to the lower redox potential of Zn|ZnF2 compared to Pb|PbF2 (see Figure 456), leading to higher potentials needed to oxidise the RP-type phases and a potentially
stronger carbon fluorination at lower potentials or an increased overlapping with the desired
fluorinated reaction of the RP-type phases. The fluorinated carbon could then cause a
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progressive increase of the over-potentials due to the decreasing electronic conductivity
within the cathode composite.
To investigate structural changes of cells cycled between the cut-off conditions of 30 mAhg-1
and 0 V with respect to the cycle number, cells were cycled for various cycle numbers.
Additionally, some cells were cycled over several cycles followed by a charging step to analyse
the charged state after several cycles (Figure 4-88). In accordance with section 4.2.2.2, after
the first charging to 30 mAhg-1, no significant structural changes are observed (see Figure
6-23). For higher cycle numbers, cells in the charged state show considerable amounts of the
fluorinated monoclinic #2 and orthorhombic #3 phases (Figure 4-89). This indicates that
substantial fluorination is only obtained after a few cycles. The reversible formation of the
orthorhombic #3 phase, which seems to have a smaller fluoride content than the
monoclinic #2 phase becomes more dominant for higher cycle numbers within the first 10
cycles. This is in contrast to the cells, which were only charged once (see section 4.2.2.2), in
which the monoclinic #2 phase is dominating. Diffraction data of cells in their charged state,
which were cycled for more than 10 cycles, would be a useful addition at this point to see
which of the fluorinated phases is formed at higher cycle numbers. These cells could,
however, not be prepared due to time limitations.
The discharged state of cycled cells could, on the other hand, also be investigated for higher
cycle number (Figure 4-88 and Figure 4-89). For low cycle numbers (at least in the first ten
cycles), the starting phase orthorhombic #1 is regained and the fluorinated monoclinic #2
and orthorhombic #3 phases disappear. The overall intensity of the reflections of the RP-type
phases decreases, however, compared to the intensity of the reflection of the unaffected
electrolyte La0.9Ba0.1F2.9 for higher cycle numbers. This suggests that the structural changes in
the RP-type phases are not fully reversible after prolonged cycling and the cycling results in
partial decomposition and amorphisation. Moreover, after cycling over 20 and 50 cycles, an
additional intermediate phase is found besides the orthorhombic #1 phase in the discharged
state of the cell. This phase exhibits a unit cell volume slightly higher than the volume of the
orthorhombic #1 phase, which confirms that major fractions of the intercalated fluoride ions
present in the fluorinated phases after charging can be extracted upon discharging. However,
a complete defluorination under the re-formation of the orthorhombic #1 phase seems to be
impossible after extended cycling, potentially related to the introduction of significant
disorder in the anion sublattice. Additionally, the phase fraction and the unit cell volume of
the intermediate phase is found to increase between the 20th and the 50th cycle significantly.
This likely indicates that more fluoride ions are trapped within the host lattice of the
intermediate phase for higher cycle numbers and/or that the effect of disorder becomes more
pronounced.
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Figure 4-88: Comparison of Rietveld refinements of XRD data of cathode sides of a cell La2NiO3F2 against Pb/PbF2
heated to 170 °C for 72 h (discharged state) and of cycled cells La2NiO3F2 against Pb/PbF2 after the 10th charging
(charged state), after the 20th discharging (discharged state) and after the 50th discharging (discharged state). For
full refinements, see Figure 6-23 in the appendix.
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Figure 4-89: Relative phase fractions of RP-type orthorhombic #1, monoclinic #2 and orthorhombic #3 phases as
well as an intermediate phase in the cathode sides of cells La2NiO3F2 against Pb/PbF2 cycled for various cycle
numbers between the charging cut-off capacity 90 mAhg-1 and the discharging cut-off potential 0 V. The fractions
of cathode sides of cells within the charged (a) and discharged (b) state and the volumes within the charged (c)
and discharged (d) state are shown. For the calculation of the relative phase fractions of the RP-type phases , the
phase fraction of La0.9Ba0.1F2.9 was not taken into account. Lattice parameters are given in Figure 6-24 and Figure
6-25 in the appendix.

This shows that for high cycle numbers a cycling between the fluorinated orthorhombic #3
and monoclinic #2 phases formed during charging and the intermediate phase formed during
discharging takes place. Interestingly, the Coulombic efficiencies of these higher cycle
numbers increase significantly compared to the cycles, in which the fluorinated phases are
completely re-defluorinated to the orthorhombic #1 phase. It can be concluded that the
cyclability between the intermediate phase and the orthorhombic #3 and monoclinic #2
phases is significantly improved. This could be related to a higher degree of anion disorder in
the intermediate phase and the correlated structural distortions in comparison to the
orthorhombic #1 phase, which facilitates the fluoride intercalation during the subsequent
charging. For the anion-ordered orthorhombic #1 phase with orthorhombic Cccm symmetry it
was shown (see section 4.1.3.1.2) that anions (no differentiation is made between oxide and
fluoride ions at the apical and interstitial sites here) occupy the 4b interstitial anion site in a
channel-like manner, which is accompanied by a strong tilting of the NiO4F2 octahedra. An
occupation of the vacant 4a site would be unfeasible, i.e., energetically unfavourable, due to
the short distances to the apical anions. Within an energy scheme, this would be reflected in a
higher site energy of the 4a interstitial site in comparison to the 4b site in the ordered
La2NiO3F2 (Figure 4-90). In partly disordered La2NiO3F2, which could be formed upon
repeated cycling between the fluorinated phases and the re-defluorinated phases, the site
energies of the two interstitial sites approach each other, as the 4b site becomes less
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favourable and the 4a site more favourable. This can only take place if the strong tilting
observed in the ordered La2NiO3F2 is less pronounced in the disordered state in order to make
a filling of the previously unoccupied interstitial site by fluoride feasible, as is also observed
for the highly fluorinated phases (see section 4.2.2.2.1 and 4.2.2.2.2). Strong structural anion
movements related to the tilting of the octahedra upon repeated fluorination and complete redefluorination are energetically costly. Therefore, cycling between the fluorinated and the
intermediate phase are more efficient and a better cyclability can be found. Similar
considerations concerning the site energies can be made for the defluorination of La2NiO3F2. It
should be mentioned that in such a disordered phase not only two distinctive energy levels of
the interstitial sites are present, but rather a continuous distribution of energies. This is
related to different local environments of the individual interstitial anions and vacancies. This
could also explain the transition from a plateau-like to more sloping charging and discharging
plateaus in the cycling curves (see Figure 4-88).

Figure 4-90: Illustration of energies of the 4a and 4b interstitial sites in ordered and disordered La2NiO3F2.

A comparable influence of repeated charging and discharging, leading to the introduction of
disorder in anion ordered compounds, can be ruled out for RP-type oxides or oxyfluorides
with symmetries, which result in the presence of a single interstitial site. For example, in the
study on the oxidative electrochemical fluorination of La2NiO4.13 to La2NiO4.13Fy, only phases
with tetragonal I4/mmm or orthorhombic Fmmm symmetry have been observed. 19 In these
phases, only one interstitial site with one specific energy is present, which is related to the
absence of tilting of the NiO6 octahedra (compare Figure 4-74 c). Therefore, all anions at the
interstitial site have, in principle, the same energy.
When using La2NiO3F2 as active anode material, the reversibility of the RP-type phases after
charging is only observed after discharging to negative potentials (see section 4.2.2.3).
Therefore, the application of this anode material in combination with a Pb/PbF2-based
cathode material is not feasible for the energy storage in FIBs. However, the FIB setup might
be usable to evoke reversible property changes related to the structural changes observed
upon charging and discharging of the cell. As for the cells La2NiO3F2 vs. Pb/PbF2, the cut-off
conditions are of great importance for an extended cycling life. In analogy to the previously
investigated cells, charging cut-off capacities of 30 and 60 mAhg-1 were used. The choice of a
suitable discharging cut-off condition is difficult. Based on the experiments conducted in
section 4.2.2.3, the starting RP-type phases in the anode composite are regained after
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discharging to ~ -1.1 V against La2NiO3F2. It can, however, be expected that the overpotentials increase with each cycle. This would require to lower the discharging cut-off
condition accordingly, in order to ensure that the end of the plateau related to the oxidation
of the reduced RP-type phases is reached, though avoiding an additional oxidation to
La2NiO3F2+x. Especially, the latter point is difficult to achieve due to the small potential
separation between the associated plateaus. Since an adjustment of the cut-off potential is not
possible, a constant potential of - 1.15 V was chosen as cut-off criterion. Nevertheless, it
should be emphasised that lower potentials seem reasonable with regards to the obtained
results. The cycling curves for the first ten cycles are shown in Figure 4-91. Progressively
increasing over-potentials, in particular during charging, are observed. When charging to the
higher charging cut-off capacity of 60 mAhg-1, larger increases in the over-potentials are
found. For the cell charged to 30 mAhg-1, only relatively small discharge capacities are found
with almost no distinctive plateau visible within the first cycles. Even if ignoring the capacity
related to fluorination reactions of carbon additive, which might also take place in this
potential range during discharging, only a small capacity, which can be assigned to the refluorination of the RP-type phases obtained during charging, is observed. Therefore, it can be
concluded that only a limited reduction of the RP-type phases occurs during charging in the
first cycles. A considerable increase of the discharge capacities is, however, observed for
higher cycle numbers. Similar to what is observed for the cells La2NiO3F2 against Pb/PbF2
charged to 30 mAhg-1, this indicates that substantial defluorination during charging and the
respective fluorination during discharging is only obtained after a few cycles, i.e., only after
the anion disorder introduced in the starting material on the defluorination is increased cycle
by cycle above a certain level, facilitating then the subsequent reduction. For the cell charged
to 60 mAhg-1, due to the increased reduction of the RP-type phases as a result of the higher
charging cut-off capacity, the discharging capacities are higher starting from the first cycle
and increase up to the third cycle, before fading significantly in the following cycles. This
fading suggests that the reversible reduction and re-oxidation of the RP-type phases decrease.
This can be assigned to the occurring side reactions, which should also take place increasingly
during discharging. A strong interdependence between the decrease of the desired reactions
involving the RP-type phases and the increase of side reactions is found. Since the Coulombic
efficiencies are relatively low, especially for the cell charged to 60 mAhg-1, irreversible side
reactions seem to play a major role, destroying the conductive carbon matrix and leading to
increasing over-potentials during charging. Interestingly, during discharging, the plateau does
not seem to be shifted towards more negative potentials. It might, however, be possible that a
full re-oxidation of the reduced RP-type phase obtained during charging is not achieved
before the discharging is cut-off at -1.15 V, i.e., before the end of the re-oxidation plateau is
reached. Since only a limited reduction of the RP-type phases can be achieved upon charging,
it can be expected that the repeated charging causes at some point mainly side reactions,
which in turn cause even higher over-potentials. Therefore, limiting the charging capacity
further might be of a high relevance in order to limit the side reactions as much as possible. In
addition, a lower discharging cut-off potential might be favourable. A detailed analysis of
diffraction data of anode sides of cells in the charged and discharged state cycled for different
cycle numbers would be clearly informative, was, however, not performed due to time
restrictions and the fairly poor cycling performances observed in comparison to previously
discussed cells, in which La2NiO3F2 was used as active cathode material.
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Figure 4-91: Cycling curves of cells Pb/PbF2 against La2NiO3F2 cycled between the charging cut-off capacity
30 mAhg-1 (a) and 60 mAhg-1 (b) and the discharging cut-off voltage -1.15 V

The use of intercalation-based electrodes, e.g. a La2NiO4+d-containing cathode composite and
a La2NiO3F2-containg anode composite, might result in high energy densities due to the
comparatively high cell potential of such a FIB cell (compare Figure 4-56). First attempts to
cycle cells La2NiO4+d against La2NiO3F2 were performed. As it is discussed above, the side
reactions, occurring in both electrode composites, could limit the cycling performance
substantially, especially since the side reactions would potentially take place before or
simultaneously with the desired reactions involving the RP-type phases. The charging cut-off
capacity was chosen to be 30 mAhg-1. The discharging cut-off condition was selected based on
preliminary discharging experiments (see Figure 6-26 and Figure 6-27). For potentials below
~ -1.7 V against La2NiO3F2, it is found that the substantial additional fluorination of
La2NiO3F2 to La2NiO3F2+x and reduction of La2NiO4+d to La2NiO4 take place. Therefore, a
discharging cut-off potential of -1.6 V was used. It should, however, be mentioned that a
higher potential (e.g. ~ -1.1 V) might be also suitable. When using this higher cut-off
potential, the second discharging plateau observed in the first cycle (Figure 4-92), potentially
already related to the additional fluorination of La2NiO3F2 and reduction of La2NiO4+d, would
also not be obtained. The structural changes taking place in this capacity range, especially
within the first cycle, are, however, very subtle and additional experiments need to be
conducted to determine the optimal cut-off potential.
Nevertheless, when cycling a cell La2NiO4+d against La2NiO3F2 between 30 mAhg-1 and -1.6 V,
a comparatively good cycling performance is found over at least 40 cycles. Even though
higher over-potentials between the charging and discharging plateaus are observed compared
to cells La2NiO4+d against Pb/PbF2 19, continuously increasing Coulombic efficiencies are
obtained. For the use of cells La2NiO4+d against La2NiO3F2 for effective reversible energy
storage, these high over-potentials, allowing only for substantial discharging in the negative
potential range, are detrimental and a significant reduction of the over-potentials is required.
For cells La2NiO4+d against Pb/PbF2 19, on the other hand, the discharging has been found to
take place in the positive potential range. This shows that the use of the intercalation-based
La2NiO3F2 anode composite instead of the conversion-based Pb/PbF2 has a significant
influence on the observed over-potentials. The exact origin and nature of these over-potentials
are not known yet. However, in comparison to cells Pb/PbF2 against La2NiO3F2, a significantly
better performance with an overall lower increase of the over-potentials after 40 cycles and
comparatively good efficiencies is observed. This could be related to the fact that the major
discharging takes place at higher potentials compared to the Pb/PbF2 against La2NiO3F2 cells,
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suggesting fewer side reactions, leading to the destruction of the carbon matrix. Therefore, it
can be concluded that a higher degree of the desired redox reactions involving the PR-type
phases is found. This demonstrates the strengths and weaknesses of FIBs purely made from
intercalation-based electrode materials.
If the discharging below ~ -1.1 V leads actually already to the additional fluorination of
La2NiO3F2 and reduction of La2NiO4+d, this might explain the additional charging plateau
between ~ 0.2 and 0.6 V, most distinctly pronounced in the second cycle, since it could be
related to the re-reduction of La2NiO3F2+x and partial fluorination of La2NiO4. Further
investigations are clearly required to relate the observed plateaus to the respective redox
reactions involving the RP-type phases. Furthermore, the absence of the second discharging
plateau after the first cycle, while the charging plateau between ~ 0.2 and 0.6 V is still
present for charging numbers equal or larger than 3, needs to be addressed.

