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Zusammenfassung

Waéhrend Bildung und Transport von Punktdefekten in Oxiden an vielen Beispielen untersucht wurde,
ist die Defektchemie der Metall-Peroxide und Superoxide praktisch unbekannt. Diese Thematik ist
sowohl von grundlegendem Interesse (was sind die relevanten Ladungstrager, ergeben sich durch die
Peroxid- und Superoxidionen Unterschiede zu Oxiden etc.) als auch von technologischer Bedeutung
fiir neuartige elektrochemische Energiespeicher.

Bei der elektrischen Entladung von Alkalimetall-Sauerstoff-Batterien mit nicht-wassrigen
Elektrolyten reagieren Sauerstoff und Alkalimetall-lonen unter Aufnahme der Elektronen aus dem
elektrischen  Stromkreis zu Alkalimetallperoxiden oder —superoxiden. Im Vergleich zu
herkémmlichen Alkalimetall-lonen-Batterien, bei denen die Alkalimetall-lonen wvon einem
Wirtsmaterial aus (iblicherweise schweren Ubergangsmetalloxiden- oder phosphaten aufgenommen
werden (durch Interkalation oder Phasenumwandlung), kénnten deutlich héhere spezifische
Energiedichten erreicht werden, die insbesondere fir Elektroantriebe von Kraftfahrzeugen
erforderlich sind. Da die Alkalimetallperoxide und —superoxide bei jedem Entlade- und Ladezyklus
neu gebildet und wieder zersetzt werden, kommt der Transport- und Reaktionskinetik dieser
Materialien eine erhebliche Bedeutung fur die Leistungsfahigkeit der Batterien zu. In der
vorliegenden Arbeit werden die elektrischen Transporteigenschaften, die Sauerstoffaustauschkinetik
sowie die Defektchemie der Peroxide von Lithium, Natrium und Kalium sowie der Superoxide von

Kalium, Rubidium und Césium untersucht.

Aufgrund der hohen Empfindlichkeit der Substanzen gegentiber Kohlenstoffdioxid und Wasser sowie
der elektrischen Transporteigenschaften gegentber Verunreinigungen wurde besonderes Augenmerk
auf die Herstellung, Handhabung und chemische Charakterisierung (Raman-Spektroskopie,
Réntgenbeugung, Infrarotspektroskopie und Atomemissionsspektroskopie) der Proben gelegt. Die
Préaparation erfolgt im Falle von Lithiumperoxid durch eine Fallungsreaktion einer Lithiumbase mit
Wasserstoffperoxid, in den anderen Fallen durch vorsichtige Oxidation des Alkalimetalls mit
Sauerstoff. Die Handhabung der Proben unter Schutzgas (Handschuhkasten) oder reinem Sauerstoff
und die Verwendung von leckdichten Versuchsaufbauten sind erforderlich, um die Reaktion zu

Karbonaten und Hydroxiden zu unterbinden.

Zur elektrochemischen Charakterisierung wurden Presslinge hergestellt und ionisch blockierende
Elektroden (Titan, Gold, Platin) durch Kathodenzerstdubung aufgebracht. Die elektrische
Leitfahigkeit der Materialien wurde mittels Impedanzspektroskopie und Stéchiometriepolarisation mit
Gleichstrom in ihre ionische und elektronischen Anteile zerlegt. Aus dem transienten Verhalten der
Stochiometriepolarisation liel} sich auflerdem der chemische Diffusionkoeffizient (ambipolare

Diffusion  von ionischen und elektronischen Ladungstragern) gewinnen. Die



Sauerstoffpartialdruckabhangigkeit der elektronischen Leitfahigkeit gibt Aufschluss (ber die
elektronischen Majoritatstrager. Fir die Alkalimetall-Peroxide ergibt sich eine zunehmende
elektronische Leitfahigkeit mit zunehmendem Sauerstoffpartialdruck gemaR einer p-Leitung. Mit
Hilfe der Elektronenspinresonanzspektroskopie kdnnen Superoxidionen als Defektspezies in den
Peroxiden identifiziert werden. Dieser Defekt lasst sich als ein an einem reguldren Peroxid-Platz
lokalisiertes Defektelektron (Loch) veranschaulichen. Der wahrscheinlichste elektronische
Leitungsmechanismus ist daher der Sprung eines solchen Defektelektrons zu einem benachbarten
Peroxid-lon. Das genau umgekehrte Bild ergibt sich fir die Alkalimetall-Superoxide. Hier zeigt die
zunehmende elektronische Leitfahigkeit mit abnehmendem Sauerstoffpartialdruck auf einen n-
Leitfahigkeit an. Die Uberschusselektronen sind am wahrscheinlichsten an Superoxid-lonen gebunden
und bilden Peroxidionen als Defektspezies im Material.

Die ionischen Majoritatsladungstrager lassen sich in Lithiumperoxid durch die Verwendung von
Elektroden aus Lithium-Aluminium | Lithiumiodid (reversibel fir Kationen, polarisierend fur
Anionen) dem Lithiumionen-Teilgitter zu ordnen. Fur den Transport der Kationen ergibt sich aus der
Erhdhung der ionischen Leitfahigkeit mit zunehmendem Gehalt an Donoratomen ein
Leerstellenmechanismus. Die relativ hohen Aktivierungsenergien fir ionischen und elektronischen
Transport erklaren sich durch Berlicksichtigung von Assoziaten aus Lithiumionenleerstellen und
Donoren sowie Lithiumionenleerstellen und Loéchern. Auf der Grundlage der Ergebnisse wird ein
defektchemisches  Modell ~ vorgeschlagen und  diskutiert.  Die  Abhéngigkeiten  der
Defektkonzentrationen vom Sauerstoffpartialdruck bzw. von der Alkalimetallaktivitdat werden

abgeleitet und als sogenannte Krdger-Vink-Diagramme graphisch dargestellt.

Die ionische Leitfahigkeit zeigt im Falle von Rubidiumsuperoxid, Cdasiumsuperoxid sowie
getempertem Kaliumsuperoxid eine starke negative Abhéngigkeit vom Sauerstoffpartialdruck. GemaR
dem vorgeschlagenen Defektmodells fiir die Alkalimetall-Superoxide ist dieses Verhalten fur den
Transport entweder von Alkalimetall-Zwischengitterionen oder von Superoxid-Leerstellen zu
erwarten ist. In diesem Zusammenhang sind weitere Arbeiten, beispielsweise unter Verwendung von
Elektroden die selektiv nur Anionen oder Kationen blockieren notwendig, um die Frage der ionischen

Majoritatsladungstréger abschlieRend zu klaren.