Figure 4-92: Cycling curves of cells La2NiO4+d against La2NiO3F2 cycled for 40 cycles between the charging cut-off
capacity 30 mAhg-1 and the discharging cut-off voltage -1.6 V

4.2.2.7 A critical assessment of magnetisation studies on electrochemically obtained
La2NiO2F2-x and La2NiO2F2+x phases
Reversible electrochemical reactions as observed for La2NiO3F2 should also result in the
change of magnetic properties and a switching between distinctive magnetic states of the
obtained phases should be possible. Such a switching between the magnetic states of
La2NiO3F2 and La2NiO3F2-x or of La2NiO3F2 and La2NiO3F2+x, are certainly conceivable. For
example, the reversible electrochemical defluorination and re-fluorination of La2NiO3F2 and
La2NiO3F2-x, respectively, should allow for a switching between the antiferromagnetic state of
La2NiO3F2-x and the paramagnetic state of La2NiO3F2, since La2NiO3F2 orders
antiferromagnetically at lower temperatures compared to La2NiO3F2-x (see section 4.1.3.4).
For a temperature below the transition temperature of La2NiO3F2, a switching between the
antiferromagnetic states of La2NiO3F2 and La2NiO3F2-x might be potentially observed. For
La2NiO3F2+x, depending on its magnetic behaviour, similar switching processes could be
possible. Since only phase transitions between paramagnetic and/or antiferromagnetic states
occur, the correlated magnetisation changes can be expected to be small for all considered
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cases, especially when phase mixtures of two (or more) RP-type phases in addition to large
phase fractions of the electrolyte are present in the electrodes of the cells.
In order to asses, which magnetic transitions occur at which temperature, the intrinsic
magnetic properties of these phase have to be known. The magnetic behaviours of La2NiO3F2
and La2NiO3F2-x are discussed in section 4.1.3.4. For these samples, detailed analyses were
possible based on SQUID and/or neutron diffraction measurements. The possibility to
synthesise the reduced RP-type phase via the proposed topochemical defluorination method
enables its analysis. The found magnetic characteristics should be transferrable to the phases
present within the cell after the galvanostatic charging. It is, however, not possible to
synthesise La2NiO3F2+x by any method other than the used electrochemical approach and even
then contains the scratched-off electrode composite several RP-type phases, which order
potentially magnetically, and only small sample amounts of 2 to 3 mg can be obtained.
Nevertheless, it was attempted to investigate the magnetic properties of La2NiO3F2+x via a
M(T) measurement of a scratched-off cathode side of a charged cell La2NiO3F2 vs. Pb/PbF2
(Figure 4-93). The Rietveld analysis of the cathode side on the intact pellet reveals relative
phase fractions of the RP-type phases of ~ 90 % of the oxidized monoclinic #2 phase and
~ 10 % of La2NiO3F2. In addition to the RP-type phases, a large part of the sample consists of
diamagnetic La0.9Ba0.1F2.9 and CB. Their contributions to the magnetisation were subtracted
from the measurements. 206 The divergence between the ZFC and FC curves indicate that a
weak antiferromagnetic transition takes place. Above ~ 56 K, a paramagnetic behaviour is
found for both measurements. The increase of the magnetisation at lower temperatures
suggests the contribution of a weak ferromagnetic component. The presence of this
ferromagnetic component could be confirmed by a field-dependent measurement at 10 K,
showing a weak hysteresis. A Curie-Weiss fit (Figure 6-28) in the paramagnetic temperature
range from 150 to 250 K of the FC measurement (the ZFC measurements show unfortunately
a few jumps of the measurement data in this temperature range) reveals a magnetic moment
of ~ 2.79 µB per Ni ion. This moment corresponds to approximately two unpaired electrons.
This would, however, suggests that the spin-only moment of the RP-type phases within the
cathode materials has not changed significantly after charging in comparison to the starting
RP-type phase La2NiO3F2.
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Figure 4-93: ZFC and FC M(T) curves of a charged and scratched-off cathode side of a charged cell La2NiO3F2 vs.
Pb/PbF2 containing a large relative phase fraction of the monoclinic #2 phase. The inset shows the M(H) curve
measured at 10 K.

For the residual La2NiO3F2 within the cathode, no significant changes of the magnetic
properties compared to the measurements on pure La2NiO3F2 are expected. The M(T) curve of
pure La2NiO3F2 (Figure 4-21) shows, in principle, a similar behaviour, but with a much
stronger change in magnetisation above and below the Néel temperature, which could be
related to the much higher phase fraction of the phase in the pure sample. This suggests that
the measured transition is related to La2NiO3F2. Moreover, the small shift of the transition
temperature towards slightly higher temperatures in comparison to the measured transition
temperature of pure La2NiO3F2 at ~ 49 K indicates changes within the RP-type phases. To
what extent the transition temperature of the starting phase is changed due to the
electrochemical treatment, which also causes smaller compositional changes, is difficult to
determine and additional experiments would be required.
Considering the higher phase fraction of La2NiO3F2+x in the cathode composite, La2NiO3F2+x
should have a considerable contribution to the magnetisation. Assuming that a complete
additional fluorination of La2NiO3F2 to La2NiO3F3 takes place upon charging of cells La2NiO3F2
vs. Pb/PbF2, the d7 electron configuration of Ni3+ indicates an antiferromagnetic ordering
between the magnetic moments of the Ni ions below a certain transition temperature TN.
Depending on the spin state of Ni3+, either one (low-spin configuration) or three (high-spin
configuration) unpaired electrons can be expected. For the low-spin configuration, a JahnTeller distortion would be additionally expected. However, the superexchange interactions
might be reduced due the strongly increased distance between the perovskite-type building
blocks, caused by the intercalation of additional fluoride ions in comparison to La2NiO3F2,
which might even inhibit a three-dimensional ordering completely. 23-25 It becomes evident
that, as long as the magnetic properties of La2NiO3F2+x are not fully understood, an
unambiguous assignment of the found antiferromagnetic transition to one of the contained
RP-type phases is not possible, even though there are strong evidence for a predominant
contribution from the residual La2NiO3F2.
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In addition, a comparison between the XRD pattern of the scratched-off cathode side after the
SQUID measurement to the pattern of the intact pellet (Figure 6-29) shows the appearance of
additional reflections with relative high intensities, suggesting the presence of a relative large
phase fraction of an additional phase. This could suggest that a partial decomposition takes
place either during the scratching-off of the cathode side or the SQUID measurement. As this
phase could have a significant influence on the measured M(T) curve, its origin should be
discussed. This phase is presumably La0.5Zr0.5O1.75, which has been also found in very small
phase fractions (< 0.5 wt%) in other samples through this work (for example, in chemically
fluorinated La2NiO3F2+x (see Figure 4-72)). It is assumed that it is formed during the ball
milling process applied for the mixing of the precursor oxides for the synthesis of the RP-type
oxides. Over time, abrasion of ZrO2 from the used ball milling vial and balls could be
observed, resulting in the introduction of ZrO2 into the precursor mixture, leading finally to
the marginal formation of La0.5Zr0.5O1.75 upon sintering. The formation of this phase during
the scratching-off or the SQUID measurement, even if a partial decomposition takes place, can
be ruled out. The relatively high phase fraction of La0.5Zr0.5O1.75 found within the scratched-off
powder after the SQUID measurement is instead most probably related to the small sample
amount (~ 3 mg) and the resulting poor particle statistics of the XRD measurement. In
addition, the relative phase fractions of the RP-type phases and the electrolyte found suggest
that no major decomposition or amorphisation took place.
This shows that the changes of magnetic properties due to electrochemical fluoride
deintercalation or intercalation from or into La2NiO3F2 within FIBs are difficult to determine
based on SQUID measurements only. These changes could be only observed if strong
alterations of the magnetisation due to strong changes of the magnetic moments of the
investigated RP-type phases would occur. Chemical approaches to obtain the same
topochemical modifications, allowing the analysis of phase pure samples using other
characterisation techniques, are indispensable. The absolute change in magnetisation is
limited by the type of magnetic transitions observed in the investigated RP-type phases. In
addition, the small phase fractions of the RP-type phases in comparison to the phase fraction
of the diamagnetic electrolyte results in small changes of the magnetisation. With respect to
potential technological applications, higher absolute changes of the magnetisation are clearly
required and, therefore, reversible magnetic tuning is discussed in section 4.2.3 based on a
ferromagnetic RP-type oxides, which shows a considerably reduced magnetisation due to the
formation of antiferromagnetic or paramagnetic fluorinated phases upon electrochemical
fluorination within a FIB.

4.2.2.8 Summary
The topochemical modification of La2NiO3F2 can be achieved via electrochemical reactions in
FIBs when using La2NiO3F2 as active material in intercalation-based electrode composites. It is
shown that the reduction to La2NiO3F2-x, which contains Ni+, as well as the post-oxidation to
La2NiO3F2+x, which contains Ni3+, is possible. The successful defluorination using
electrochemical approaches was demonstrated for the first time. This is facilitated by the high
stability of the solid electrolyte La0.9Ba0.1F2.9 used in FIBs. Several reduced and oxidised RPtype phases can be identified. Charging and discharging state-dependent studies reveal the
appearance of these new phases and the occurring structural changes.
The electrochemical defluorination upon galvanostatic charging when using La2NiO3F2 as
active anode material in cells Pb/PbF2 vs. La2NiO3F2 results in the partial formation of a
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reduced phase with a similar monoclinic distortion and lattice parameters as found when
reducing La2NiO3F2 in a hydride-based defluorination reaction according to
La2NiO3F2 + x NaH with x = 0.25. In addition, less strongly reduced phases, undergoing
comparatively small structural changes compared to the starting RP-type phases and retaining
their symmetry (space group: Cccm), are found, suggesting a minor degree of defluorination.
It can be assumed that the similar structural changes of the monoclinic phases (space group:
C12/c1) obtained via both topochemical modification routes are related to similar degrees of
defluorination. As is determined via the coupled Rietveld analysis of the chemically reduced
phase, an approximate composition of La2NiO3F1.9 can be expected for the electrochemically
reduced phase. Therefore, it can be concluded that the reduction of La2NiO3F2 via
galvanostatic charging causes a partial defluorination of a fraction of the RP-type phases
within the anode composite. A stronger reduction could not be obtained when charging to
higher potentials/capacities. The investigation of the Ni oxidation state by means of X-ray
absorption spectroscopy confirms this partial reduction.
The use of La2NiO3F2 as active cathode material in cells La2NiO3F2 vs. Pb/PbF2 results in the
formation of differently strong oxidised phases upon charging. The strongest oxidised phase
undergoes a large volume expansion of ~ 7 Å³ due to an increase of the a lattice parameter.
This strong increase of a indicates that a significant change of the anion sublattice occurs,
which is most likely due to the filling of the vacant interstitial site, present in La2NiO3F2, by
fluoride leading to the formation of La2NiO3F2+x. This filling leads also to a symmetry
reduction to C12/c1. Moreover, significant phase fractions of the relatively unchanged starting
RP-type phase and of a less strongly oxidised orthorhombic phase with a unit cell volume
between that of the starting RP-type phase and the highly oxidised phases are found. To
investigate the crystal structure of the highly oxidised monoclinic phase by an independent
approach, automated diffraction tomography was used, confirming the proposed crystal
structure. The findings made by means of the used diffraction methods suggest a composition
of the highly oxidised phase of approximately La2NiO3F3. This phase could be prepared
chemically only in a limited phase fraction via a highly oxidising F2 gas oxidation approach.
The electrochemical fluorination leads to significantly higher phase fractions of La2NiO3F2+x by
a factor of ~ 7. This highlights the potential of electrochemical routes as alternatives for
topochemical modifications, which are exceedingly difficult to obtain using chemical routes.
The structural reversibility of the reduced and oxidised phases on re-fluorination and rereduction is also demonstrated. Furthermore, continued discharging to potentials lower than
the potentials needed for the re-fluorination and re-defluorination leads to the formation of
the respective additionally fluorinated or defluorinated phases from the re-fluorinated or redefluorinated phases. Especially when re-fluorinating the pre-reduced RP-type phases, the
continued fluorination leads to the formation of higher phase fractions of La2NiO3F2+x,
compared to the direct electrochemical fluorination of La2NiO3F2. This highlights the influence
of the synthesis strategy with a potential role of the introduction of anion disorder on the
resulting products.
The fact that the charging and discharging capacities are observed, which are well beyond the
theoretical capacities related to the intercalation and deintercalation of one fluoride ion
into/from La2NiO3F2, shows that undesired side reactions are taking place. Since these side
reactions seem not to affect the RP-type phases, reactions related to the conductive oxidation
or reduction carbon additive and/or the electrolyte La0.9Ba0.1F2.9 used could explain the
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observed large capacities. By means of cyclic voltammography it was found that these
reactions are mostly irreversible and occur largely simultaneously with the desired reactions
involving the RP-type phases. X-ray photoelectron spectroscopy measurements show further
that the oxidation and reduction of the carbon takes place largely in parallel to the
fluorination and defluorination of La2NiO3F2, respectively. Since these reactions involving the
carbon hamper the further reversible fluorination or defluorination reactions of the RP-type
phases due to a decreased electronic conductivity in the electrode composite, increasing overpotentials are found. To avoid such irreversible reactions as much as possible and to maintain
the facilitation of the fluorination or defluorination reactions of the RP-type phases, the
electrochemical window has to be narrowed.
This is also reflected in the cycling performance of cells Pb/PbF2 vs. La2NiO3F2, La2NiO3F2 vs.
Pb/PbF2 and La2NiO4+d vs. La2NiO3F2. Considerable changes of the charging and discharging
curves with increasing cycling numbers are found when charging to higher cut-off capacities,
especially at low cycles, and a limitation of the cut-off capacity to 30 mAhg-1 are found with
respect to the investigated cut-off capacities to be most favourable. For higher cut-off
capacities considerably worse Coulombic efficiencies, suggesting more irreversible reactions,
resulting in the destruction of the conductive carbon matrix and higher over-potentials in the
following charging steps with decreased reactions involving the RP-type phases, are observed.
In particular, for the cells Pb/PbF2 vs. La2NiO3F2 and La2NiO4+d vs. La2NiO3F2, large overpotentials are observed between the charging and the discharging plateaus, making a
discharging to the negative potential range for a substantial re-defluorination of the oxidised
La2NiO4+d composite or re-fluorination of the reduced La2NiO3F2 composite necessary.
Interestingly, a comparison between cells Pb/PbF2 vs. La2NiO3F2 and La2NiO4+d vs. La2NiO3F2
shows that a better cycling performance is obtained for the latter cells, showing the potential
of such purely intercalation-based cells.
For cells La2NiO3F2 vs. Pb/PbF2 a good cyclability over at least 50 cycles is found. Only for
these cells, a meaningful discharging, leading to a structural reversibility, is observed in the
positive potential range, making it a promising system for energy storage in FIBs. The
influence of increasing disorder of the interstitial anion sites, present in the re-defluorinated
La2NiO3F2, on the cyclability and Coulombic efficiencies of consecutive cycles is discussed in
addition. It is found that the changed energetics of the interstitial anion sites of disordered
La2NiO3F2 in comparison to ordered La2NiO3F2 have a considerable effect, which is also
correlated with more favourable structural distortions with respect to a subsequent
electrochemical fluorination.
Moreover, it can be assumed that the reversible electrochemical reactions involving La2NiO3F2
result also in the change of magnetic properties and a switching between distinctive magnetic
states of the obtained phases is possible. However, for La2NiO3F2 and La2NiO3F2-x, for which
magnetic properties could be investigated based on the analysis of their chemically prepared
equivalents, only paramagnetic to antiferromagnetic transitions are observed. For
La2NiO3F2+x, assuming a complete fluorination to La2NiO3F3, also a paramagnetic to
antiferromagnetic transition can be expected based on its d7 electron configuration. The
intercalation of fluoride ions into the vacant interstitial site could, however, also inhibit a
three-dimensional magnetic ordering completely. Therefore, the expected absolute
magnetisation changes within the electrode composites when switching between La2NiO3F2
and La2NiO3F2-x or La2NiO3F2+x upon charging and discharging are small. With respect to
potential technological applications, higher absolute changes of the magnetisation are clearly
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required and, therefore, reversible magnetic tuning is discussed based on a ferromagnetic RPtype oxide in the following subchapter (section 4.2.3).
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4.2.3 Approaching reversible tuning of magnetic properties within fluoride-ion
batteries - Electrochemical fluorination of La1.3Sr1.7Mn2O7
Tuning of magnetic properties via the reversible electrochemical intercalation or
deintercalation of ions into or out of a host lattice is not only of great fundamental interest. It
is also of relevance for various technological applications such as spin-based electronics,
magnetic data storage or magnetic actuation. 34, 35, 31 A system showing such a
magnetoelectric coupling should meet, depending on the application, different requirements.
Besides a high magnetic on/off ratio due to large changes of the magnetisation when
switching between two magnetic states, long-term stability and reversibility also the operating
voltage, the speed of switching and the operation temperature are important. 30, 34, 35 A special
focus lies on materials with a high magnetoelectric voltage coefficient „ = Δ;/(Δã ∙ ;), i.e.,
high change of the relative magnetisation Δ;/; per applied field Δã. A high magnetoelectric
voltage coefficient relates, therefore, to a high energy efficiency in the application. 34, 35 In this
context, a reversible on/off switching of ferromagnetism at ideally low potentials can offer
interesting possibilities for possible future applications.
As has been shown previously in literature 18-20 and is also demonstrated within this thesis, the
electrochemical modification of RP-type oxides and oxyfluorides is achieved within FIBs.
Especially, the cycling performance of intercalation-based cathode composites containing RPtype oxides with a good reversibility of the electrochemical fluorination upon charging and redefluorination upon discharging is promising, considering a reversible changing of magnetic
properties. In addition, RP-type oxides have been intensively investigated with respect to their
chemical fluorination behaviour and the structural changes occurring in the fluorinated
phases. These phases are also known for their wide range of magnetic properties, which are
highly dependent on the fluoride content. A substantial research effort has been made for the
n =2 RP-type system La2-2xSr1+2xMn2O7. 23, 24, 47, 61, 223, 224, 274-278 The magnetic states of this
system range from double-exchange mediated ferromagnetism to antiferromagnetism and are
highly sensitive towards the oxidation state of Mn and the distance between adjacent
perovskite building blocks within the structure, making it an optimal system for the tuning of
magnetic properties. It can be expected that fluoride intercalation results in considerable
changes in the magnetic properties due to compositional and structural changes. 21 In
particular, magnetic interactions between Mn ions along the c axis should be affected,
resulting in highly anisotropic magnetic properties. 23-25 The topochemical fluorination of
La1.2Sr1.8Mn2O7 using F2 gas or CuF2 as fluorination reagents has been investigated previously.
It has been shown that a staged intercalation of fluoride ions into the RP-type structure under
the formation of La1.2Sr1.8Mn2O7F and La1.2Sr1.8Mn2O7F2 takes place.21, 22 An investigation of
magnetic behaviour of La1.2Sr1.8Mn2O7F revealed, furthermore, the absence of long-range
magnetic order at low temperatures. 21 Due to the staged intercalation, only one of the rock
salt interstitial layers is filled in La1.2Sr1.8Mn2O7F, while both layers are occupied in
La1.2Sr1.8Mn2O7F2. For this work, the composition La1.3Sr1.7Mn2O7 with an average Mn
oxidation state of +3.35 was selected, as it is reported to be ferromagnetic with a high
magnetic moment of > 3 µB per Mn cation and the highest Curie temperature of ~ 120 K
within the system. 223, 224
To investigate if a magnetoelectric coupling can be achieved in La1.3Sr1.7Mn2O7 when using it
as active cathode material in FIBs, the stability of it within the composites under experimental
conditions, followed by the galvanostatic charging and discharging behaviour and the
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resulting compositional and structural changes are investigated. The related magnetic
properties of the obtained RP-type phases in the charged and discharged state are examined
using SQUID measurements. In a final step, the reversible changes of the structures and the
magnetic properties are studied after cycling the cells for various cycle numbers.