Der Sauerstoffaustausch der Alkaliperoxide und —superoxide wurde durch Sauerstoff-
Isotopenaustausch ~ mit  anschlieBender Analyse der Gasphasenzusammensetzung  mittels
Massenspektrometer untersucht. In Lithiumperoxid, Natriumperoxid sowie Kaliumsuperoxid erfolgt
der Sauerstoffaustausch maBgeblich unter Brechung der kovalenten Sauerstoffbindung. Dabei wird
die Austauschkinetik mit zunehmendem Kationenradius deutlich schneller. Hingegen ermdglicht die
hohe Polarisierbarkeit der Kationen im Casiumsuperoxid sogar den Einbau und den VVolumentransport

von Sauerstoff unter Beibehaltung der kovalenten Bindung. Aus der Sauerstoffisotopenrelaxation



lassen sich der Diffusionskoeffizient des Superoxids sowie eine Untergrenze flr die
Sauerstoffaustauschreaktionsrate  bestimmen. Waéhrend die Diffusion im Vergleich zu
Sauerstoffelektrolyten  wie  Yttrium-dotiertem  Zirkonoxid  langsam  verlauft, ist die
Oberflachenreaktion in Casiumsuperoxid verglichen mit hochdotierten Kathodenmaterialien fur

Hochtemperatur-Brennstoffzellen sehr schnell.

Die erhohte Austauschkinetik der Alkalimetall-Superoxide mit der Gasphase — die lediglich den
Transfer eines Elektrons sowie die Vernichtung einer Superoxid-Leerstelle, jedoch nicht die Brechung
der kovalenten Bindung des molekularen Sauerstoffs erfordert — ermdglicht auch die Messung der
elektromotorischen Kraft (EMK) durch Unterschiede im Sauerstoffpartialdruck bei vergleichsweise
niedrigen Temperaturen < 200 °C. EMK-Messungen an den Superoxiden sind ferner eine geeignete
Methode, um die elektronische Leitfahigkeit und ihre Abhangigkeit vom Sauerstoffpartialdruck zu

bestimmen.

Zusammenfassend lasst sich festhalten, dass in der vorliegenden Arbeit die Defektchemie fir eine
Reihe von Metall-Peroxiden und Superoxiden systematisch und im Detail untersucht wurde. Hierbei
wurden auch  TransportgroBen  wie die elektronische und ionische Leitfahigkeit,
Diffusionskoeffizienten und Oberflachenreaktionsraten bestimmt sowie Transportmechanismen
aufgeklart. Diese Ergebnisse sind einerseits von grundlegendem Interesse aber auch hochgradig
relevant fur das Verstdndnis und die Entwicklung von neuartigen elektrochemischen

Energiespeichern.



Abstract

While the formation and transport of point defects of oxide materials have been well investigated on
numerous examples, the defect chemistry of metal peroxides and superoxides is largely unknown so
far. This subject is of fundamental interest (what are the relevant charge carriers, exist differences
compared to oxides etc.) but also of technological relevance for novel electrochemical energy storage
systems.

During the discharging of the alkali metal oxygen battery based on non-aqueous electrolytes, oxygen
takes up electrons from the electric circuit and reacts with alkali metal ions to alkali metal peroxides
or superoxides. Compared to conventional alkali metal ion batteries with heavy transition metal
oxides or phosphates as host material for the alkali metal (either by intercalation or phase
transformation), much higher specific energy densities, which are in particular necessary for electric
vehicles, can potentially be achieved in these batteries. The transport and reaction kinetics is
particularly relevant for the performance of these energy storage systems, since the alkali metal
peroxides and superoxides are formed and decomposed again at every charge-discharge cycle. The
present thesis investigates the electrical transport properties, the oxygen exchange kinetics and the
defect chemistry of the peroxides of the lithium, sodium and potassium as well the superoxides of

potassium, rubidium and cesium.

Due to the high sensitivity a) of the materials towards carbon dioxide and water and b) of the
electrical transport properties towards impurities, special attention was paid to the preparation, the
treatment and the chemical characterization (Raman spectroscopy, x-ray diffraction, infrared
spectroscopy, atomic emission spectroscopy) of the samples. The preparation of lithium peroxide is
carried out by precipitating a lithium base with hydrogen peroxide. The other peroxides and
superoxides were prepared by careful oxidation of the corresponding alkali metal with oxygen. The
samples have to be handled under inert gas (glove box) or pure oxygen and leakage free setups have

to be employed to avoid the reaction to carbonates and hydroxides.

For the electrochemical characterization, pellets were pressed from the sample powders and contacted
with ionically blocking electrodes (titanium, gold, platinum) by dc magnetron sputtering. The
electrical conductivity of the materials was separated into its ionic and electronic contributions by
electrochemical impedance spectroscopy and dc stoichiometry polarization. Furthermore, the
chemical diffusivity (ambipolar diffusion of ionic and electronic charge carriers) was determined from
the transient behavior of the stoichiometry polarization relaxation curve. The oxygen partial pressure
dependence of the electronic conductivity sheds light on the majority electronic carrier. The increase
of the electronic conductivity upon increasing pO, provides evidence for p-type conduction. With

electron spin resonance spectroscopy, it is possible to identify superoxide ions as defects in the



peroxides. This defect can be seen as a defect electron (hole) trapped on a regular peroxide site.
Accordingly, the most probable electronic transport mechanism is the hopping of such a trapped
defect electron to a neighbouring peroxide ion. The exactly inversed situation can be considered for
the alkali metal superoxides. The increasing electronic conductivity with decreasing pO, suggests n-
type conductivity. The excess electrons are most likely trapped by superoxide ions and form peroxide

ions as defects in the material.

The main ionic charge carrier in lithium peroxide can be assigned to the cation sub-lattice by
investigating cells with electrodes of lithium-aluminium | lithium iodide (which are reversible for
lithium, but polarizing for oxygen species). Since the ionic conductivity is increasing with increasing
donor content, the lithium transport can be considered to proceed via a vacancy mechanism. The
relatively high activation energies of ionic and electronic transport are explained if the formation of
associates of lithium vacancies and donor impurities as well as of lithium vacancies and holes are
taken into account at the low measurement temperatures. Based on the results, a defect chemical
model is proposed and discussed. The dependence of the defect concentration on the oxygen partial
pressure and alkali metal activity respectively are derived and graphically illustrated as so called
Kroger-Vink diagrams.