4.2.3.1 La1.3Sr1.7Mn2O7 and cathode composite
4.2.3.1.1 Rietveld analysis of La1.3Sr1.7Mn2O7
The starting RP-type phase La1.3Sr1.7Mn2O7 was synthesised via a solid-state synthesis. For its
Rietveld refinement (Figure 4-94), a structural model with the n = 2 RP aristotype structure
and space group I4/mmm proposed by Kubota et al. 224 was used. The obtained lattice
parameters (a = 3.8745(1) Å, c = 20.1673(5) Å) and atomic parameters are in good
agreements with the reported ones 224. The structural parameters of La1.3Sr1.7Mn2O7 are given
in Table 6-7. Titration experiments confirmed an oxidation state of Mn of +3.35, as expected
for a composition of La1.3Sr1.7Mn2O7.

Figure 4-94: Rietveld refinement of XRD pattern of La1.3Sr1.7Mn2O7.

4.2.3.1.2 Stability and fluorination feasibility of the cathode composite containing
La1.3Sr1.7Mn2O7
To examine the structural stability of La1.3Sr1.7Mn2O7 within the cathode composite after
milling and of a pellet, consisting of a cathode composite, a La0.9Ba0.1F2.9 and an anode
composite layer, after heating to 170 °C, X-ray diffraction patterns of La1.3Sr1.7Mn2O7, the
milled composite and the cathode side of a heated pellet, are compared in Figure 4-95. No
reactions between La1.3Sr1.7Mn2O7 and the electrolyte La0.9Ba0.1F2.9, potentially causing shifts
of the La1.3Sr1.7Mn2O7 reflections, are found after the synthesis of the composite or heating.
Moreover, the phase fractions of La0.9Ba0.1F2.9 and the RP-type phase stay relatively constant
within errors, which suggests that no decomposition or amorphisation takes place. This also
shows that the crystal structure of La1.3Sr1.7Mn2O7 is stable during the heating process and that
the application of a current or a voltage is necessary to evoke reactions.
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After the application of a current during the charging of a cell La1.3Sr1.7Mn2O7 against Pb/PbF2
to 3 V, significant changes in the reflection pattern related to the reflections of the RP-type
phase are found. These shifts of reflections correspond to a considerable expansion of the c
axis and a contraction of the a axis, which indicates the feasibility of the fluorination of
La1.3Sr1.7Mn2O7 upon charging. Therefore, the electrochemical fluorination behaviour of
La1.3Sr1.7Mn2O7 is analysed in detail in section 4.2.3.2.1.

Figure 4-95: Comparison between Rietveld refinements of X-ray diffraction data of La1.3Sr1.7Mn2O7 used in the
cathode composite, of the cathode composite containing La1.3Sr1.7Mn2O7 after milling, of the cathode side of a cell
La1.3Sr1.7Mn2O7 against Pb/PbF2 heated to 170 °C for 240 h and of the cathode side of a cell La1.3Sr1.7Mn2O7 against
Pb/PbF2 charged to 3 V (389 mAhg-1).

4.2.3.1.3 Magnetisation study of La1.3Sr1.7Mn2O7 and the cathode composite
For the magnetic characterisation of the starting RP-type phase La1.3Sr1.7Mn2O7, M(T) and
M(H) measurements were conducted. The obtained curves are shown in Figure 4-96 a and b,
respetively. Both measurements were corrected from diamagnetic contributions 206, which are
comparatively small and are not considered for all other measurements shown. The M(T)
curve reveals two magnetic transitions at a Tc of ~ 117 K and a Tc’ of ~ 246 K. An exact
determination of the transition temperatures is possible using the derivative dM/dT shown in
Figure 4-96 c. The transition at Tc’ is related to a two-dimensional short-range ferromagnetic
ordering due to stronger exchange interactions between the Mn ions in the quasi-two-
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dimensional Mn-O-Mn networks within perovskite-type planes. A three-dimensional longrange magnetic ordering is obtained after cooling further to Tc, which is correlated to weaker
inter-plane exchange interactions. 277 The M(H) measurement shows at 10 K a saturation
magnetisation of ~ 3.6 µB per Mn ion, which corresponds well with the expected value based
on the oxidation state of La1.3Sr1.7Mn2O7 (0.65 ∙ 4 µB + 0.35 ∙ 3µB = 3.65 µB).

Figure 4-96: FC M(T) curve of La1.3Sr1.7Mn2O7 measured at µ0 = 0.05 T (a), M(H) curves measured at 10 K (b) and
dM/dT curve of La1.3Sr1.7Mn2O7, from which the transition temperatures Tc and Tc’ were determined.

To ensure that the magnetic properties of La1.3Sr1.7Mn2O7 are not modified when preparing
the cathode composite, M(T) and M(H) curves of the cathode composite after milling were
performed. In addition, the cathode side of a heated pellet was scratched-off and magnetic
measurements were conducted on the obtained powder. The comparison of the M(T) and
M(H) curves (Figure 4-97 a and b) reveals no significant differences between both samples.
There is also no difference to the M(H) measurement of pure La1.3Sr1.7Mn2O7 (Figure 4-96 b),
showing that the RP-type phase is stable under experimental conditions. Furthermore, this
confirms the results of the XRD study (see section 4.2.3.1.2) and it can be ruled out that
reactions between La1.3Sr1.7Mn2O7, La0.9Ba0.1F2.9 and/or CB occur, which would lead to
alterations of the Mn oxidation state, resulting in changed saturation magnetisations. This
also allows the conclusion that any observed magnetic changes of La1.3Sr1.7Mn2O7 within the
cathode composite of cells are related to electrochemical redox reactions, taking place during
charging or discharging.
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Figure 4-97: FC M(T) curves of the cathode composite containing La1.3Sr1.7Mn2O7 after milling and a scratched-off
cathode side of a cell La1.3Sr1.7Mn2O7 against Pb/PbF2 heated measured at µ0 = 1 T (a), M(H) curves of the cathode
composite containing La1.3Sr1.7Mn2O7 after milling and a scratched-off cathode side of a cell La1.3Sr1.7Mn2O7 against
Pb/PbF2 heated measured at 10 K (b).

4.2.3.2 Electrochemical fluorination of La1.3Sr1.7Mn2O7
4.2.3.2.1 Electrochemical fluorination behaviour of La1.3Sr1.7Mn2O7
As it is shown in section 4.2.3.1.2, the galvanostatic charging of a cell La1.3Sr1.7Mn2O7 against
Pb/PbF2 to 3 V leads to a considerable fluorination of La1.3Sr1.7Mn2O7 with a strong expansion
of the c lattice parameter. The corresponding charging curve is shown in Figure 4-98. Its
progression can be regarded to be typical for all conducted experiments. Three plateaus below
the capacity of 60 mAhg-1 are observed: the first plateau extends over a potential range of
~ 0.34 to 0.37 V and covers ~ 20 mAhg-1; the second plateau is found between ~ 0.45 to
0.5 V, spanning over ~ 5 mAhg-1; the third plateaus lies between ~ 0.8 and 0.85 V and
extends ~ 10 mAhg-1. In addition, a long plateau starts at ~ 1.3 V and a sloping plateau is
found at potentials higher ~ 2.1 V. The capacities of the plateaus at higher voltages exceed
the theoretical capacity of ~ 98 mAhg-1 by far, suggesting that the undesired fluorination of
carbon takes predominantly place in this potential region. This agrees well with findings
reported in section 4.2.2.5 and in studies on the electrochemical fluorination of other RP-type
oxides performed by Nowroozi at al. 18-20
In order to investigate structural changes upon charging, different cells La1.3Sr1.7Mn2O7 against
Pb/PbF2 were charged to various cut-off potentials (Figure 4-98) and the X-ray diffraction
patterns of the cathode sides of the charged cells were collected ex-situ (Figure 4-99).
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Figure 4-98: Charging curve of a cell La1.3Sr1.7Mn2O7 against Pb/PbF2 charged to 3 V (389 mAhg-1). The arrows show
various cut-off potentials, to which different cells were charged.

Figure 4-99: X-ray diffraction patterns of cathode sides of different cells La1.3Sr1.7Mn2O7 against Pb/PbF2 charged to
various cut-off capacities. For reference, a cell, which was only heated, is given. Rietveld refinements of selected
patterns are shown in Figure 6-30 in the appendix.
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The XRD pattern of the cathode side of a heated cell, used as reference, shows besides the
electrolyte La0.9Ba0.1F2.9 only the presence of the starting RP-type phase La1.3Sr1.7Mn2O7 (space
group: I4/mmm, lattice parameters: a = 3.8755(2) Å, c = 20.165(1) Å). The amorphous CB
cannot be detected. At comparatively low potentials, electrochemical charging leads to the
appearance of a new phase at the cost of the initial RP-type phase. Starting at ~ 0.75 V, this
newly formed phase is transformed into another phase. No indication is given for the
formation of further phases at higher potentials. In agreement with chemical fluorination
experiments 21, 22, Rietveld refinements of the patterns obtained after charging to 0.7 and 3 V,
containing the highest phase fractions of the respective phases, indicate that the phases with
compositions close to La1.3Sr1.7Mn2O7F and La1.3Sr1.7Mn2O7F2 are formed. As has been also
observed by Aikens et al. 21, the fluorination results in a staged occupation of first only one of
the interstitial rock salt layer. This is corresponding to a symmetry lowering from I4/mmm
found for La1.3Sr1.7Mn2O7 to P4/nmm in the partially fluorinated phase (called
‘La1.3Sr1.7Mn2O7F1-y’, space group: P4/nmm, lattice parameters after charging to 0.7 V:
a = 3.8019(5) Å, c = 21.974(5) Å). The loss of the body-centering leads to the presence of
superstructure reflections, e.g. the (0011)P4/nmm reflections at a 2θ value of ~ 45.8°. When
both interstitial layers are filled in the highly fluorinated phase (called ‘La1.3Sr1.7Mn2O7F2-x’,
space group: I4/mmm, lattice parameters after charging to 3 V: a = 3.7649(3) Å,
c = 23.639(3) Å), the body-centered symmetry is re-established. 22 It should be mentioned
that the reflection of La1.3Sr1.7Mn2O7F2-x, which is visible in a similar 2θ range as the (0011)
superstructure reflection of La1.3Sr1.7Mn2O7F1-y, is a (0012) reflection. This (0012) reflection
shifts in all XRD patterns, containing the highly fluorinated phase, in accordance with an
increase of the c lattice parameter progressively towards lower 2θ value, when charging to
higher potentials. The structural parameters of the two fluorinated phases are given in Table
6-8 and Table 6-9. The crystal structures of the phases are shown in Figure 4-100.

Figure 4-100: Crystal structures of La1.3Sr1.7Mn2O7F (a) and La1.3Sr1.7Mn2O7F2 (b).

When looking at the evolution of the relative phase fractions of the RP-type phases (Figure
4-101 a) in dependence of the cut-off potential, it can be concluded that the first two charging
plateaus starting at ~ 0.34 and 0.45 V are related to redox reactions leading to the formation
of La1.3Sr1.7Mn2O7F1-y, while the formation of La1.3Sr1.7Mn2O7F2-x takes predominantly place at
potentials higher than ~ 0.8 V. Increasing the potentials further does not lead to additional
changes of the phase fractions. The maximum relative phase fractions of La1.3Sr1.7Mn2O7F1-y is
found at 0.7 V. At lower potentials, the initial La1.3Sr1.7Mn2O7 and La1.3Sr1.7Mn2O7F1-y are
found. Therefore, instead of forming a single phase with an average fluoride content and an
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intermediate oxidation state of the Mn ions, the system seems to prefer to exist in a
fluorinated phase with an increased oxidation state and a non-fluorinated phase with a lower
oxidation state. Based on the obtained charging capacities of the cells with cut-off potentials
≤ 0.7 V, assuming that the observed capacity is only related to the desired redox reactions,
and based on the relative phase fractions of the different RP-type phases, an estimation of the
fluoride content of La1.3Sr1.7Mn2O7F1-y can be made (Table 6-10). It appears that fluoride
contents smaller than ~ 0.6 per formula unit are unfavourable, resulting in the formation of a
phase mixture of the starting phase and La1.3Sr1.7Mn2O7F1-y with y < 0.4. For a cut-off voltage
of 0.7 V, the average fluoride content is ~ 0.65. At further increased potentials, the
fluorination of the second rock salt-type layer starts. In addition, the initial RP-type phase
reappears, before disappearing again at ~ 0.85 V. This suggests that a certain stability range
of the fluoride content of La1.3Sr1.7Mn2O7F2-x exists, which leads also to the preference of a
phase separation into the initial phase and La1.3Sr1.7Mn2O7F2-x, instead of a single phase with
an average fluoride content. The exact determination of this stability range is impeded by the
presence of two fluorinated phases with unknown fluoride contents. This phase separation
could be caused by redox disproportion, i.e., a conversion of one phase with intermediate
oxidation state into two different phases with different oxidation states, or by structural
changes that make phases with an average fluoride content energetically unfavourable.
The unit cell volumes per formula unit and the lattice parameters of the initial and fluorinated
RP-type phases are shown in Figure 4-100 b-d. The layer-wise intercalation of fluoride ions
into the interstitial layers leads to significant increases of the unit cell volumes, which is
related to the strong expansion of c axis. Due to the oxidation of the Mn ions (ionic radii:
Mn3+: 0.645 Å (high-spin configuration), Mn4+: 0.53 Å, Mn5+: 0.33 Å, Mn6+: 0.255 Å)54, the a
lattice parameter decreases. Within the existence range of each fluorinated phase, charging to
higher potentials causes further smaller changes of the lattice parameters. This suggests that
additional fluoride intercalation takes place, leading to higher fluoride contents in
La1.3Sr1.7Mn2O7F1-y and La1.3Sr1.7Mn2O7F2-x, i.e., a continuous decrease of y and x. This is also
in agreement with the estimated average fluoride contents of La1.3Sr1.7Mn2O7F1-y calculated for
cut-off potentials ≤ 0.7 V.
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Figure 4-101: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c) and
c (d) of La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and La1.3Sr1.7Mn2O7F2-x in the cathode sides of cells La1.3Sr1.7Mn2O7
against Pb/PbF2 charged to different cut-off capacities. For the calculation of the relative phase fractions of the RPtype phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account.

For a successful tuning of magnetic properties based on La1.3Sr1.7Mn2O7, the change in
magnetisation due to intercalation and re-deintercalation of fluoride ions should be high;
ideally, a complete on/off switching should be possible. This would correspond to a switching
between the ferromagnetic ordering of La1.3Sr1.7Mn2O7 and an un-ordered or an
antiferromagnetic state of the fluorinated phases. Doping-dependent studies on
La2-2xSr1+2xMn2O7 223, 224 have shown that a transition to antiferromagnetism occurs for doping
levels correlated to a Mn oxidation state of +3.48 or higher. Assuming that this transition
could be in analogy evoked by intercalating fluoride ions into La1.3Sr1.7Mn2O7, an intercalation
of only 0.26 fluoride ions per formula unit would be sufficient to achieve the same oxidation
state. The performed charging study shows, however, that a phase with a composition of
La1.3Sr1.7Mn2O7F0.26 cannot be stabilised upon charging. Therefore only phases with higher
fluoride contents can be formed. These higher fluoride contents could have a considerable
influence on the magnetic exchange interactions, potentially supressing a ferromagnetic or
antiferromagnetic ordering even completely. It has to be emphasised that not only the
electronic structure of the Mn ions influence the magnetic properties, but also other effects
are relevant. These effects include the increased distance between adjacent perovskite-type
building blocks due to the fluoride intercalation and other structural distortions, which lead to
reduced overlapping of the orbitals. 279-281 Moreover, interactions have to be mediated over an
increased number of anions. Exchange via fluoride ions instead of oxide ions affect also the
strength of the exchange interactions in La1.3Sr1.7Mn2O7Fx. 56
The highest possible reversible transformation of the initial RP-type phase into one of the
fluorinated phases should be crucial to obtain a maximum change in the magnetisation.
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Therefore, a charging cut-off potential, for which predominantly one of the fluorinated phases
is formed seems to be beneficial. On the other hand, it should be considered that larger
volume changes of the RP-type phases, especially during cycling, can lead to a poor
reversibility due to the loss of the contact between the RP-type phases and the electrolyte and
CB, which ensure good ionic and electronic conductivities, respectively. Consequently, the
formation of La1.3Sr1.7Mn2O7F2-x should be avoided. Furthermore, the cut-off potential should
be as low as possible to allow for high efficiencies and the shortest possible charging times.

4.2.3.2.2 Magnetisation study of the oxidised La1.3Sr1.7Mn2O7Fx
To investigate, for which cut-off potentials a maximal change in magnetisation in comparison
to a reference cell, which was only heated, can be found, M(T) curves of the scratched-off
cathode sides of various charged cells were recorded. The curves are shown in Figure 4-102.
As expected, the electrochemical fluorination of La1.3Sr1.7Mn2O7 causes a significant change in
the magnetic properties. Even charging to a cut-off capacity of only 0.45 V, leads to a decrease
of the magnetic moment per Mn ion to ~ 37 % of the moment of the reference cell. For this
comparison, the magnetic moments measured at 10 K are used. For all other cut-off potentials
above 0.45 V, only very weak magnetic moments (≤ 0.2 µB) exist at 10 K. There seems to be a
strong correlation between the relative phase fractions of the RP-type phases and the
magnetic properties. In the cell, which was charged to 0.45 V, ~ 39 % of La1.3Sr1.7Mn2O7 is
still present within the cathode composite. This decrease of the phase fraction of
La1.3Sr1.7Mn2O7 is in accordance with the decrease in the observed magnetic moment.
Moreover, the cells charged to 0.6 and 0.8 V only show very weak ferromagnetic transitions,
while the cells charged to 1.28 and 3 V do not exhibit this feature. This corresponds also well
to the presence of ~ 6 and 8 % of the initial RP-type phase in the cells charged to 0.6 and
0.8 V, respectively, whereas the higher charged cells contain only La1.3Sr1.7Mn2O7F2-x.
Therefore, it can be concluded that the fluorinated phases are not ferromagnetic and any
ferromagnetic behaviour observed in the charged cells are due to residual La1.3Sr1.7Mn2O7.
This is further confirmed by the fact that the Curie temperatures observed for the cells
charged to 0.45, 0.6 and 0.8 V remains unchanged compared to the reference cell.

Figure 4-102: FC M(T) curves of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 charged to
different cut-off potentials measured at µ0 = 1 T (a) and a magnification of the M(T) curves in the Tc temperature
region (b).

Taking the magnetisation measurements and the criteria discussed in section 4.2.3.2.1 into
account, charging cut-off potentials of 0.45 and 0.6 V were chosen for the following
experiments. Even though, residual ferromagnetic La1.3Sr1.7Mn2O7 is still present within the
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cathode composite of the cells charged to these potentials, the change in magnetisation is
comparatively high. Moreover, the formation of La1.3Sr1.7Mn2O7F2-x and a substantial
fluorination of the conductive carbon additive can be avoided when using these charging cutoff conditions.

4.2.3.3 Electrochemical re-defluorination of the oxidised La1.3Sr1.7Mn2O7Fx
4.2.3.3.1 Electrochemical
La1.3Sr1.7Mn2O7Fx

re-defluorination

behaviour

of

the

oxidised

The typical charging and discharging curves of cells La1.3Sr1.7Mn2O7 against Pb/PbF2, which
were charged to 0.45 and 0.6 V, respectively, and subsequently discharged to -3 V are shown
in Figure 4-103. The discharging curves feature several differently distinctive plateaus. For the
cell charged to 0.45 V (Figure 4-103 a), in the potential range between ~ 0.13 and 0.8 V, a
clear plateau, covering ~ 15 mAhg-1, is visible. For the cell, which was charged to 0.6 V
(Figure 4-103 b), a relatively short additional plateau between 0.2 and 0.14 V, extending over
~ 4 mAhg-1, is observed. This plateau is followed by a plateau in the potential range between
~ 0.13 and -0.05 V, covering ~ 13 mAhg-1. The two plateaus cover approximately the same
specific capacity as the one plateau observed in the discharging curve of the cell, which was
charged to 0.45 V. This indicates that relative changes of the phase fractions of the RP-type
phases might be in the same order of magnitude. When further discharging to potentials
below 0 V, only sloping plateaus can be found in both discharging curves. The more detailed
investigation of the effect of discharging to the negative potential range on structural changes
was motivated by the fact that no meaningful discharging of charged cells LaSrMnO4 against
Pb/PbF2 has been observed in a previous study by Nowroozi et al. 20.

Figure 4-103: Charging and discharging curves of a cell La1.3Sr1.7Mn2O7 against Pb/PbF2. The cells were charged to
0.45 V (a) and 0.6 V (b) and subsequently discharged to -3 V. The arrows show various cut-off potentials, to which
different cells were discharged.

The XRD patterns of the cathode sides of the cells La1.3Sr1.7Mn2O7 against Pb/PbF2 charged to
0.45 V and subsequently discharged to selected discharging cut-off potentials are shown in
Figure 4-104. A complete re-defluorination of La1.3Sr1.7Mn2O7F1-y under the formation of only
La1.3Sr1.7Mn2O7 is not observed. The derived relative phase fractions, unit cell volumes per
formula unit and lattice parameters of the found RP-type phases are given in Figure 4-105.
The discharged cells show a relatively strong decrease of the relative phase fraction of the
fluorinated phase La1.3Sr1.7Mn2O7F1-y when discharging to 0 V. While the phase fraction of
La1.3Sr1.7Mn2O7 increases only slightly in comparison to its phase fraction in the charged cells
upon the electrochemical defluorination of La1.3Sr1.7Mn2O7F1-y during the discharging to 0 V, a
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large phase fraction of an intermediate phase is found. This phase has a unit cell volume and
lattice parameters between those of La1.3Sr1.7Mn2O7 and La1.3Sr1.7Mn2O7F1-y. This suggests that
in the intermediate phase residual fluoride ions are trapped within the host lattice, which
cannot be extracted upon discharging. Only comparatively small changes of the relative phase
fractions of the RP-type phases within errors are found in the potential range between 0 and
-1 V. A slight increase of the phase fraction of the intermediate phase at the cost of
La1.3Sr1.7Mn2O7F1-y is observed. This shows that the major achievable defluorination of
La1.3Sr1.7Mn2O7F1-y takes place within the positive potential range, which is in contrast to the
discharging behaviour of cells LaSrMnO4 against Pb/PbF2 20. However, in the study on
LaSrMnO4, the cells have been charged to much higher potentials, which should lead to a
strong destruction of the electronically conductive carbon matrix, having a negative influence
on the reversibility of electrochemical reactions. This highlights again that the choice of cutoff conditions has a decisive impact on the charging and discharging behaviour.

Figure 4-104: X-ray diffraction patterns of cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 charged to 0.45 V
and subsequently discharged to various cut-off potentials. For reference, a cell, which was only charged to 0.45 V, is
given. The unknown reflection (marked with *) at ~ 29.5° is probably due to an impurity on the sample holder
used for measuring of the sample. The Rietveld refinement of the cell discharged to -0.3 V is given in Figure 6-30.
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Figure 4-105: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c) and
c (d) of La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the cathode sides of cells La1.3Sr1.7Mn2O7
against Pb/PbF2 charged to 0.45 V and subsequently discharged to different cut-off potentials. For the calculation
of the relative phase fractions of the RP-type phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account.

Similar observations can be made for the cells charged to 0.6 V. The XRD patterns of the
cathodes charged to the cut-off potential of 0.6 V and subsequently discharged to various cutoff potentials are shown Figure 4-106. The discharging causes a strong decrease of the phase
fraction of La1.3Sr1.7Mn2O7F1-y and an increase of La1.3Sr1.7Mn2O7 in the potential range
between 0.6 and 0 V (Figure 4-107 a). In the cell discharged to 0 V, in addition to
La1.3Sr1.7Mn2O7, a large fraction of the intermediate phase is formed, which is not observed at
0.11 V. With respect to this, additional experiments in the positive potential range are
required in order to get a more detailed understanding about ongoing structural changes. At
negative potentials, an increasing formation of the intermediate phase is observed, while the
phase fraction of La1.3Sr1.7Mn2O7 remains relatively constant.
The unit cell volumes and lattice parameters c of the remaining La1.3Sr1.7Mn2O7F1-y and the
intermediate phase of the cells with a charging cut-off condition of 0.6 V (Figure 4-107 b and
d) are larger compared to those of the discharged cells with the lower cut-off potential of
0.45 V (Figure 4-105 b and d). This shows that higher fluoride contents are found within
these phases after discharging. The lattice parameters a (Figure 4-105 c and Figure 4-107 c)
provide for both charging conditions evidence for changing oxidation states. The intermediate
phase possesses smaller lattice parameters than the initial RP-type phase. Therefore, a higher
oxidation state of the Mn ions due to intercalated fluoride ions can be assumed.
In agreement to what was observed during the formation of La1.3Sr1.7Mn2O7F1-y, during the
defluorination of La1.3Sr1.7Mn2O7F1-y an increase of the lattice parameter a and the decrease of
the lattice parameter c when discharging to more negative potentials is observed (Figure
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4-105 and Figure 4-107 c and d). This show that also during discharging a progressive
extraction of fluoride ions from La1.3Sr1.7Mn2O7F1-y within its range of existence takes place,
leading to an increase of y and a respective reduction of the Mn oxidation state.
Overall, it is indicated that a full structural reversibility is, at least during the first charging
and discharging step, not possible. In addition, more fluoride ions are trapped within the host
lattices and higher phase fractions of the intermediate phase are found after discharging when
higher charging cut-off potentials are selected.

Figure 4-106: X-ray diffraction patterns of cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 charged to 0.6 V
and subsequently discharged to various cut-off potentials. For reference, a cell, which was only charged to 0.6 V, is
given.
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Figure 4-107: Relative phase fractions (a), unit cell volume per formula unit (b) and lattice parameters a (c) and
c (d) of La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the cathode sides of cells La1.3Sr1.7Mn2O7
against Pb/PbF2 charged to 0.6 V and subsequently discharged to different cut-off potentials. For the calculation of
the relative phase fractions of the RP-type phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account.

A discharging cut-off condition of -0.3 V was selected for the following experiments. At this
potential a relative high phase fraction of ferromagnetic La1.3Sr1.7Mn2O7 is regained, which
should result in a high magnetisation change. The stabilisation of a large phase fraction of the
intermediate phase instead of La1.3Sr1.7Mn2O7 might, however, reduce the overall change of
magnetisation between the charged and discharged state drastically. For the intermediate
phase, it can be assumed that the residual fluoride ions within the interstitial rock salt layers
has an influence on the strength of the magnetic interaction between the perovskite-type
building blocks, which could possibly impede a three-dimensional ferromagnetic ordering.
The effect of this phase on the magnetisation is examined below.

4.2.3.3.2 Magnetisation study of the re-reduced La1.3Sr1.7Mn2O7
The M(T) curves of scratched-off cathode sides of cells, which were charged to 0.45 and
0.6 V, respectively, and subsequently discharged to -0.3 V are shown, in Figure 4-108 in
comparison to a cells, which were only charged. In addition, a measurement of a cell, which
was only heated, is given. This heated cell can serve as a reference since it represents the
ideally discharged state of the fully re-defluorinated cathode composite. It becomes evident
that the ferromagnetic interaction can be partially restored after discharging. Compared to the
initial magnetic moment of the heated cell at 10 K, ~ 57 and 20 % can be restored when a
charging cut-off condition of 0.45 and 0.6 V, respectively, is used. In particular for the cell
charged only to 0.45 V, the measured magnetic moment corresponds well with the relative
phase fractions of La1.3Sr1.7Mn2O7 found within this cell. This shows that the ferromagnetic
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contribution to the magnetisation is mainly caused by La1.3Sr1.7Mn2O7, while the intermediate
phase and La1.3Sr1.7Mn2O7F1-y are not ferromagnetic. The increased distance between the
perovskite-type layers due to the residual fluoride ions within the interstitial sites of the
intermediate phase seems to be sufficient to distort the ferromagnetic coupling. The Curie
temperatures of the cell charged to 0.45 V and subsequently discharged to -0.3 V remains
unchanged compared to the reference cell and the cell, which was only heated. This indicates
that the formed La1.3Sr1.7Mn2O7 is only slightly modified during the charging and discharging
cycle. In contrast to this, the cell charged to 0.6 V and subsequently discharged to -0.3 V
shows a widened transition temperature range and the Curie temperature is found at lower
temperatures of ~ 60 K. This change could be due to chemical and/or structural
inhomogeneities, caused by trapped fluoride ions, which might lead to a wide distribution of
ferromagnetic transition temperatures. These inhomogeneities might be also responsible for
the comparatively small magnetic moment, which can be restored after the discharging of this
cell, even though a relatively high phase fraction of La1.3Sr1.7Mn2O7 is found. The still trapped
fluoride ions in this phase might already of a negative influence on the strength of magnetic
interactions, which would lead to lower magnetic moments.

Figure 4-108: Comparison of FC M(T) curves of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2
charged to 0.45 and 0.6 V, respectively, and subsequently discharged to -0.3 V measured at µ0 = 1 T. For reference,
a cell, which was only heated, is given.

4.2.3.4 Cycling of cells containing La1.3Sr1.7Mn2O7-based cathodes
4.2.3.4.1 Cycling behaviour
To verify the reversibility of the observed structural changes upon cycling, cells were operated
between the charging cut-off conditions of 0.45 or 0.6 V and the discharging cut-off condition
of -0.3 V for various cycles. Exemplarily, the charging and discharging curves of cells, which
were cycled for ten cycles, are shown in Figure 4-109. For both charging conditions, after the
first cycle, the plateaus of the redox reactions taking place during charging shift to lower
potentials by ~ 0.12 V. The second smaller plateau observed in the charging curve of the cells
charged to 0.6 V shifts by ~ 0.05 V. The charging capacities decrease by ~ 35 %. It appears
that side reactions occur during the first charging step, which reduce over-potentials and
facilitate fluorination reactions in the subsequent cycles. Similar to the solid-electrolyte202

interfaces found in lithium-ion batteries 282, 283, this might be related to the formation of
interfaces between the active material with RP-type structure and the electrolyte within the
cathode composite. Such interfacial reactions, which can influence the electric and ionic
conductivities substantially, are known to have a significant effect on good battery
performances. The over-potentials of the discharging step are not significantly affected.

Figure 4-109: Cycling curves of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for 10 cycles between the charging cutoff potential 0.45 V (a) and 0.6 V (b) and the discharging cut-off potential -0.3 V.