The ionic conductivity exhibits a pronounced negative pO, dependence in the case of rubidium and
cesium superoxide as well as annealed potassium superoxide. According to the proposed defect model
for alkali metal superoxides, this corresponds either to the transport of alkali metal interstitial ions
and/or superoxide vacancies. Further experiments employing selectively cation or anion blocking
electrodes will be necessary to distinguish between these defects and determine the main ionic charge

carrier in alkali superoxides.

The oxygen exchange in alkali peroxides and superoxides was studied by oxygen isotope exchange
and analysis of the gas phase composition by mass spectrometry. In lithium and sodium peroxide as
well as in potassium superoxide, the oxygen exchange proceeds mainly by breaking the covalent
oxygen bond. The exchange kinetics is accelerated with increasing cation size. In contrast, the high
polarizibility in cesium superoxide allows the incorporation and bulk transport of molecular oxygen as
a unit without breaking the oxygen-oxygen bond. The chemical diffusivity of the superoxide and a
lower limit of the oxygen exchange rate constant can be extracted from the relaxation of the oxygen
isotope composition in the gas phase. While the superoxide diffusion is rather slow compared to
oxygen electrolytes such as yttrium doped zirconia, the surface reaction turns out to be extremely fast

compared to highly doped cathode materials employed in solid oxide fuel cells.

The enhanced oxygen exchange kinetics of the alkali metal superoxides — which requires only the
transfer of an electron and the annihilation of a superoxide vacancy, but no bond breaking — also

enables the measurement of the electromotive force (EMF) caused by differences in the oxygen



partial pressure at comparable low temperatures of < 200 °C. It was further shown that the EMF
method is suitable to determine the dependence of the electronic conductivity on the oxygen partial

pressure in alkali superoxides.

To summarize, the present thesis is the first systematic and detailed investigation of the defect
chemistry of a number of metal peroxides and superoxides. Transport properties such as electronic
and ionic conductivity, diffusivity and surface reaction rate constants were determined and transport
mechanism were identified. On the one side, these results are considered as fundamentally interesting,
but they are also highly relevant for the understanding and development of novel electrochemical

energy storage systems.



1 Introduction and Motivation

1.1 Inorganic Peroxides and Superoxides

Inorganic peroxides and superoxides are ionic solids containing metal cations and the oxygen species
0,% and O,". The energy level diagrams of the latter species can be derived from that of O, according
to molecular orbital theory by filling the antibonding n*,, by one (superoxide) or two (peroxide) more
electrons (Figure 1.1). Accordingly, the intramolecular bond strength decreases from O, to O, to O,*
which can be seen by the decrease of the stretch vibration frequency probed by Raman spectroscopy.
Only the most electropositive metals (namely, those with the electronegativity < 1 according to
Pauling’s scale™™) are known to form pure bulk peroxides: the alkaline earth metals strontium and
barium and the alkali metals (discarding the radioactive francium). The reported peroxide phases of
calcium, magnesium and the group Il b metals zinc, cadmium and mercury are heavily contaminated
by water and hydroxide. Pure superoxides have only been prepared so far as bulk materials with the
alkali metals heavier than lithium. 2,
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Figure 1.1: Energy levels of molecular oxygen formed by the 2p orbitals according to molecular orbitals theory and
occupation of electrons in molecular oxygen (black), superoxide (oxygen occupation plus red) and peroxide
(superoxide occupation plus green).

The focus of research on inorganic peroxides and superoxides was mainly triggered by technological
advances and interests. After the discovery of the metal peroxides in the 19th century, barium

peroxide was studied and employed for oxygen generation (Brin process)®™ " — until it became



obsolete by the development of the more economic fractionation of liquid air. The invention and
development of x-ray diffraction techniques enabled the structure determination of barium and
strontium peroxide (1935)!), potassium superoxide (1936)®! rubidium and cesium superoxide
(1939)!, sodium superoxide (1950)*% and finally the alkali peroxides (1957)*2,

In the 1960s, the ability of alkali peroxides and superoxides to trap carbon dioxide and release oxygen
raised their interest for air regeneration in spacecraft and nuclear powered submarines.!**H]
Potassium superoxide was already employed in personal breathing apparatuses for naval vessels since
World War 2.1 After the 1970s energy crisis, the thermodynamics and kinetics of the barium
peroxide/oxide couple was reinvestigated for the purpose of chemical energy storage.”® Kinetic
aspects of the formation of barium peroxide were also addressed in the context of the extensively

studied field of oxide thermionic cathodes.?

Further research on the thermodynamic properties and decomposition kinetics of barium peroxide was
conducted in the 1990s due to its use as precursor in the preparation of the previously found high T,
superconductors.???! The reaction of lithium, potassium and cesium with molecular oxygen to
superoxide and peroxide thin films at low temperatures was also studied in this context.!”) Moreover,
thin films of cesium superoxide and peroxide were grown and investigated by various spectroscopic
techniques due to their function in the activation of group IlI-V semiconductors as
photocathodes.?”] %!

Beginning with 1980s, the prospect to refine the abundant methane by oxidative coupling in particular
to ethane initiated research of the role of peroxide and superoxide species on the surface of metal
oxide catalysts in various reactions: the oxidative coupling of methane to ethane and ethene on alkali
and alkaline earth peroxides®®'® and alkaline earth-transition metal oxides!***") the oxidation of
methane to methanol on iron-aluminum-lead oxide the oxidative dehydrogenation of butane on
alkali and alkaline earth promoted nickel-molybdenum oxide®®”, the decomposition of nitric oxide on
barium oxide?™ and titanate®?, the oxidative dehydrogenation of ethane on strontium

chloride/lanthanum oxide™™ and the combustion of soot on metal oxides** 6],

Most recently, the demands for high energy density storage systems in particular for automotive
applications opened a new field of research involving alkali peroxides and superoxides: the reversible
non-aqueous alkali oxygen battery based on the earlier work of Abraham and Ziang."” In this
electrochemical storage system, the alkali metal is stored at a high electrical potential in a high energy
density anode. Upon discharging the cell, the alkali ions diffuse through the non-aqueous electrolyte,
react with molecular oxygen and electrons from the outer electrical circuit to form alkali peroxides or

superoxides at the cathode (with n = 1 for superoxide and n = 2 for peroxide formation):

nM* + 0, + ne” = M,0, )



So far, electrochemical cells working according to equation (1) with M = lithium and n = 2t
M = sodium and n = 19 2F% and M = potassium and n = 1®" have been found and explored. With
lithium (the lightest metal in the periodic table), the theoretical specific energy density of the active
material in the Li-O, battery (with lithium metal as anode) amounts to 3,457 Wh/kg in the discharged
state (with n = 2, i.e. peroxide formation) exceeding that of conventional lithium ion intercalation
batteries (with lithium intercalated graphite as anode) by an order of magnitude. Given the low tank to
wheel efficiency of combustion engines, the lithium oxygen battery — if its major problems of rapid
O, uptake from the atmosphere while keeping out H,O and CO,, sluggish kinetics of the cathodic
reaction and electrolyte decomposition are solved —may have the potential to compete with gasoline

[52]

(13,000 Wh/kg) in terms of the practical energy density.