After the first cycle, the cycling behaviour stays highly stable. Instead of a capacity fading,
continuous increase of the capacities are observed. A cumulative increase of ~ 2 mAhg-1 is
found after ten cycles. While the Coulombic efficiencies of the first cycles are only ~ 65-75 %,
starting from the second cycle, efficiencies of 101(2) % are reached. Efficiencies above 100 %
could be explained by a reactivation of La1.3Sr1.7Mn2O7F1-y formed during the first cycle.
For the detailed investigation of structural changes of the RP-type phases during cycling,
different cells were cycled for various cycle numbers. The cells were stopped either at the
charged or discharged state. The XRD patterns of the cathode sides of the cycled cells charged
to 0.45 V are shown in Figure 4-110. It becomes evident that the diffraction patterns of the
cells in the charged state, with exception of the pattern obtained after the initial charging, are
very similar. The same is found for the patterns of the cells in the discharged states. In Figure
4-111 the relative phase fractions of the RP-type phases are given in dependence of the
number of charging and discharging steps conducted on the cells. Starting from the second
cycle, relatively constant phase fractions of La1.3Sr1.7Mn2O7 and La1.3Sr1.7Mn2O7F1-y are found
within the charged cells. Only ~ 10 % of residual La1.3Sr1.7Mn2O7 is found, whereas after the
first cycle still ~ 40 % are present. After discharging, all cells contain a mixture of
La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and the intermediate phase. The strong decrease of the
phase fractions of La1.3Sr1.7Mn2O7F1-y and the increase of La1.3Sr1.7Mn2O7 and the intermediate
phase demonstrates the successful partial re-defluorination upon discharging. Higher fractions
of La1.3Sr1.7Mn2O7 are found compared to the intermediate phase. Furthermore, the phase
fractions of these phases remain almost constant within differently long cycled cells, starting
directly form the first cycle. Between the charged and discharged states, an average increase
of La1.3Sr1.7Mn2O7 from ~ 10 to 50 % and an average decrease of La1.3Sr1.7Mn2O7F1-y from
~ 90 to 15 % takes place. The remaining fraction of ~ 35 % forms the intermediate phase in
the discharged cells. Overall, the strong changes in relative phase fractions show that high
amounts of the active material contribute to the redox reactions during charging and
discharging.
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Figure 4-110: X-ray diffraction patterns of cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for various
cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off potential -0.3 V. Patterns
of cathode sides of cells within the charged and discharged states are shown. The unknown reflection (marked
with *) at ~ 29.5° is probably due to an impurity on the sample holder used for measuring of the sample. For
reference, a cell, which was only heated (discharged state), is given.

Figure 4-111: Relative phase fractions of La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the
cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for various cycle numbers between the charging cut-off
potential 0.45 V and the discharging cut-off potential -0.3 V. The fractions of cathode sides of cells within the
charged (a) and discharged (b) state are shown. For the calculation of the relative phase fractions of the RP-type
phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account. The unit cell volumes and lattice parameters
of the RP-type phases are given in Figure 6-31 and Figure 6-32 in the appendix.
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The XRD patterns of the cycled cells charged to 0.6 V are shown in Figure 4-112. As for the
cycled cell charged to the cut-off potential of 0.45 V, the changes in the diffraction patterns of
the cathode sides of the cells are consistent for all cells in the charged or discharged state.
Remarkably, no differences between the first and the subsequent cycles can be observed. The
obtained relative phase fractions of the RP-type phases (Figure 4-113) confirm this
observation. Starting from the first cycle, the phase fractions of La1.3Sr1.7Mn2O7 and
La1.3Sr1.7Mn2O7F1-y remain with ~ 5 and 95 % relatively constant within the charged cells.
After the tenth charging, additionally ~ 10 % La1.3Sr1.7Mn2O7F2-x are found at the costs of
La1.3Sr1.7Mn2O7F1-y, indicating an increased fluorination of a part of the RP-type phases. After
discharging, all cells contain again a mixture of La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and the
intermediate phase. However, higher average fractions of the intermediate phase of ~ 55 %
and lower phase fractions of La1.3Sr1.7Mn2O7 and La1.3Sr1.7Mn2O7F1-y of ~ 30 and 15 %,
respectively, are found compared to the cycled cells, which were only charged to 0.45 V.
Therefore, less ferromagnetic La1.3Sr1.7Mn2O7 is obtained after discharging. In addition to the
higher phase fractions of these phases, also the unit cell volumes and lattice parameters c are
again higher compared to the cycled cells charged to 0.45 V (Figure 6-31 and Figure 6-34),
suggesting higher fluoride contents.

Figure 4-112: X-ray diffraction patterns of cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for various
cycle numbers between the charging cut-off potential 0.6 V and the discharging cut-off potential -0.3 V. Patterns of
cathode sides of cells within the charged and discharged states are shown. For reference, a cell, which was only
heated (discharged state), is given.
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Figure 4-113: Relative phase fractions of La1.3Sr1.7Mn2O7, La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the
cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for various cycle numbers between the charging cut-off
potential 0.6 V and the discharging cut-off potential -0.3 V. The fractions of cathode sides of cells within in the
charged (a) and discharged (b) state are shown. For the calculation of the relative phase fractions of the RP-type
phases, the phase fraction of La0.9Ba0.1F2.9 was not taken into account. The unit cell volumes and lattice parameters
of the RP-type phases are given in Figure 6-33 and Figure 6-34 in the appendix.

In addition to the cycling over ten cycles, another cell was cycled between the cut-off
conditions of 0.45 and -0.3 V for 45 cycles. With increasing cycle numbers, the discharging
plateau becomes less distinctive, but no significant capacity fading or lower Coulombic
efficiencies are found. With respect to reversible magnetisation tuning via continuous cycling,
these findings are promising.

Figure 4-114: Cycling curves of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for 45 cycles between the charging cutoff potential 0.6 V and the discharging cut-off potential -0.3 V.

4.2.3.4.2 Magnetisation study of the cycled phases
The M(T) curves of cells, which were operated between the cut-off conditions of 0.45 and
-0.3 V for various cycle numbers and stopped either in the charged or discharged state are
shown in Figure 4-115. After the first cycle, the subsequent cycling appears to lead to the
stabilisation of two states due to the different magnetic contributions of the RP-type phases
present within the scratched-off cathode sides of the charged or discharged cells. During the
first cycle, the system seems to stabilise, which explains the deviations of the magnetic
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moments to the other cycles (see also section 4.2.3.4.1). The charged cells show significantly
lower magnetic moments over the entire temperature range compared to the discharged cells.
Since the discharged cells contain considerably higher phase fractions of ferromagnetic
La1.3Sr1.7Mn2O7, higher overall magnetic moments per Mn ion are measured and the increase
is stronger at Tc. The Curie temperatures of all cells remain close to the temperature of the
heated reference cell.

Figure 4-115: Comparison of FC M(T) curves of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2
cycled for various cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off
potential -0.3 V measured at µ0 = 1 T (a) and a magnification of the M(T) curves in the Tc temperature region (b).
Measurements of scratched-off cathode sides of cells within the charged and discharged states are shown. For
reference, a cell, which was only heated (discharged state), is given.

It is also interesting to mention that M(H) curves of the cycled cells show a change in the
hysteresis curves with slightly higher coercivity compared to the heated reference cell (Figure
6-35 and Figure 6-36). This coercivity remains stable within errors comparing different cycled
cells and seems to be independent on the charging cut-off conditions and the charging or
discharging state.
A comparison of the magnetic moments per Mn ion measured at 10 K in dependence of the
charging and discharging state as well as the cycling number is given in Figure 4-116. The
potential vs. time curve of the cell, which was cycled over ten cycles, illustrates at which
points of the charging and discharging process the individual cells were stopped. Starting
from the second cycle, the change in the magnetic moments within the charged and
discharged states remains relatively constant and is well reproducible with respect to the
increasing cycle numbers. The variations within one state of the cells are most likely related to
errors introduced on weighing of the small sample amounts for the subsequent calculation of
the magnetic moments. The moments fluctuate between ~ 0.3 to 0.5 µB per Mn ion for the
charged cells and ~ 1 to 1.4 µB per Mn ion for the discharged cells, resulting in an average
magnetic moment change of 0.84 µB per Mn ion. The relative magnetisation change is ~ 67 %.
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Figure 4-116: Magnetic moments per Mn ion of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2
cycled for various cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off
potential -0.3 V measured at 10 K and µ0 = 1 T. The moments are given in dependence of the number of charging
and discharging steps. The potential vs. time curve shows at which cycling states the cells were stopped.

The M(T) curves of the cells, which were cycled between 0.6 and -0.3 V (Figure 4-117), reveal
also significant differences between the magnetisation of the charged and discharged cells. As
is observed in section 4.2.3.3.2, a broadening of the transition with a shift towards lower
temperatures between ~ 55 and 68 K is observed for the discharged cells.

Figure 4-117: Comparison of FC M(T) curves of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2
cycled for various cycle numbers between the charging cut-off potential 0.6 V and the discharging cut-off potential
-0.3 V measured at µ0 = 1 T (a) and a magnification of the M(T) curves in the Tc temperature region (b).
Measurements of scratched-off cathode side of cells within the charged and discharged states are shown. For
reference, a cell, which was only heated (discharged state), is given.
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The magnetic moments per Mn ion (Figure 4-118) derived from the M(T) curves at 10 K stay
relatively stable for the charged and discharged states over the first ten cycles. The moments
lay between ~ 0.17 and 0.23 µB per Mn ion for the charged cells and between ~ 0.60 and
0.73 µB per Mn ion for the discharged cells. Therefore, the moments found in the charged and
discharged states for the cells with the cut-off charging potential of 0.45 V are approximatly
twice as high as the moments observed for the cells charged to the higher cut-off potential.
Neverthless, the relative magnetisation changes are nearly the same, since it is ~ 68 % for the
higher charged cells.

Figure 4-118: Magnetic moments per Mn ion of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2
cycled for various cycle numbers between the charging cut-off potential 0.6 V and the discharging cut-off potential
-0.3 V measured at 10 K and µ0 = 1 T. The moments are given in dependence of the number of charging and
discharging steps. The potential vs. time curve shows at which cycling states the cells were stopped.

This shows that by choosing the lower charging cut-off potential, the absolute magnetic
moments, observed after discharging, can be increased, but the relative change between the
charged and discharged state remains nearly the same. Since the cells can be operated at very
low potentials, the presented cells possess the highest magnetoelectric voltage couplings with
high magnetoelectric voltage coefficients „ = Δ;/(Δã ∙ ;) for tuneable magnetic systems,
which has been reported so far 34, 35.
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4.2.3.5 Summary
It is demonstrated that the topochemical modification of the n = 2 RP-type compound
La1.3Sr1.7Mn2O7 to La1.3Sr1.7Mn2O7Fx is possible within the cathode composite containing
La1.3Sr1.7Mn2O7 in FIBs. In agreement with previous reports on chemically prepared
equivalents 6, 21, the obtained fluorinated phases La1.3Sr1.7Mn2O7F1-y and La1.3Sr1.7Mn2O7F2-x
undergo a staged fluorination process with a consecutive filling of the two interstitial layers.
This leads to step-wise expansions of the c lattice parameters from ~ 20.2 Å in La1.3Sr1.7Mn2O7
to ~ 22.0 Å in La1.3Sr1.7Mn2O7F1 and finally to ~ 23.6 Å in La1.3Sr1.7Mn2O7F1, which is
accompanied by corresponding contractions of the a lattice parameters, caused by the
increased oxidation state of Mn. The major part of the electrochemical fluorination takes place
at potentials below 1 V. The formation of La1.3Sr1.7Mn2O7F1-y is observed for potentials ≤ 0.7 V,
whereas the formation of La1.3Sr1.7Mn2O7F2-x took place at potentials > 0.7 V. Phase separation
into the initial RP-type phase La1.3Sr1.7Mn2O7 and the respective fluorinated phases suggests
the presence of certain stability ranges for La1.3Sr1.7Mn2O7F1-y and La1.3Sr1.7Mn2O7F2-x. For the
stability of La1.3Sr1.7Mn2O7F1-y, a minimum fluoride content per formula unit of ~ 0.6 is
determined. The fluorination leads to significant changes of the magnetisation in the cathode
composite. Charging to higher potentials results in lower magnetic moments per Mn ion.
These decreases are directly related to the decreasing relative phase fraction of the
ferromagnetic phase La1.3Sr1.7Mn2O7 224. The fluorinated phases appear to have no significant
contribution to the magnetisation in relation to the ferromagnetic phase. The transition
temperatures remain constant for all samples containing residual La1.3Sr1.7Mn2O7. The
charging experiments show that charging cut-off potentials of 0.45 and 0.6 V are suitable.
These potentials can be regarded as the best compromises between a strong decrease of the
phase fractions of remaining La1.3Sr1.7Mn2O7, while no La1.3Sr1.7Mn2O7F2-x is formed yet, which
would lead to larger volume changes upon re-defluorination. In addition, these low potentials
ensure high efficiencies and the shortest possible charging times.
The discharging of cells, which were charged to 0.45 and 0.6 V, respectively, shows that a
partial re-defluorination of La1.3Sr1.7Mn2O7F1-y is possible. However, the complete re-formation
of La1.3Sr1.7Mn2O7 is not observed and instead a large fraction of the re-defluorinated phases
found after discharging is made up of an intermediate phase, which has a unit cell volume
between those of the initial La1.3Sr1.7Mn2O7 and La1.3Sr1.7Mn2O7F1-y. This shows that residual
fluoride ions are present within the host lattice of the intermediate phase. Its phase fraction
increases when the cells are charged to higher potentials. Moreover, more fluoride ions
remain in the RP-type phases after charging to higher potentials. Slightly changed lattice
parameters of La1.3Sr1.7Mn2O7, in particular found in the higher charged cells, reveal that even
a few fluoride ions remain within the structure. Additionally, La1.3Sr1.7Mn2O7F1-y remains
present. Therefore, it can be concluded that no full structural reversibility is obtained after
discharging. Magnetic measurements show that the ferromagnetic interactions are partly
restored upon the re-formation of La1.3Sr1.7Mn2O7 after discharging. For the cells with a
charging cut-off condition of 0.45 V, the obtained magnetic moments can be directly related
to the phase fraction of La1.3Sr1.7Mn2O7 within the cathode composite. For the higher charged
cells, a shift of the transition temperatures of the starting phase to lower temperatures is
found, which is due to the trapped fluoride ions, causing a wide distribution of ferromagnetic
transition temperatures. These fluoride ions could cause reduced magnetic interactions,
explaining to lower magnetic moments found within the higher charged cells after
discharging.
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For cycling experiments a discharging cut-off potential of -0.3 V was chosen and the cycling
behaviour for both charging cut-off potentials was investigated for the first ten cycles.
Interestingly, after the first cycle, the redox reactions, taking place during charging, occur at
lower potentials compared to the first charging step. No other significant shifts are observed
in the consecutive cycles. This reduction in over-potential might be related to beneficial side
reactions, taking place during the first charging, which facilitate the fluorination in the
subsequent cycles. In addition, starting from the second cycle, Coulombic efficiencies close to
100 % are observed, suggesting the absence of irreversible reactions. Several cells were
charged between the cut-off potentials for various cycle numbers and the structure and
magnetisation changes were examined in dependence of the cycle number as well as the
charging or discharging state. Different observations are made for the cycled cells depending
on the charging cut-off condition. Starting from the second cycle, the cells, which were only
charged to 0.45 V, shows average phase fractions of ~ 10 % of La1.3Sr1.7Mn2O7 and ~ 90 % of
La1.3Sr1.7Mn2O7F1-y in their charged state, independent of the cycle number. The discharging
leads to the formation of relatively stable average phase fractions of ~ 50 % of
La1.3Sr1.7Mn2O7, ~ 35 % of the intermediate phase and ~ 15 % of La1.3Sr1.7Mn2O7F1-y. The
cycled cells, which were charged to 0.65 V, possess, in contrast, average phase fractions of
~ 5 % of La1.3Sr1.7Mn2O7 and ~ 95 % of La1.3Sr1.7Mn2O7F1-y. In their discharged state, ~ 30 %
of La1.3Sr1.7Mn2O7, ~ 55 % of the intermediate phase and ~ 15 % of La1.3Sr1.7Mn2O7F1-y are
found. In addition, the phases seem to contain more fluoride ions in comparison to the phases
obtained after cycling between the lower charging cut-off potential and -0.3 V. Even though
the charging to higher potentials results in lower phase fractions of La1.3Sr1.7Mn2O7, which
leads to lower magnetisations of the cells in the charged state, the difference between its
phase fractions in the charged and discharged states is smaller compared to the cycled cells
with the lower charging cut-off condition. This results also in lower magnetisation changes for
the cells with the higher charging cut-off condition. For the cells charged to 0.45 V, starting
from the second cycle, relatively stable oscillations of the magnetic moments per Mn ion
between ~ 0.3 to 0.5 µB and ~ 1 to 1.4 µB for the charged and discharged states of the cycled
cells, respectively, in dependence of the cycle number are found. These fluctuations
correspond to a relative magnetisation change of ~ 67 %. For the cycled cells, which were
charged to 0.65 V, significantly lower moments and lower absolute magnetisation changes are
found. The moments vary between ~ 0.17 to 0.23 µB and ~ 0.60 to 0.73 µB between the
charged and discharged states, respectively. This corresponds to a relative change of ~ 68 %
and shows that charging to lower potentials results in higher absolute changes of the
magnetisation, while the relative changes stay nearly the same.
It is shown that a cycling between a strong and a weak ferromagnetic state is possible due to
the fluorination of La1.3Sr1.7Mn2O7 and its partial re-defluorination. The comparatively small
potential range at overall low potentials, in which the reactions occur, results in one of the
highest reported magnetoelectric voltage coefficient for tuneable magnetic systems. This
illustrates the potential of reversible electrochemical fluorination reactions for the tuning of
material properties.
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5 Conclusions and Outlook

Within this work, it is demonstrated that topochemical fluorination and defluorination
methods based on different chemical and electrochemical approaches can be used for the
successful synthesis of Ruddlesden-Popper-type phases with changed crystal and electronic
structures as compared to their precursor phases. A (reversible) tuning of magnetic properties
is also found to be possible due to the (reversible) intercalation and deintercalation of fluoride
ions. In particular, the combination of consecutively performed topochemical modification
methods are shown to results in the formation of otherwise inaccessible materials, opening up
a widely unexplored research field.
Different two-step modification routes of Ruddlesden-Popper-type oxides An+1BnO3n+1 via a
non-oxidative fluorination, leading to the formation of metastable compounds with
compositions An+1BnO3n+1-xF2x with 0 < x ≤ 2, followed by a reductive defluorination or an
oxidative post-fluorination were investigated. The following material systems were studied:
Sr2TiO4, Sr3Ti2O7 and La2NiO4+d. For the second step, in each case, chemical and
electrochemical approaches, the latter based on the reduction or oxidation within a fluorideion battery were applied. For the chemical defluorination, a process via a sodium hydridebased reduction was developed and successfully applied. The chemical post-fluorination was
attempted using highly oxidising F2 gas. A variety of Ruddlesden-Popper-type oxyfluorides
with different fluoride contents were synthesised and examined using a combination of
several characterisation techniques to determine their structural and magnetic properties. The
chemical defluorination process facilitates the in-depth analysis of the reduced phases and the
obtained characteristics could be used to gain, in addition, an understanding about the
electrochemically formed phases, as similar structural and property changes were found to
occur for both investigated topochemical defluorination routes. Furthermore, the reversible
magnetoelectric tuning based on the reversible electrochemical fluorination of ferromagnetic
La1.3Sr1.7Mn2O7 in a fluoride-ion battery was examined.
It is interesting to relate the manifold and complex findings made for the different material
systems and to discuss resulting implications for future investigations. This chapter does not
primarily aim to summarize all findings; for a more detailed overview over the separate
material systems investigated with respect to the used chemical or electrochemical
modification method, the reader is referred to the summaries provided at the end of every
subchapter in the previous chapter. The following section, is divided into three segments, in
which a comparative reflection is provided upon (i) the chemical fluorination of RuddlesdenPopper-type oxides An+1BnO3n+1 to oxyfluorides An+1BnO3n+1-xF2x and their chemical hydridebased defluorination, (ii) the reversible electrochemical defluorination and fluorination of
oxyfluorides An+1BnO3n+1-xF2x and the resulting consequences for a further development of
intercalation-based fluoride-ion batteries, as well as (iii) the (reversible) tuning of magnetic
properties, in particular, in the context of the reversible electrochemical defluorination and/or
fluorination of La2NiO3F2 and La1.3Sr1.7Mn2O7.
i.
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Chemical fluorination of Ruddlesden-Popper-type oxides An+1BnO3n+1 to oxyfluorides
An+1BnO3n+1-xF2x and their chemical hydride-based defluorination: The non-oxidative
fluorination of the investigated Ruddlesden-Popper-type oxides using a fluorine-

containing polymer took place via a coupled substitution and insertion process, in
which for each replaced oxide ion two fluoride ions were inserted. The obtained
oxyfluorides Sr2TiO3F2 and Sr3Ti2O5F4 showed strong expansions along the c axis due
to the substitution of apical oxide ions by fluoride ions and the intercalation of
fluoride into the interstitial sites, which is commonly observed in such reactions. In
contrast to this, in La2NiO3F2, a strong orthorhombic distortion with a half-occupation
of every interstitial layer in a channel-like manner, which is accompanied by a strong
tilting of NiX6 octahedra, was found. The origins of these differences in tilting are best
understood adopting the concept of Goldschmidt’s tolerance factor, which is
significantly smaller for the nickelate system compared to the titanate system.
The subsequently performed studies on the chemical defluorination behaviour of the
synthesised oxyfluorides in dependence of the amount of reducing agent NaH revealed
different reduction mechanisms of the Ti-based oxyfluorides in comparison to the Nibased oxyfluoride. The Ti-based oxyfluorides showed a similar reduction behaviour
and the reduction mechanism can be best described as a combination of a reductive
defluorination and partial fluoride-hydride substitution, resulting in the formation of
mixtures of Ruddlesden-Popper-type phases with different crystal structures and
fluoride contents. The reduction of Sr3Ti2O5F4 led to phase mixtures of reduced phases,
indicating similar stabilities of these phases in their range of existence. For the
defluorination of Sr2TiO3F2, however, two reduced phases were identified, which were
found for certain NaH amounts to be nearly the only Ruddlesden-Popper-type phase in
the reduction products besides the side products. For all other NaH amounts, phase
mixtures of these two phases were found. Furthermore, it was shown that varying
degrees of fluoride-hydride substitution occurred during the reactions of the different
oxyfluorides with NaH. While the hydride contents in the reduced Ni-based
oxyfluorides are only minor, higher degrees of such substitution reactions were found
in the reduced Ti-based oxyfluorides. In this context, the dehydration of the obtained
phases under vacuum could lead to a significant further reduction of the Ti oxidation
states. Such experiments would be clearly interesting for future investigations. In
addition, a complete dehydration would allow for a better comparability of chemically
and electrochemically obtained phases, especially when relatively high hydride
contents are found. For both Ti-based oxyfluorides, no significant decomposition or
amorphisation and a nearly stoichiometric extraction of fluoride were observed during
the defluorination process.
The reduction of La2NiO3F2, on the other hand, led to a substantial decomposition and
amorphisation. A complex reduction behaviour with reductive defluorination taking
place in parallel to substantial decomposition and partial fluoride-oxide substitution
reactions was observed. This difference in the observed degree of decomposition
between Ti-based and Ni-based oxyfluorides is related to different exothermicities of
the defluorination reactions, which can enhance the decomposition of the metastable
oxyfluorides. As is qualitatively depicted in Figure 5-1, the change of the Gibb’s free
energy ∆G of the defluorination reaction of the Ni-based oxyfluoride is more negative
than ∆G of the respective defluorination of the Ti-based oxyfluorides. The difference is
represented with a blue arrow. This can be also explained based on the relation of ∆G
to ∆E with ∆E being the difference between the redox potentials of the Ti-based
Ruddlesden-Popper-type oxyfluorides (Ti3+|Ti4+) or of the Ni-based oxyfluoride
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(Ni+|Ni2+) to the potential of the reductive H- species (2H-|H2). Since the potential of
Ti3+|Ti4+ is more negative than the potential of Ni+|Ni2+, a more negative ∆G value
for the reduction of the Ni-based oxyfluoride is found. The change of entropy ∆S is
dominated by the formation of gaseous H2 and, therefore, similar for both
defluorination processes. When neglecting these almost equal contributions of ∆S to
∆G in both processes, it can be assumed that ∆G of the respective defluorination is in
first approximation equal to the enthalpy of reaction ∆H and it follows that the
defluorination of the Ni-based oxyfluoride is stronger exothermal compared to the
defluorination of Ti-based oxyfluorides. Due to the metastability of the RP-type
oxyfluorides, this exothermicity might lead to a significant decomposition. Especially,
for the Ni-based oxyfluoride, the enthalpic contribution seems to be high enough to
overcome the activation barrier for the decomposition.

Figure 5-1: Schematic illustration of the relationships between the Gibb’s free energy ∆G, the enthalpy of
reaction ∆H, the change in entropy ∆S and the difference between redox potentials ∆E of defluorination and
deoxygenation reactions of Ti- and Ni-based Ruddlesden-Popper-type oxides and oxyfluorides.

The same considerations can be made for the respective deoxygenation reactions of
the Ruddlesden-Popper-type oxides. While it was shown within this work that a
deoxygenation of Sr2TiO4 is not possible using NaH at an reaction temperature of
300 °C, the deoxygenation of higher-order Ruddlesden-Popper-type lanthanum
nickelates with n = 2, 3 and ∞ 96-100, 103, 104 has been shown to be possible at even
lower or comparable temperatures. Therefore, it can be concluded that ∆G of the
deoxygenation of Ti-based oxides is endergonic, whereas the deoxygenation of Nibased oxides is exergonic. The difference between the ∆G values of the deoxygenations
and the defluorinations (red arrow in Figure 5-1) is mainly related to the differences
of ∆H of the involved reactions. ∆H is dependent on the energetic contributions of the
Ruddlesden-Popper-type parent oxyfluorides or oxides and of the respective reduced
phases formed during the reactions. These energies are related to the structures of the
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involved phases, the type of anion, which is extracted, and the site of this anion.
Additionally, the energetic contributions of the side products NaF and Na2O formed
during the defluorination and deoxygenation, respectively, have a considerable
influence on ∆H. This is related to the much higher lattice energy of Na2O in
comparison to NaF. A reductive deoxygenation under the formation of NaOH can be,
moreover, excluded since the involved H2|2H+ redox potential does not provide
sufficient reductive power, which is due to a higher potential of the H2|2H+ redox
couple in relation to Ti3+|Ti4+ and Ni+|Ni2+.
These conceptual consideration can provide a path for additional research: For future
investigations of the defluorination behaviour of Ruddlesden-Popper-type oxyfluorides
it becomes clear that a complex balancing between the metastability and
thermodynamic factors has to be performed. In order to prevent considerable
decomposition, a selection of a parent oxyfluoride with a redox potential of the
transition metal cation between those of Ti3+|Ti4+ and Ni+|Ni2+ might be suitable.
This should result in a less negative ∆G value compared to the defluorination of the
Ni-based oxyfluoride and, consequently, a reduced exothermicity. In addition to this, it
was shown that ∆H and, in particular the enthalpy contribution of the side product,
has a significant influence. A different metal hydride, leading to the formation of
another metal fluoride, could be used as reducing agent to obtain less negative ∆G
values. The selection of a metal hydride with a smaller enthalpy difference to the
metal fluoride would lead to a less negative ∆G value with a lower absolute
magnitude. In this context, for example KH (∆fH0(KH): -57.7 kJ/mol) 284 and KF
(∆fH0(KF): -567.3 kJ/mol) 284 might be suitable candidates. For comparison, NaH and
NaF possess standard enthalpies of formation of -56.3 and -576.6 kJ/mol, respectively.
The use of KH instead of NaH could, therefore, reduce the enthalpic contribution from
the side product by 10.4 kJ/mol. 284
ii.

Reversible electrochemical defluorination and fluorination of oxyfluorides An+1BnO3n+1-xF2x
and the resulting consequences for a further development of intercalation-based fluorideion batteries: The feasibility of topochemical modifications of the Ruddlesden-Poppertype oxyfluorides via electrochemical defluorination and post-fluorination in fluorideion batteries was also investigated. Arising changes in the crystal structures due to the
successful deintercalation and/or intercalation of fluoride ions were related to the
chemically formed phases, since the chemically prepared phases can be regarded as
the charged states of the Ruddlesden-Popper-type oxyfluorides. A stability of the
oxyfluorides within the electrode composite upon heating could only be observed for
Sr3Ti2O5F4 and La2NiO3F2. Significant decomposition and amorphisation of Sr2TiO3F2
was found after the heating of the respective electrode composite under the
experimental conditions.
When using Sr3Ti2O5F4 as active anode material, minor changes upon galvanostatic
charging, suggesting a small degree of defluorination, were observed. The use of
La2NiO3F2 as active anode material, having a higher potential against Li|LiF than the
Ti-based oxyfluoride, led to a higher degree of defluorination, even though only a
partial defluorination of a fraction of the RP-type phases within the anode composite
took place. Based on the coupled Rietveld analysis of the chemically reduced
La2NiO3F2, an approximate composition of La2NiO3F1.9 could be determined for the
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electrochemically reduced phase. A stronger reduction could not be obtained upon
prolonged charging. In addition to the defluorination of La2NiO3F2, its postfluorination, when using La2NiO3F2 as active cathode material, was investigated. A
significant oxidation of La2NiO3F2 to a phase with a composition close to La2NiO3F3
was observed. Though attempts to prepare this phase via a chemical approach using F2
gas were performed, only minor phase fractions of the oxidised phase could be
obtained and a strong decomposition was observed additionally. This highlights the
potential of electrochemical routes as easily controllable synthesis alternatives for
topochemical modifications, which are exceedingly difficult to obtain using chemical
routes. The structural reversibility of the obtained reduced and oxidised phases upon
discharging due to the re-fluorination and re-defluorination could be demonstrated.
Continued discharging caused the formation of the respective post-fluorinated or
defluorinated phase. Furthermore, sequences of reduction and oxidation reactions
were found to facilitate the formation of La2NiO3F3 compared to the direct fluorination
of La2NiO3F2, which suggested an influence of anion disorder, introduced during the
prior reduction process, on the resulting product. The influence of disorder is
discussed below in more detail.
Motivated by the observed reversibility of the structural changes upon charging and
discharging, an investigation of the cycling behaviour was carried out. The
performance of cells containing La2NiO3F2 in the anode or cathode composites in
combination with a Pb/PbF2 counter electrode were tested. Moreover, the use of the
intercalation-based cathode and anode containing La2NiO4+d and La2NiO3F2,
respectively, resulted in better cycling stabilities compared to cells with conversionbased Pb/PbF2 cathodes. However, when using La2NiO3F2 as active anode material, a
meaningful discharging was only found in the negative potential range due to large
over-potentials between the charging and discharging processes. These over-potentials
increased further upon cycling of the cells with each subsequent cycle, giving
indication for the presence of undesired side reactions, affecting the electronic
conductivity of the carbon additive. These irreversible side reactions were found to
take place largely in parallel with the desired reactions involving La2NiO3F2 during the
charging of the electrode composites (Figure 5-2). When using the electrode
composite containing La2NiO3F2 as anode, a reduction of the conductive additive
carbon black was found to take place; when using it as cathode, an oxidation of the
carbon black was observed. An effective limitation of these irreversible reactions,
facilitating reversible defluorination or fluorination reactions of the RuddlesdenPopper-type phases even upon extended cycling, could be achieved by narrowing the
potential window significantly.
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Figure 5-2: Predicted redox potentials of Ruddlesden-Popper-type oxyfluorides investigated as active electrode
materials in fluoride-ion batteries in relation to Li|LiF. In addition, the potential ranges, in which the carbon side
reactions take place, are shown. It is assumed that the redox potentials of Sr2TiO3F2-x|Sr2TiO3F2 and
Sr3Ti2O5F4-x|Sr3Ti2O5F4 are comparable.