In any case, this topic of lithium oxygen battery technology stimulated experimental research of
formation and decomposition of Li, 0, as well as a series of theoretical studies and calculations
on the thermodynamics®?®! and the transport and reaction kinetics®1"? of Li,0,. However, there
was no systematic experimental study of the electrical transport properties and defect chemistry in
Li,O,— or any other alkali metal peroxide - until it was elucidated in course of the present thesis.!"

The only known published conductivity data of a metal peroxide was collected unintentionally in
1958.*! During the investigation of the transport properties of barium and strontium oxide (as
thermionic cathode coating), a positive slope was observed in the Arrhenius plot of the conductivity
upon heating up barium oxide to 500 °C in 0.5 bar oxygen. The anomaly was correctly related to the
phase transition to the peroxide, which readily takes place under these conditions. More recently, a
pronounced oxygen nonstoichiometry - whereby oxide defects occupy regular peroxide sites - was
observed in barium and strontium peroxide by means of x-ray diffraction of single crystals. The loss
of oxygen leads also to a shortening of the covalent peroxide bond and a shift of the O, stretch
vibration to higher frequencies in the Raman spectrum. But a systematic investigation of the defect
chemistry of these alkaline earth peroxides was beyond the scope of these studies and no further
research was conducted. As far as alkali superoxides are concerned, dc conductivity of potassium
superoxide was reported in ref. . However, the conductivity data seems seriously flawed and is

about 16 orders of magnitude higher than what is found in the present work.

Owing to the scarce knowledge of the electrical transport properties and the underlying defect
chemistry of inorganic peroxides and superoxides and its significance in particular for research and
development of rechargeable alkali-oxygen batteries, the present work aims of providing insight into
this issue. Electrochemical techniques such as electrochemical impedance spectroscopy, dc
polarization measurements, conductivity relaxation and electromotive force measurements are
powerful tools to probe the transport and reaction properties and were extensively employed in this

study.



As the commercially available powders of sodium and lithium peroxide and of potassium superoxide
are heavily chemically contaminated by 3 to 10 wt.% of carbonate and hydroxide (the heavier alkali
peroxides and superoxides are not even commercially available) and since the knowledge and control
of defects is important for the electrochemical characterization (see also next section 1.2 Solid State
Defect Chemistry), considerable effort was put into the preparation and chemical characterization of
the inorganic peroxides and superoxides. The task was complicated by the extremely high reactivity
of the compounds towards moisture and CO, and necessity to work under inert gas conditions or
highly pure oxygen.

1.2 Solid State Defect Chemistry

The perfectly ordered solid state has the lowest enthalpy and is the stable state at absolute zero (T =0
K). However, at temperatures T > 0 K, in thermodynamic equilibrium the contribution of the
configurational entropy introduces disorder in materials. The energy required to form point defects
(e.g. vacancies, interstitials) is outweighed by the entropy gain. Point defects— though small in
concentrations — are therefore always present in thermodynamic equilibrium in solids.” In addition
to this, non-equilibrium defects exist in real materials. Such frozen-in imperfections were introduced
into the solid under different conditions (e.g. at higher temperatures and different chemical
environments, by external forces) and the kinetics is too slow to remove them under the conditions
considered. For instance, in ceramics dislocations (lines of point defects, i.e. one dimensional defects)
are known to format high temperatures and by shear forces and to remain in the material even at
elevated temperatures as a large number of atoms needs to be displaced (requiring very high

mobilities of the constituents of the crystal) to heal them out.

For the treatment of many physical properties such as density and heat capacity, the presence of
diluted defects bears little relevance and can be usually neglected. However, other important
properties, in particular those involving charge and mass transport, depend very sensitively on the
kind of defects and their concentrations, because these are the centers for transport and reaction. For
example, the motion of atoms in a crystalline solid is determined by the motion of defects in the
lattice. Phenomena such as diffusion, electrical conduction and reaction kinetics are closely related to
defect concentrations and mobilities in the material and their study provides insight into the
underlying defect chemistry. Vice versa, understanding the defect chemistry of a material provides the
basis for rationally improving its properties and coping with problems related to transport and

reaction.



The basic native atomic imperfections are vacancies, interstitials and anti-site defects. In binary ionic
compounds, the anti-site defect bears no relevance as it is subjected to a large energy penalty because
of electrostatic repulsion. A further consequence of ionic bonds is that the condition of charge
neutrality couples the population of the anion and cation defects. At a fixed stoichiometry, the
intrinsic formation of a vacancy occurs either simultaneously with the formation of an interstitial in
the same sub-lattice (Frenkel reaction for cations, Anti-Frenkel reaction for anions) or together with
the formation of a vacancy in the counter-ion sub-lattice (Schottky reaction).

In solid state defect chemistry, the individual structure elements of the solid are described according
to the Krdger-Vink notation: the species is denoted by its symbol in the periodic system, by V in case
of an atomic vacancy and by e and h in case of electrons and holes, the site occupied by the species
under consideration is indicated in the subscript (i for interstitial) and the charge of the species
relative to the perfect lattice (* for positive,  for negative, x for neutral) is given in the superscript.”
The formation and reaction of defects can then be expressed as chemical reactions with the
corresponding mass action laws (with concentrations instead of activities for diluted defects). The
conditions of mass and site balance and electroneutrality have to be fulfilled in the equations. For
example, the Frenkel reaction (simultaneous formation of a vacancy and interstitial defect) in the
sublattice of a singly charged cation and the corresponding mass action law are expressed as follows:

My = Vy+MKe= Vy - M (2

The interaction of the solid with the surroundings establishes the external defect equilibria (i.e.
oxygen exchange reaction for oxygen ion compounds) and deviations from the perfect stoichiometry
(e.g. MO4.5). The oxygen deficiency is increased with increasing temperature because of the positive

entropy for the oxygen excoporation reaction in oxide materials:
0F 2 V5" +2¢' +20,Kp = V5" -pOy2 - n? 3)
The concentration of electrons and holes are denoted by n and p.