Figure 5-2 illustrates the influence of the carbon side reactions on the degree of
defluorination, which could be obtained when charging the electrode composite
containing the stable Ti-based oxyfluoride Sr3Ti2O5F4. The onset of the carbon
reduction reaction at lower potentials than would be needed to achieve a reduction of
the Ti-based compound might lead to a considerable destruction of the carbon matrix
before the desired defluorination of the Ruddlesden-Popper-type compound can take
place. Therefore, this defluorination might only occur to a very limited extent, since
the electronic conductivity might be already significantly reduced after the first
charging step.
In contrast to this detrimental influence of the carbon side reaction, the introduction of
anion disorder was found to be beneficial for the reversible deintercalation and
intercalation of fluoride ions from/into Ruddlesden-Popper-type La2NiO3F2. For the
cells containing La2NiO3F2 as active cathode composite, continuously improving
cycling performances with increasing Coulombic efficiencies were observed with each
successive cycle. This might be related to disorder introduced at the interstitial anion
sites, created due to the repeated reversible intercalation into La2NiO3F2. Additionally,
a prior defluorination was also found to be beneficial for a subsequent additional
fluorination of La2NiO3F2. In contrast to other intercalation-based Ruddlesden-Poppertype active cathode materials such as La2NiO4+d 19, La2NiO3F2 has two independent
crystallographic interstitial sites. One of them is energetically much more favourable
than the other and an anion ordering is observed. The progressive formation of anion
disorder might lead to an approaching of the energetic levels of the interstitial sites,
possibly facilitating a subsequent intercalation of fluoride ions into the site with the
higher energy upon the fluorination of La2NiO3F2. For the defluorination of La2NiO3F2,
a corresponding effect was already observed after the first deintercalation during to reintercalation of fluoride ions. The approaching of the site energies is also linked to
structural changes, i.e., a reduced degree of tilting of NiX6 octahedra.
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In connection with the findings made for the chemical defluorination of RuddlesdenPopper-type oxyfluorides, conclusions for future studies on active electrode materials
can be drawn. To avoid the carbon oxidation, oxyfluorides based on transition metal
cations with lower redox potentials than the onset of the carbon oxidation have to be
used as active cathode materials, since this might result in an adequate separation of
the redox potentials. On the anode side, a transition metal cation with a higher redox
potential compared to the carbon reduction potential has to be used. This separation
of the potentials would, however, lead to lower energy densities. In addition, for
anode materials with higher potentials, higher ∆G values of the defluorination
reactions would be observed. As was shown above, this would potentially lead to a
substantial decomposition of the oxyfluoride due to the higher exothermicity of the
reaction. The use of carbon black as conductive additive seems to be the biggest issue
for the reversible electrochemical defluorination and post-fluorination within fluorideion batteries. The deterioration of the carbon matrix due to the undesired reactions,
leading to a decrease of the electronic conductivity, is detrimental for a more complete
reversible deintercalation or intercalation of fluoride ions and impairs the cycling
performance considerably. The replacement of carbon black by a more redox stable
material or strategies to limit the contact between the active material and carbon
might be beneficial. For the latter aspect, the coating of the active cathode material
with a thin layer of electrolyte La1-xBaxF3-x might result in less carbon fluorination.
Such core-shell structures have been previously examined based on conversion-based
cathodes containing Cu particles coated with LaF3. 142 Additionally, initial studies on
the influence of such coatings on the fluorination behaviour of intercalation-based
La2NiO4+d have been performed in our group. However, for the anode composite, such
strategies might not be suitable since the carbon reduction is presumable based on a
reaction between carbon and La3+ or Ba2+ cations of the electrolyte. With respect to
this, thin film configurations could make the use of an electronic conductive additive
unnecessary.
Furthermore, primary results on the cycling behaviour of cells entirely based on
intercalation-based electrodes are promising and deserve additional attention.
However, a considerable reduction of over-potentials between the charging and
discharging process is required in order to use such systems for an efficient energy
storage. This could be achieved by improving the ionic conductivity of the electrolyte.
A size reduction may also help to overcome limitations related to the ionic
conductivity within the Ruddlesden-Popper-type particles.
iii.
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(Reversible) tuning of magnetic properties, in particular, in the context of the reversible
electrochemical defluorination and/or fluorination of La2NiO3F2 and La1.3Sr1.7Mn2O7:
Topochemical modifications of Ruddlesden-Popper-type oxides and of derived
oxyfluorides were found to have a substantial influence on the magnetic properties of
the obtained phases. It could be shown that the chemical defluorination of Sr2TiO3F2
and Sr3Ti2O5F4, led to a transition from a diamagnetic to paramagnetic behaviour,
which is related to the presence of unpaired electrons in the reduced phases. This
transition is, in principle, also interesting for an electrochemical switching between
magnetic states in fluoride-ion batteries, but was inaccessible by electrochemical
means.

Magnetic ordering in the form of antiferromagnetism and ferromagnetism below a
certain transition temperature was observed for the phases derived from La2NiO4+d and
La1.3Sr1.7Mn2O7, respectively. In general, the ordering is dependent on the type of
indirect exchange interactions (superexchange or double-exchange) between unpaired
electrons of orbitals of the transition metal cations via electrons of orbitals of
diamagnetic anions. For Ruddlesden-Popper-type oxyfluorides, these anions can be
oxide or fluoride ions, depending on the structure of the anion sublattice. However,
interactions via fluoride ions are known to be weaker than via oxide ions. 56 A reduced
strength of the exchange along the long crystallographic axis between the perovskitetype building blocks via the rock salt-type layer can be, furthermore, expected, since
the interactions between the transition metal cations take place via two anions. In
addition, the intercalation of additional anions results in an increase of the distance
between the building blocks and the interactions have to be mediated via longer
distances, leading also to a reduced strength of the interactions. These factors have a
significant influence on the magnitude of the magnetic moments and the ordering
temperatures of the topochemically formed phases.
The La2NiO4+d system could be used to demonstrate these effects. The oxyfluoride
La2NiO3F2, obtained after the non-oxidative fluorination showed an antiferromagnetic
ordering of the magnetic moments of the Ni cations. However, in comparison to the
precursor oxide 43, decreased magnetic moments and a lower ordering temperature
was found. Interestingly, for the subsequently chemically reduced phase with a
composition of La2NiO3F1.93, much higher magnetic moments, which are even
comparable to the moments found in stoichiometric La2NiO4 44, and a higher transition
temperature were observed. This is related to the structural distortion within this
phase, induced due to the extraction of fluoride and the effect of the resulting JahnTeller active d9 Ni cations. In addition, a partial replacement of Ni-F-F-Ni supersuperexchange by Ni-F-Ni superexchange interactions, which seems to strengthen the
exchange between neighbouring perovskite building blocks, can be expected. This
indicates that the strength of the magnetic interaction and the ordering temperature of
a paramagnetic to antiferromagnetic transition can be significantly influenced by
topochemical modifications.
This reduced phase was also accessible via electrochemical reactions in fluoride-ion
batteries. Moreover, a highly fluorinated phase could be synthesised upon the
electrochemical fluorination of La2NiO3F2. It can be assumed that the reversible
electrochemical reactions resulted in similar changes of magnetic properties and a
switching between distinctive magnetic states of the obtained phases should be
possible, even though they seem not to be adequately determinable based on SQUID
measurements only. The changes in magnetisation are comparably small, since only
paramagnetic and antiferromagnetic transitions were observed. Higher absolute
changes of the magnetisation are required for technological applications based on the
tuning of magnetic properties. This shows that the choice of the investigated material
system is decisive for an application-relevant magnetoelectric switching between
magnetic states. Especially, the switching between a ferromagnetically ordered phase,
in which the interactions are mediated by strong double-exchange, and an
antiferromagnetically ordered or paramagnetic phase with significantly reduced
magnetisations is interesting.
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To substantiate this important concept, the reversible magnetoelectric tuning based on
ferromagnetic La1.3Sr1.7Mn2O7 was studied in detail. Upon fluorination, a considerably
reduced magnetisation due to the formation of antiferromagnetic or paramagnetic
fluorinated phases, which could be also partly defluorinated, was observed. The
intercalation of fluoride ions into the fluorinated phases led to a considerable decrease
of the strengths of the magnetic interactions due to the increased distances between
the perovskite-type building blocks, hampering a ferromagnetic ordering. The cycling
of cells showed that a switching between a strong and a weak ferromagnetic state was
possible. Additionally, high Coulombic efficiencies during cycling and high relative
magnetisation changes between the charged and the discharged states could be
observed. Moreover, one of the highest reported magnetoelectric coupling coefficients
for tuneable magnetic systems was found, which illustrates the potential of reversible
magnetic property tuning within fluoride-ion batteries.
It could be also shown that the choice of suitable charging and discharging cut-off
potentials has a severe impact on the observed absolute magnetisation changes. A
higher charging cut-off potential was found to result in lower absolute changes of the
magnetisation due to a higher content of residual fluoride ions present in the
Ruddlesden-Popper-type phases of the discharged cathode material. These ions
suppressed the ferromagnetic ordering in the discharged phases. Therefore, the
elaboration of compound-specific charging and discharging conditions is of great
importance for the designing of experiments for future investigations of other
Ruddlesden-Popper-type compounds.
For potential future technological applications, the temperature required for the
reversible electrochemical fluorination within fluoride-ion batteries and the magnetic
ordering transition temperatures of the investigated materials have to be brought
closer together. A crucial step is the development of room-temperature electrolytes for
fluoride-ion batteries. In this research area, considerable efforts have been made in the
recent years. 136-142 In addition, the strength of the magnetic interactions of the
investigated materials, resulting also in an increase of the ferromagnetic ordering
temperature, has to be sufficiently high. Concerning this, Ruddlesden-Popper-type
compounds with a higher order n and/or different doping approaches could be
suitable, despite the difficulties correlated to the synthesis of such high-order phases.
In such compounds, the relative influence of the reduced strength of the exchange
interactions between the perovskite-type building blocks via the rock salt-type layer
might be less significant. However, so far no room-temperature ferromagnetic
Ruddlesden-Popper-type compounds have been reported, which requires an extension
of these investigations to ferromagnetic anion-deficient perovskite-type compounds. 285
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6 Appendix

Figure 6-1: Coupled Rietveld refinements of Sr2TiO3F2 of HRPD banks 1-3 and XRD data.
Table 6-1: Structural parameters of Sr2TiO3F2 (space group: P4/nmm) derived from coupled Rietveld analysis of XRD
and NPD data. The obtained parameters correspond to the structure reported in reference 72. The anion sites X1eq,
X2ap and X3int refer to the equatorial, apical and interstitial sites, respectively.
Atom
Sr1
Sr2
Ti1
O1 at X1eq
O2 at X2aap
F1 at X2bap
F2a at X3aint
F2b at X3bint

a [Å]
Rwp(XRD+NPD) [%]

Wyckoff
position
2c
2c
2c
4f
2c
2c
2a
2b
3.7929(1)
2.50

x

y

z

Occupancy

B [Å2]

3/4
3/4
1/4
1/4
1/4
1/4
1/4
1/4

3/4
3/4
1/4
3/4
1/4
1/4
3/4
3/4
c [Å]
2.43

0.0976(1)
0.3949(1)
0.2584(2)
0.2861(2)
0.1579(3)
0.4444(1)
0
1/2
15.463(2)
RBragg [%]

1
1
1
1
1
1
1.03(1)
0

0.84(6)
0.84(6)
0.84(6)
0.84(6)
0.84(6)
0.84(6)
0.84(6)
0.84(6)

GOF(XRD+NPD)

0.94 (XRD)
1.50 (NPD, bank 2)
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Figure 6-2: a) Rietveld refinement and quantitative phase analysis of the XRD pattern of the reduction product
Sr2TiO4 + x NaH with x = 2; b) Photograph of Sr2TiO4 and the reaction product Sr2TiO4 + x NaH with x = 2.
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Figure 6-3: Rietveld refinements of XRD patterns of the reduction products of Sr2TiO3F2 + x NaH with x = 0.25, 0.5,
0.75, 1.25, 1.5, 1.75 and 2.5. The refinements of the reduction products of Sr2TiO3F2 + x NaH with x = 1 and 2 are
given in Figure 4-6.
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Figure 6-4: X-ray diffraction patterns and quantitative phase analysis of XRD patterns of reduction product
Sr2TiO3F2 + x NaH with x = 2 before and after removal of NaF by washing with 0.25 M NH4Cl in dry methanol.

Figure 6-5: Rietveld refinements and quantitative phase analysis of XRD patterns of re-oxidized reduction products
Sr2TiO3F2 + x NaH with x = 1 (a) and x = 2 (b).
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Figure 6-6: Symmetry tree for the symmetry lowering from I4/mmm to P-1. The different anion sites X1, X2 and X3
refer to the equatorial, apical and interstitial sites, respectively.
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Figure 6-7: Rietveld refinements of XRD patterns of the reduction products of Sr3Ti2O5F4 + x NaH with x = 0.5, 1, 1.5,
2.5, 3 and 3.5. The refinements of the reduction products of Sr2TiO3F2 + x NaH with x = 2 and 4 are given in Figure
4-19 and Figure 6-9, respectively.
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Figure 6-8: Rietveld refinements and quantitative phase analysis of XRD patterns of re-oxidised reduction products
Sr2TiO3F2 + x NaH with x = 2 (a) and x = 4 (b).

Figure 6-9: Coupled Rietveld refinements of the reduction products of Sr3Ti2O5F4 + x NaH with x = 4 of HRPD banks
1-3 and XRD data.
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Table 6-2: Structural parameters of tetragonal #3 phase (space group: I4/mmm) derived from coupled Rietveld
analysis of XRD and NPD data of the reduction product of Sr3Ti2O5F4 + x NaH with x = 4. The anion sites X1eq,
X2ap,central, X3ap,terminal and X4int refer to the equatorial, central apical, terminal apical and interstitial sites,
respectively.
Atom
Sr1
Sr2
Ti
O1 at X1eq
O2 at X2ap,central
F1 at X3ap,terminal
F2 at X4int
a [Å]
Rwp(XRD+NPD) [%]

Wyckoff
position
2b
4e
4e
8g
2a
4e
4d
3.9169(1)
3.42

x

y

z

Occupancy

B [Å2]

0
0
0
0
0
0
½

0
0
0
½
0
0
0
c [Å]
1.86

½
0.3155(3)
0.0965(6)
0.1009(3)
0
0.83122(5)
¼
21.135(2)
RBragg [%]

1
1
1
1
1
1.00(2)
0.30(1)

0.473(3)
0.473(3)
0.473(3)
0.473(3)
0.473(3)
0.473(3)
0.473(3)

GOF(XRD+NPD)

1.30 (XRD)
1.80 (NPD, bank 1)

Figure 6-10: Na 1s and F1s spectra of Sr3Ti2O5F4 and reduction products Sr3Ti2O5F4 + x NaH with x = 2 and 4.
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Figure 6-11: Rietveld refinements of XRD patterns of the reduction products of La2NiO3F2 + x NaH with x = 0.75,
1.25, 1.75, 2 and 2.5. The refinements of the reduction products of La2NiO3F2 + x NaH with x = 0.25, 0.5, 1 and 1.5
are given in Figure 4-37, Figure 4-38, Figure 6-14 and Figure 4-39, respectively.
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Figure 6-12 Rietveld refinements and quantitative phase analysis of XRD patterns of re-oxidised reduction products
La2NiO3F2 + x NaH with x = 0.5 (a), x = 1 (b) and x = 1.5 (b). A comparison of the re-oxidised reduction products (d)
is additionally given.

Figure 6-13: XRD patterns of re-fluorinated reduction products La2NiO3F2 + x NaH with x = 1 and 1.5. The
fluorination was performed using F2 gas at various temperatures for 15 min.
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Figure 6-14: Coupled Rietveld refinements of the reduction product of La2NiO3F2 + x NaH with x = 1 of GEM banks
1-6 and XRD data measured at room-temperature (RT).
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Table 6-3: Data acquisition, structure solution and dynamical refinement parameters of the crystals used for
structure determination from Fast-ADT measurements. The crystal structures of La2NiO3F2 and the reduced
monoclinic phase in the reduction product of La2NiO3F2 + 0.25 NaH were determined.
Space group
Structure solution
Tilt range [°]
Acquired diffraction patterns
Num. of sampled reflections
Num. of ind. reflections
Used resolution [Å]
Ind. reflection coverage [%]
Overall B [Å2]
Rsym
Residual R(F) (Sir2014)
Dynamical refinement
Num. of used reflections (obs/all)
R1 (obs/all)

La2NiO3F2
Cccm

Monoclinic phase
C12/c1

-35/40
76
3630
132
0.8
56.9
0.721
0.276
0.133

-40/40
81
3948
521
0.7
82.1
0.898
0.077
0.207

1070/500
0.146/0.247

1320/811
0.086/0.127

Figure 6-15: ZFC and FC M(T) curves of La2NiO3F2 measured at µ0 = 1 T.
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Figure 6-16: Rietveld refinements of XRD patterns of anode sides of cells Pb/PbF2 against La2NiO3F2 heated to
170 °C for 72 h, charged to 90 mAhg-1 and charged to 90 mAhg-1 and subsequently discharged to 395 mAhg-1 and
of cathode sides of cells La2NiO3F2 against Pb/PbF2 heated to 170 °C for 72 h, charged to 739 mAhg-1 and charged
to 90 mAhg-1 and subsequently discharged to 448 mAhg-1
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Figure 6-17: La 3d (Ni 2p), F 1s, O 1s, La 4d (Ni 3s) and Ni 3p XPS spectra of the anode composite containing
La2NiO3F2 after milling, of the anode side of a cell Pb/PbF2 against La2NiO3F2 charged to 90 mAhg-1 and of the
cathode side of a cell La2NiO3F2 against Pb/PbF2 charged to 180 mAhg-1. Due to expected shifts of the carbon
signals of the reduced and oxidized samples, the C 1s line could not be used to calibrate the samples. Since shifts in
the F 1s signal should be small, the F 1s emission line was used for the calibration of the reduced and oxidized
samples. When doing so, the La and Ni lines, which are dominated by the La signal from the stable (and, therefore,
unaffected by chemical shifts) electrolyte La0.9Ba0.1F2.9, also aligned. Due to the strong signal of La, a deconvolution
of the La and Ni signals was not possible. The found binding energies of La 3d5/2, La 3d3/2 and F 1s signals agree
well with reference values of signals of LaF3, which is close to that of the dominating phase La0.9Ba0.1F2.9. 286-289 The
Ni 3p lines could not be used for the determination of the oxidation state due to their very low intensities.
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Figure 6-18: Rietveld refinements of XRD data of the anode side of a cell Pb/PbF2 vs. La2NiO3F2 charged to
75 mAhg-1 and of scratched-off anode sites of 8 cells Pb/PbF2 vs. La2NiO3F2 charged to 75 mAhg-1.

Figure 6-19: Rietveld refinement of the XRD data of the fluorination product containing additionally fluorinated
La2NiO3F2+x. The product was obtained using F2 gas for the optimised reaction conditions of 190 °C for 15 min.
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Figure 6-20: EDX spectrum of the RP-type crystal measured in µ-STEM-NED mode confirming the presence of Ni
within the crystal. The phase was obtained using galvanostatic charging of a cell La2NiO3F2 vs. Pb/PbF2.
Table 6-4: Data acquisition, structure solution and refinement parameters of the crystal used for structure
determination of the oxidised monoclinic #2 RP-type phase obtained using galvanostatic charging of a cell
La2NiO3F2 vs. Pb/PbF2 from Fast-ADT measurements.

C12/c1

Space group
Structure solution
Tilt range [°]
Acquired diffraction patterns
Num. of sampled reflections
Num. of ind. reflections
Used resolution [Å]
Ind. reflection coverage [%]
Rsym
Overall U [Å2]
Residual R(F) (Sir2014)
Reflections/parameter ratio

-20/25
46
1157
100
0.8
55
0.1051
0.3607
21.89
2.96

Structure refinement all data

No. of independent reflections (Fo > 3σ)
Used resolution [Å]
Reflections/parameter ratio
R(F) (Fo > 4σ)/all
Goodness of fit

306
0.59
23.54
0.3872/0.4114
9.27

Table 6-5: Atomic positions for La2NiO3F2+x in space group C12/c1 refined using SIR 2014. However, due to the low
completeness of the reciprocal space sampling displacement factors have been found to be not reliable. Therefore,
only a positional refinement of the weak scattering anions has been undertaken using a fixed Uiso. Furthermore, an
assignment of oxide or fluoride ions to the anion sites was not possible. Assuming a full occupation of all anion
sites, a composition of La2NiX6 (respectively La2NiO3F3) can be followed.
Monoclinic #2 (space group: C12/c1)
Atom
Wyckoff position

x

y

z

Uiso [Å2]

La1
Ni1
X1 at X1eq
X2 at X2ap
X3a at X3aint
X3b at X3bint

0.88613
¾
0.79179
0.86643
0
0

0.23878
¼
0.05547
0.67644
-0.00376
0.4875

0.98903
½
0.12430
0.96068
¼
¼

0.042
0.041
0.021
0.021
0.021
0.022
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8f
4c
8f
8f
4e
4e

Site
symmetry
1
-1
1
1
2
2

Occupancy
1
1
1
1
1
1

Table 6-6: Atomic positions for La2NiX6 in space group C12/m1.
Atom

Wyckoff position

x

y

z

La1
La2
Ni1
Ni2
X1 at X1eq
X2a at X2aap
X2bat X2bap
X3b at X3bint

4i
4i
2a
2b
8j
4i
4i
8j

0.637
0.12
0
0
-0.015
0.145
0.629
0.258

0
0
0
½
0.763
0
0
0.258

-0.016
0.481
0
½
0.235
0.06
0.46
0.23

Site
symmetry
m
m
2/m
2/m
1
m
m
1

Occupancy
1
1
1
1
1
1
1
1

Figure 6-21: Rietveld refinement of XRD data of anode sides of cells Pb/PbF2 against La2NiO4.13 heated to 170 °C for
72 h (a) and charged to 350 mAhg-1 (b).

Figure 6-22: a) Cycling curve of a cell La2NiO3F2 against Zn/ZnF2 cycled between the charging cut-off capacity
30 mAhg-1 and the discharging cut-off voltage 0 V; b) Rietveld refinement of XRD data of a cell La2NiO3F2 against
Zn/ZnF2 cycled between the charging cut-off capacity 30 mAhg-1 and the discharging cut-off voltage 0 V for 18
cycles.
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Figure 6-23: Cycling curves and Rietveld refinements of XRD data of cells La2NiO3F2 against Pb/PbF2 cycled between
the charging cut-off capacity 30 mAhg-1 and the discharging cut-off voltage 0 V over various cycle numbers.
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Figure 6-24: Lattice parameters a (a), b (b) and c (c) of RP-type orthorhombic #1, monoclinic #2 and orthorhombic
#3 phases in the cathode sides of cells La2NiO3F2 against Pb/PbF2 cycled for various cycle numbers between the
charging cut-off capacity 90 mAhg-1 and the discharging cut-off potential 0 V. The fractions of cathode sides of cells
within the charged state are shown.
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Figure 6-25: Lattice parameters a (a), b (b) and c (c) of RP-type orthorhombic #1 phase and an intermediate phase
in the cathode sides of cells La2NiO3F2 against Pb/PbF2 cycled for various cycle numbers between the charging cutoff capacity 90 mAhg-1 and the discharging cut-off potential 0 V. The fractions of cathode sides of cells within the
discharged state are shown.

Figure 6-26: Charging and discharging curves of cells La2NiO4+d against La2NiO3F2 charged to 90 mAhg-1 and
subsequently discharged to various cut-off potentials.
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Figure 6-27: XRD patterns of anode and cathode sides of cells La2NiO4+d against La2NiO3F2 charged to 90 mAhg-1
and subsequently discharged to various cut-off potentials.

Figure 6-28: χ-1(T) curve of a scratched-off cathode side of a cell La2NiO3F2 vs. Pb/PbF2 containing a large relative
phase fraction of the monoclinic #2 phase measured at µ0 = 1 T. The fitting curve of the Curie-Weiss fit, the
corresponding linear function and the coefficient of determination are also given. The curve is corrected from the
diamagnetic contributions of the present phases and the gelatine capsules and straws used for the measurements
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Figure 6-29: Rietveld refinements of XRD data of the cathode side of a cell La2NiO3F2 vs. Pb/PbF2 charged to
739 mAhg-1 and of scratched-off cathode site of a cell La2NiO3F2 vs. Pb/PbF2 charged to 739 mAhg-1 after SQUID
measurements.
Table 6-7: Structural parameters of La1.3Sr1.7Mn2O7 (space group: I4/mmm) derived from Rietveld analysis of XRD
data. The obtained parameters correspond well with the structure reported in reference 226. The occupation
factors of La1/Sr1 and La2/Sr2 were adjusted to the nominal composition assuming a random La/Sr distribution.
The anion sites X1eq, X2ap,central, X3ap,terminal and X4int refer to the equatorial, central apical, terminal apical and
interstitial sites, respectively.
Atom
La1/Sr1
La2/Sr2
Mn1
O1 at X1eq
O2 at X2ap,central
O3 at X3ap,terminal
X4int
a [Å]
Rwp(XRD) [%] 8.08

Wyckoff position
2b
4e
4e
8g
2a
4e
4d
3.8745(1)
GOF(XRD)

x
0
0
0
0
0
0
½

y
0
0
0
½
0
0
0
c [Å]
1.25

z
Occupancy
½
0.481/0.519
0.31599(9)
0.410/0.590
0.0976(2)
1
0.0923(6)
1
0
1
0.7948(7)
1
¼
0
20.1673(5)
RBragg [%] 2.84 (XRD)

B [Å2]
1.81(6)
1.81(6)
1.81(6)
1.81(6)
1.81(6)
1.81(6)
1.81(6)
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Figure 6-30: Rietveld refinements of XRD patterns of cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 heated
to 170 °C for 240 h, charged to 0.45, 0.6 and 3 V and charged to 0.45 V and subsequently discharged -0.3 V.
Improved fits for the patterns of the charged cells could be obtained when using a fit model with two RP-type
phases with slightly varying lattice parameters. For some these samples, a texturing of one of these fluorinated
phases was found in addition. The discussed phase fractions, unit cell volumes and lattice parameters were,
however, derived using a fit model with only one fluorinated RP-type phase. The correlated errors should be in the
same order of magnitude for all samples.
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Table 6-8: Structural parameters of La1.3Sr1.7Mn2O7F1-y (space group: P4/nmm) derived from Rietveld analysis of
XRD data. The parameters were determined on the XRD pattern of the cathode side of the cell La1.3Sr1.7Mn2O7
against Pb/PbF2 charged to 0.7 V, containing the highest phase fraction of this phase. The obtained parameters
correspond well with the structure reported in reference 22, even though the atomic positions of the anions were
not refined. The occupation factors of La1/Sr1 and La2/Sr2 were adjusted to the nominal composition assuming a
random La/Sr distribution. The anion sites X1eq, X2ap,central, X3ap,terminal and X4int refer to the equatorial, central
apical, terminal apical and interstitial sites, respectively.
Atom
La1/Sr1
La2a/Sr2b
La2b/Sr2b
Mn1
Mn2
O1a at X1eqa
O1b at X1eqb
O2 at X2ap,central
O3a at X3ap,terminala
O3b at X3ap,terminalb
F1 at X4int
a [Å]
Rwp(XRD) [%] 7.74

Wyckoff position
2c
2c
2c
2c
2c
4f
4f
2c
2c
2c
2b
3.8019(5)
GOF(XRD)

x
¼
¼
¼
¾
¾
¾
¾
¾
¾
¾
¾

y
¼
¼
¼
¾
¾
¼
¼
¾
¾
¾
¼
c [Å]
1.07

z
Occupancy
0.2378(8)
0.433/0.566
0.4316(8)
0.433/0.566
0.0681(7)
0.433/0.566
0.1481(15)
1
0.3306(19)
1
0.1430
1
0.3193
1
0.2298
1
0.0519
1
0.407
1
½
1
21.974(5)
RBragg [%] 1.92 (XRD)

B [Å2]
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)
-1.7(2)

Table 6-9: Structural parameters of La1.3Sr1.7Mn2O7F2-x (space group: I4/mmm) derived from Rietveld analysis of
XRD data. The parameters were determined on the XRD pattern of the cathode side of the cell La1.3Sr1.7Mn2O7
against Pb/PbF2 chatged to 3 V, containing the highest phase fraction of this phase. The obtained parameters
correspond well with the structure reported in reference 23. The occupation factors of La1/Sr1 and La2/Sr2 were
adjusted to the nominal composition assuming a random La/Sr distribution. The anion sites X1eq, X2ap,central,
X3ap,terminal and X4int refer to the equatorial, central apical, terminal apical and interstitial sites, respectively.
Atom
La1/Sr1
La2/Sr2
Mn1
O1 at X1eq
O2 at X2ap,central
O3 at X3ap,terminal
F1 X4int
a [Å]
Rwp(XRD) [%] 7.39

Wyckoff position
x
y
0
0
2b
0
0
4e
0
0
4e
0
½
8g
0
0
2a
0
0
4e
½ 0
4d
3.7649(3)
c [Å]
GOF(XRD+NPD) 1.09

z
Occupancy
½
0.481/0.519
0.3205(3)
0.410/0.590
0.0824(7)
1
0.8303(16)
1
0
1
0.0825(16)
1
¼
0
23.639(3)
RBragg [%] 2.84 (XRD)

B [Å2]
-0.7(1)
-0.7(1)
-0.7(1)
-0.7(1)
-0.7(1)
-0.7(1)
-0.7(1)

Table 6-10: Estimation of fluoride content in La1.3Sr1.7Mn2O7F1-y based on the reached capacity and the relative
phase fraction of La1.3Sr1.7Mn2O7F1-y found in the cathode side of a cell after charging to a specific cut-off potential.
Charging cut-off
potential [V]

Reached charging
capacity [mAhg-1]

0.45
0.5
0.55
0.6
0.7

~ 18
~ 27
~ 29
~ 30
~ 32

Average
fluoride
content
~ 0.37
~ 0.54
~ 0.59
~ 0.62
~ 0.65

Relative phase fraction of
La1.3Sr1.7Mn2O7F1-y [%]

Fluoride content in
La1.3Sr1.7Mn2O7F1-y

~ 61
~ 88
~ 89
~ 94
~ 100

~ 0.61
~ 0.62
~ 0.66
~ 0.66
~ 0.65
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Figure 6-31: Unit cell volumes per formula unit (a) and lattice parameters a (b) and c (c) of La1.3Sr1.7Mn2O7,
La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for
various cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off potential -0.3 V.
The volumes and lattice parameters of cathode sides of cells within the charged state are shown.
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Figure 6-32: Unit cell volumes per formula unit (a) and lattice parameters a (b) and c (c) of La1.3Sr1.7Mn2O7,
La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for
various cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off potential -0.3 V.
The volumes and lattice parameters of cathode sides of cells within the discharged state are shown.
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Figure 6-33: Unit cell volumes per formula unit (a) and lattice parameters a (b) and c (c) of La1.3Sr1.7Mn2O7,
La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for
various cycle numbers between the charging cut-off potential 0.6 V and the discharging cut-off potential -0.3 V. The
volumes and lattice parameters of cathode sides of cells within in charged state are shown.
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Figure 6-34: Unit cell volumes per formula unit (a) and lattice parameters a (b) and c (c) of La1.3Sr1.7Mn2O7,
La1.3Sr1.7Mn2O7F1-y and an intermediate phase in the cathode sides of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled for
various cycle numbers between the charging cut-off potential 0.6 V and the discharging cut-off potential -0.3 V. The
volumes and lattice parameters of cathode sides of cells within in discharged state are shown.

Figure 6-35: Comparison of M(H) curves of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled
for various cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off potential -0.3 V
measured at 10 K (a) and a magnification of the M(H) curves in the Tc temperature region (b). Measurements of
scratched-off cathode sides of cells within the charged and discharged states are shown. For reference, a cell, which
was only heated (discharged state), is given.
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Figure 6-36: Comparison of M(H) curves of scratched-off cathode side of cells La1.3Sr1.7Mn2O7 against Pb/PbF2 cycled
for various cycle numbers between the charging cut-off potential 0.45 V and the discharging cut-off potential -0.3 V
measured at 10 K (a) and a magnification of the M(H) curves in the Tc temperature region (b). Measurements of
scratched-off cathode sides of cells within the charged and discharged states are shown. For reference, a cell, which
was only heated (discharged state), is given.
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8 List of Abbreviations

ADT

automated diffraction tomography

CB

carbon black

CCD

charged-coupled device

CHA

concentric hemispherical analysers

DESY

Deutsches Elektronen-Synchrotron

EDX

energy dispersive X-ray spectroscopy

EXAFS

extended X-ray absorption spectroscopy

FC

field-cooled

FIB

fluoride-ion battery

GEM

general materials diffractometer

GII

global instability index

GGA

generalised gradient approximation

GOF

goodness-of-fit

HAADF

high-angle annular dark field

HRPD

high-resolution powder diffractometer

HRTEM

high-resolution transmission electron microscopy

NPD

neutron powder diffraction

OCV

open cell voltage

PAW

projector-augmented wave

PBE

Perdew-Burke-Ernzerhof

PED

precession electron diffraction

PTFE

polytetrafluoroethylene

PVDF

polyvinylidene difluoride

RP

Ruddlesden-Popper

RT

room-temperature

SEM

scanning electron microscopy

271

SQUID

superconducting quantum interference device

TEM

transmission electron microscopy

TOF

time-of-flight

VASP

Vienna ab-initio simulation package

XANES

X-ray absorption near-edge spectroscopy

XAS

X-ray absorption spectroscopy

XPS

X-ray photoelectron spectroscopy

XRD

X-ray diffraction

ZFC

zero-ﬁeld-cooled
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