Extrinsic defects are foreign atoms accommodated in the host lattice. The defect chemical and also
technological most interesting and important case is when the imperfection is electrically charged
relative to the perfect lattice (“aliovalent’) and thereby is responsible for changes in the concentration
of ionic or electronic defects to compensate its charge. While the presence of chemical impurities is
undesired when studying the intrinsic properties of a compound, chemical doping is intentionally
employed in order to tune the transport and reaction properties of materials. Examples are p- and n-
type doping of the semiconductor silicon with boron and phosphor or the increase of the oxygen

vacancy concentration (and thus oxide ion transport) in yttria doped zirconium oxide.



2 Experimental

2.1 Powder Preparation

Generally, alkali peroxides and superoxides are very reactive with CO, and H,O already at room
temperature. The reactivity increases with increasing atomic mass and basicity of the cation as well as
from the peroxide to the superoxide. Li,O, is the most stable of these compounds and its fine powder
is converted into carbonate and hydroxide within hours in air, but the heavier alkali peroxides as well
as the superoxides react more readily within seconds (CsO,) to few minutes (Na,O,). Therefore, most
sample preparations, manipulations and measurements were carried out under CO, and H,O free
atmospheres®. Figure 2.1 shows various sample powders sealed in glass capillaries. The alkali
peroxides powders are white to ivory. In contrast, the alkali superoxide powders show optical
absorption in the blue range of the visible spectrum and therefore appear bright (KO,) to dark (CsO,)
yellow.

l.izOz LizOz"'AU Nazoz KzOz KO, Rb02 Cst

Figure 2.1: Photograph of the samples powders.

Ball milling was carried out without further additive with ZrO, media enclosed in a gas-tight steel

vessel under argon for 1 h with 200 rpm (Fritsch Pulverisette 5 planetary mill).

2.1.1 Lithium Peroxide

0.25 g lithium metal foil (99.5% metals basis, Alfa Aesar) ripped into ca. 5 x 5 mm pieces was slowly
dissolved in 30 ml dry methanol in a glove bag under argon flow. The reaction is strongly exothermic
and the solution was allowed to cool down to room temperature prior proceeding further. A slightly
overstoichiometric amount of aqueous 30 wt% H,0, (ACS grade, Acros Organics or Fisher Scientific,
unstabilized, stored in a refrigerator) was added to the lithium methanolate solution and the resultant

precipitate consisting of Li,0,-H,0,-nH,0 (n = 2 — 3)® was filtered with a glass frit (porosity 5)

& With the following exceptions: Preparation of Li,O, hydrate, transfer of samples into the setup for
thermogravimetric measurements, transfer of samples to the scanning electron microscope and elemental
analysis with ICP-OES.



employing a rough vacuum (still in the glove bag). The dehydration to the nominally dry lithium
peroxide was carried out in an Al,Os crucible in a gas tight quartz setup heated to 150 °C in a tube
furnace in vacuum (rotary pump with 10 mbar end pressure). The dehydrated white powder was
further annealed in 1 bar pO, at 185 °C.

The Li,0, hydrate can be obtained more simply via precipitation with H,O, from a solution or slurry
of LiOH in methanol instead of LiCH3O, but the latter method enabled the dissolution of Mg(CH30),
in the methanolic solution for donor doping experiments. The route proposed in ref. [’! of dissolving
LiOH in boiling ethanol turned out to be unfeasible, as LiOH is barely soluble in pure, dry ethanol.
The most efficient preparation method is using distilled water as solvent for LiOH, adding
overstoichiometric amounts of 30% H,O, and evaporating the water at rough vacuum and elevated
temperatures (rotational evaporator). The route was used in this study for preparing large amounts of
powder needed for isotope exchange experiments, but was considered not suitable for the preparation
of doped samples for conductivity measurements, as any excess dopant not incorporated into the
lithium peroxide lattice unavoidably remains in the sample powder as an undesired secondary phase.
To prepare donor doped samples of Li,O,, 1-5 wt.% of Mg(CH30), and LiCl were added to
methanolic solution prior precipitating with H,O,. The precipitate was washed with dry methanol.

The attempts to prepare Li,O, directly via the oxidation of lithium metal or the oxidation of lithium
oxide (both in pure 1 bar pO, and 1 bar pO, enriched with up to 20% ozone in the temperature range
150 to 250 °C) were not successful.

2.1.2 Sodium Peroxide

Sodium metal (99.95%, distilled, Alfa Aesar) was filled with a stainless steel scoop from its quartz
ampule into an Al,O; crucible in an argon filled glove box. The crucible was placed in a gas tight
sample preparation setup consisting of a quartz tube connected to a stainless steel flange with
thermocouple and two gas feedthroughs, and transferred to a tube furnace. The setup was flushed with
100 ml/min 20% O, in argon and heated to 375 °C with a heating rate of 300 °C/h. Applying higher
pO, than 0.2 bar should be avoided as it can lead to a violent exothermic reaction, thermal runaway
and cracking of the Al,Os crucible and quartz tube. At the target temperature of 375 °C, the argon
valve was closed and the oven turned off allowing the quartz reactor to cool down in 1 bar pO,. Below
100 °C, the setup was evacuated down to 10 mbar and flushed with pure argon for several times and

transferred back into the glove box. This preparation method is based on ref. %,

2.1.3 Potassium Peroxide
Homemade KO, (from potassium, Sigma Aldrich, 99.95% metal purity, stored in oil) was annealed
for 20 h in an Al,O; crucible at 300 °C in 10 mbar vacuum (turbomolecular pump with a rotary vane

forepump). The reaction proceeds according to equation (4).



2K0, = K,0, + 0, (4)

2.1.4 Potassium, Rubidium and Cesium Superoxide

The respective alkali metal (distilled Potassium, 99.95% metal purity, Sigma Aldrich; distilled
Cesium, 99.98% metal purity, Alfa Aesar, distilled Rubidium, 99.75% metal purity, Alfa Aesar) was
filled with a stainless steel scoop from its quartz ampule into a homemade tantalum crucible (cut and
bent from a tantalum tube with 10 mm diameter and 0.5 mm wall thickness, 99.95% metal purity,
WHS Sondermetalle). Note that Al,O3 crucibles are cracked by potassium melt already at moderate
temperatures and should not be used for the heavier alkali metals. The tantalum crucible was placed
into the same setup described for the Na,O, preparation and transferred to a tube furnace.

In case of potassium, the setup was flushed with 100 ml/min 5% O, in argon and heated to 250 °C
with a heating rate of 200 °C/h. At the target temperature, the valve of the argon line was closed to
successively increase the pO; in the quartz reactor up to 1 bar. After 1 h annealing time, the setup was
cooled down to room temperature and transferred into the glove box.

Rubidium and cesium react even more readily and violently with oxygen already at room temperature
and special care needs to be taken to avoid a thermal runaway. The setup was evacuated and slowly
flushed with oxygen using a needle valve until the surface of alkali metal is oxidized to a black-brown
layer. The setup was transferred back into the glove box and the thick passivation layer was broken by
scratching with a spittle or by grinding in an agate mortar. The procedure (oxygen exposure followed
by grinding) was repeated until the material did not show a visible reactivity with oxygen at room
temperature anymore. The powder was then annealed for 1 h at 300 °C in 1 bar oxygen to form the

respective superoxide and transferred to the glove box after cooling down to room temperature.

2.2 Electrochemical Techniques

2.2.1 Pellet Preparation for Electrochemical Measurements

Cylindrical pellets were pressed from the sample powders for the electrochemical characterization.
The powder was compacted for 20 s with a stainless steel pressing tool (consisting of a commercial
stainless steel bore sleeve with 5 mm inner diameter and two cylindrical stainless steel stamps, which
were cut from bar stocks and polished by the Crystal Preparation Group of the Max Planck Institute
for Solid State Research, Stuttgart) by 200 MPa uniaxial pressure provided by a hydraulic press
located in an argon glove box. Li,O, samples (as well as Na,O, not meant for sintering) were further

subjected to 120 s of 600 MPa isostatic pressure provided by a hydraulic press located outside the



glove box using oil as pressure transmitting medium. The uniaxial pressed green pellet was sealed in
two latex tubes put into each other. The inner tube served to protect the sample from air, the outer
tube kept the oil from the inner tube and allowed its oil-free transfer and handling back into the glove

box.

Sintering of Na,O, and KO, is most preferably carried out on polished MgO single crystals as support,
which show the least reactivity with the peroxides and superoxides at high temperatures compared to
Al,O3 crucibles, MgO polycrystalline crucibles and also unpolished MgO single crystals. However,
the adhesion of pellets on a polished surface of MgO single crystals is so poor that their transport
from the glove box to the tube furnace without displacing the pellets from the single crystal to the
Al,O5 crucible serving as support is difficult. For practical reasons, small crucibles of MgO single
crystals (based on 0.5 mm thick MgO single crystals (Crystec, Berlin) with a rectangular dimple in the
middle inserted by ultrasonic drilling in the metal workshop of the Max Planck Institute for Solid
State Research, Stuttgart) with an unpolished surface were usually employed. Typical sintering
conditions are 475 °C and 1 bar pO, for Na,O, and 450 °C and 1 bar pO, for KO..

Titanium, gold and platinum electrodes of 400 — 600 nm thickness were deposited on the faces of the
pellets by means of dc magnetron sputtering (EMITECH K575X, modified to flange the sputter head
to an argon glove box) from the respective target with a sputter current of 100 mA and a process
pressure of 7-10"° mbar argon in the sputter head. Scanning electron microscope images of a sputtered
gold film on a glass substrate are shown in Figure 2.2. The Au film appears dense, but is composed of
particles with about 400 nm lateral extension. The sides of the sample pellets were polished with SiC
paper after sputtering to remove electrode material reaching the sides despite the use of shadow masks
(the samples could often not be perfectly aligned and covered by the mask, because of variations in
samples thickness and diameter). The polishing process also removed steel abrasions from the

previous uniaxial pressing.

LiAl (commercial, supplier not known), NaPb (homemade, see below) and KPb (homemade, see
below) electrodes were deposited on the sample already during the uniaxial pressing. The electrode
powder was filled into the pressing tool and loosely compacted by pressing the steel stamp just by
hand force. The sample powder was filled on top of the electrode layer and likewise loosely
compacted with a clean steel stamp. The powder of the second electrode layer was poured on top of
the sample layer and the entire sandwich was subjected to 600 MPa uniaxial pressure. The side of the
sample layer tends to get smeared by electrode material upon removing the pellet from the pressing

tool and needs to be thoroughly polished with SiC paper.

NaPb was prepared by dissolving 55 at.% sodium (99%) in lead (Roth, 99.99% purity) at 400 °C in an
Al,O3 crucible on a hot plate in an argon glove box. The product is actually a phase mixture of NaPb

and a sodium rich intermetallic phase.®® KPb was prepared in the same way, except that only 45 at.%
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sodium (99%) was solved in lead to end up with a phase mixture of KPb and K,Pbs.® The metal
alloys/mixture of intermetallic compounds have a higher melting point than the pure alkali metals, and

fix the chemical potential of the alkali metal at the interfaces to the sample.

e
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Figure 2.2: Scanning electron microscope image of a dc magnetron sputtered gold film on a glass substrate a) top
view and b) side view (fractured surface).

2.2.2 Direct Current Polarization Measurement

The voltage drop across a mixed conductor with reversible electrodes when turning on a constant

. I 1 1 1
current corresponds to the dc resistance — = — = +
U Rdc Reon Rion

with the partial electronic and ionic

resistances Reon and Rio,. FoOr reversible electrodes, the voltage vs. time plot is a simple step function.

The partial resistances can be extracted when selectively reversible and blocking electrodes are used
(e.g. Au for electronic charge carriers, YSZ | Pt at high temperatures for O%). The blocking of one
charge carrier gives rise to stoichiometry polarization and a gradient of the chemical potential of the
blocked component.®® At sufficiently long waiting times a stationary state is reached and the
electrical potential gradient compensates by the built up gradient of the chemical potential and a
stationary state is reached. The polarization voltage yields the resistance of the non-blocked charge
carrier. The transient behavior is related to the chemical diffusion of the blocked component. For

small polarization voltages (so that the partial conductivities and diffusivities can be approximated as
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constant throughout the sample), the relevant current equations can be reduced to a diffusion equation

and analytically approximated for short times < 15/2 as

4RI t

Ult) =RI+—5-X — 5)
nz 18
and for long times > t5/2 as
g b
U®) =RI+RI-X 1—-—e @ (6)

with X = Reon/Rion fOr ionic blocking electrodes and X = Rion/Reon for electronic blocking electrodes.
The relaxation time 5 can be extracted either from the short time behavior from the slope of the U vs.
\t plot or from the long term behavior from the slope of the InU vs. t plot. In the case of two
symmetrical blocking electrodes”, the chemical diffusion coefficient D°is obtained from the relaxation
time 15 and the sample thickness L according to

5 _ L2
T o2ty

(")

Dc measurements were carried out with a Keithley 220 programmable current source connected to the
electrodes of the sample and a Keithley electrometer (617 programmable electrometer, 6514 system
electrometer) in parallel to the current source. The java based software DC-Pot/Gal (written by Uwe
Traub, Max Planck Institute for Solid State Research, Stuttgart) was used to record the data. The
program provides a function to automatically turn on and off the current according to a predefined
scheme, but as this requires some anticipation of the sample behavior and relaxation times prior the
measurement, it was operated manually instead. The currents were adjusted to reach the stationary

state between 10 to 100 mV and were typically in the range of 10° to 10" A.

2.2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy enables one to separate transport processes and to
characterize their dielectric properties by measuring the current response to a small alternating voltage
for a range of frequencies. The resultant impedance spectra are interpreted by comparing the

electrochemical behavior of the sample to a model of passive electrical circuit elements. 56

AL [aay

®For one blocking and one reversible electrode, the relaxation process is four times slower, i.e.D° = >
meTs
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Charge transport in a dielectric material across the bulk, grain boundaries or electrodes can be
modeled as a resistance (corresponding to ohmic transport) in parallel to a capacitor (corresponding to
dielectric polarization). Such an RC element describes a semicircle in the plot of the real vs. the
imaginary part of the impedance (Nyquist plots) with the relaxation time t = wghy = RC. The
various serial transport processes can be separated in the impedance spectra if their relaxation times
are sufficiently different, and their R and C values can be obtained as fitting parameters. For
macroscopic polycrystalline samples, the electrical capacitances of bulk, grain boundary and
electrodes differ greatly as entirely different length scales are involved in either case for typical cells.

A bulk/grain boundary/electrode capacitance is typically at the order of 10"4/10°/10° F.

In practice, deviations from ideal semicircles are often observed in the Nyquist plot of real materials,
which can be explained by the presence of a distribution of relaxation times e.g. due to
inhomogenities in the sample.’®”) This effect can be taken into account in the model of the electrical

circuit elements by using a constant phase element (CPE) with the impedance Z = instead of a

1
Q-(iw)™
capacitance with the impedance Z = &.[86] From the fitting parameters Q, R and n of the CPE, the

capacitance of the relaxation process can be estimated according to®®

C=(R™™-Q)n ®)

The parameter n is typically in the range of 0.8 to 1 and provides a measure for the distortion of the

semicircle. For n = 1, the CPE is equivalent to the ideal capacitor.

In this study, an ionic blocking electrochemical cell was used determine the electronic conductivity by
dc polarization measurements and the predominant ionic conductivity was calculated from the bulk
conductivity obtained from impedance spectroscopy according t0 oy, = Opyikac — Teon SINCE

electronic and ionic resistances can be considered to be in parallel.

The impedance spectra of the sample pellets were recorded with a Novocontrol (Hundsangen,
Germany) Alpha-A High Frequency analyzer in the frequency range 107 to 10% Hz with 100 mV AC
amplitude. The data was analyzed and fitted with the software ZView from Scribner Associates, Inc.
(Southern Pines, USA)

2.2.4 Conductivity Relaxation Measurement

In this technique, the time dependent conductivity of a sample is measured after suddenly changing

the activity of a component previously equilibrated with the sample, such as the partial pressure of
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oxygen. The equilibration can be divided into three processes: a) reactor flushing, b) surface oxygen
exchange and c) solid state diffusion into the sample. The flushing of the measurement reactor with
the new oxygen partial pressure proceeds comparable fast and can be neglected for the setups (= 500
ml volume) and gas flow rates (50 — 100 ml/min) in this study. The relaxation process is therefore

diffusion and/or surface reaction rate controlled.

When the surface exchange of oxygen is fast compared to the diffusion in the bulk, the conductivity
relaxation is described by a Vt law for short times (t < 7) and an exponential decay for long times (t <
1) similar to the dc polarization measurement.’” The relaxation time yields again the chemical

diffusion coefficient according to equation (7).

In the other extreme case that the equilibration with the new oxygen partial pressure is limited by the
surface oxygen exchange reaction, an exponential decay is observed for the all times.® The chemical
surface exchange rate constant k®is then related to the relaxation time t and the relevant equilibration
length L (i.e., diameter/thickness of a fully dense pellet or grain size in a porous sample) according to

equation (9).

k® =—= 9)

2.2.5 Electromotive Force Measurement

A galvanic cell consists of an electrolyte separating two electrodes. Its reversible cell voltage

(electromotive force) E gives the free enthalpy A,.G (per mol) of the cell reaction:
AG=—z-F-E (10)

Considering a solid oxygen ion conductor as electrolyte and two electrodes reversible for oxygen
exchange exposed to the oxygen partial pressures pO,(1) and pO(2), the overall chemical cell

reaction can be simply expressed as
02(1) = 02(2) (11)

Combining equation (10) and (11) with the exponential relation of the free reaction enthalpy to the

mass action constant yields the Nernst equation:

_ RT, 10,(2)
E=— In Po. (12)
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It allows one to calculate the reversible cell voltage as a function of the oxygen partial pressures and
number of electrons involved per formula unit for oxides (z = 4), peroxides (z = 2) and superoxides (z
=1). For a mixed conductor with non-negligible electronic conductivity instead of an electrolyte, the
measured cell voltage is reduced by the mean ionic transference number <t;,,> as approximation for
small pO, differences.l’”” Hence, the electromotive force (EMF) measurement can be used to separate

electronic and ionic conductivity.

The gas tight separation of the gas chambers above the electrodes is usually achieved by a ceramic
glue or glass solder®. However, their use was considered not feasible for this study since both
sealants require high temperature treatments not tolerable for most of the peroxides and superoxides
investigated (either because of decomposition or severe plastic deformation of the samples). Chemical

reactions of the sealants with the samples could have posed a further problem.

The amount of leakage still admissible for a nominally gas tight setup depends on the specific context,
in particular on the required concentration difference on each side and the flow/pumping rates. The
above mentioned experimental difficulty raised the question whether the extremely low leakage,

which can be reached by glass sealants, is really necessary for the EMF measurement.

In order to measure the cell voltage and relate it to the transference number, the two electrodes on the
sample need to be exposed to sufficiently different and known oxygen partial pressures. For example,
one order of magnitude difference in the oxygen partial pressure results in a cell voltage of about 100
and 50 mV for superoxides and peroxides respectively according to equation (12) at 225 °C. It was
found that a sufficient sealing to maintain such a pO, difference on both sides is already achieved in
practice when two flat, rigid solids are pressed onto each other without an additional sealant. The
pairing yields a leakage rate typically at the order of 1 mbarl-s™ (estimated with the pressure loss
method), which is readily compensated by flow rates of 50 to 100 ml/min to sustain pO, differences of

up to two orders of magnitude.

In view of this, an EMF setup without using a sealant agent to separate the gas spaces was designed
for this work (Figure 2.3). The measurement was performed on pellets with 12.8 mm diameter. Two
400 nm thick platinum electrodes with different diameter (12.8 and 4 mm for the electrode exposed to
pO,(1) and pO,(2) respectively) were sputtered on the circular faces of the pellet. The pellet is
mounted between the platinum foil and the platinum net as shown in the figure. An inner and an outer
quartz tube are pressed against the sample by the forces of steel bellows welded to steel tubes. The
quartz tubes are connected to the steel tubes by Swagelok ultratorr fittings. The inner quartz tube
presses the platinum net on the electrode exposed to pO,(2). The outer quartz tube seals the gas room
with pO,(2) against pO,(1) and presses the pellet against the quartz holder to contact the platinum foil
with the electrode exposed to pO,(1). The sample is most conveniently mounted by pulling a rough

vacuum in the gas room (2); the sample pellet is pressed on the quartz tubes by the pressure
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differential. The end pressure in (2) should be in the range 1 — 10 mbar with a rotary vane pump and
can be taken as a guide to properly align the quartz tubes, sample and quartz holder. The actual pO,(1)
and p0O,(2) of the exhaust gases were measured with homemade potentiometric oxygen sensors based

on yttrium stabilized zirconia as electrolyte operating at 700 °C using platinum as electrodes (lambda

probes).
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Figure 2.3: Schematic representation of the EMF measurement setup.

2.3 Chemical, Thermal, Thermochemical, Microstructural and Magnetic

Characterization Techniques

2.3.1 Scanning Electron Microscopy

Samples for scanning electron microscopy (SEM) were fixed with sticky carbon tape on an aluminum
sample holder and coated with about 10 nm of gold by dc magnetron sputtering inside an argon glove
box. The samples were transferred to the Zeiss Merlin scanning electron microscope (operated by

Annette Fuchs, Max Planck Institute for Solid State Research, Stuttgart) in a desiccator.
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2.3.2 Differential Scanning Calometry
Differential Scanning Calometry (DSC) measurements were performed with a Perkin EImer Pyris 1
(operated by Ewald Schmidt, Max Planck Institute for Solid State Research, Stuttgart). The sample

powder was wrapped into gold foil and sealed under argon in an aluminium pan.

2.3.3 Thermogravimetric Measurement
Thermogravimetric measurements were carried out in alumina crucibles with a STA449C Jupiter

from Netzsch, Germany with nitrogen as protective gas.

2.3.4 X-ray diffraction

X-ray diffraction (XRD) patterns were measured with a STOE STADI P diffractometer with Cu K,
radiation in transmission geometry (operated by Friedrich Kégel, Max Planck Institute for Solid State
Research, Stuttgart). The sample powder was filled in the glove box into mark capillaries (Hilgenberg
GmbH, Malsfeld) with the inner diameter 0.3, 0.5, 0.7 or 1 mm (depending on the atomic mass of the
cation) and temporarily sealed with high vacuum grease. The capillaries made of quartz or of a low
melting glass were permanently sealed outside the glove box with a H,/O, gas burner. Profile
matching and Rietveld refinement to determine the lattice constants were performed with the software

package Fullprof 2.05.

2.3.5 Inductive Coupled Plasma — Optical Emission Spectroscopy

The cation impurity content in the samples was determined photometrically by inductive coupled
plasma - optical emission spectroscopy (ICP-OES) with a Spectro Ciros CCD (SPECTRO Analytical
Instruments GmbH, Kleve) at the Max Planck Institute for Intelligent Systems, Stuttgart. The samples

were dissolved in diluted hydrogen chloride (outside the glove box) for the analysis.

2.3.6  Raman Spectroscopy

Raman spectra were obtained with a Labram V 010 single grating spectrometer (HORIBA Jobin
Yvon GmbH, Bensheim) in quasi-backscattering geometry using the linearly polarized 632.817 nm
line of a He/Ne gas laser focused to a 10 pum spot through a 50x microscope objective on to the top
surface of the sample. The resolution of the spectrometer (grating 1800 L/mm) is about 1 cm™. The

sample powder was prepared in mark capillaries in the same manner as for XRD.

2.3.7 Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra were recorded with a Bruker IFS 113v spectrometer under
nitrogen atmosphere. About 0.5 to 3 mg sample powder was mixed with 300 mg potassium bromide
(99+%, for spectroscopy, Fisher Scientific) in an agate mortar in the glove box and pressed with a
stainless steel tool with 12.8 inner diameter and 700 MPa of uniaxial pressure to a pellet. The pellets

were mounted on the sample holder of the spectrometer already in the glove box and transferred to the
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outside in a desiccator. The pellets were exposed to air for about 30 s between the transfer from the

desiccator to the spectrometer and until inert gas conditions were achieved.

2.3.8 Electron Paramagnetic Resonance Spectroscopy

EPR spectra were recorded using a Bruker EMX spectrometer operating in the microwave X band
region. The powder sample was sealed in suprasil quartz tubes under argon and measured at T ~ 120
K (cooling by evaporated liquid nitrogen). Typical parameters of the measurements are listed in Table
2.1.

Table 2.1: Typical parameters of the EPR measurements.

Microwave Time Modulation Modulation Receiver  Number of
power / mwW constant / frequency/Hz  amplitude/G gain spectra

ms™ averaged
63.65 2.56 100 3 1-10° 100

The paramagnetic spin concentration was determined from the double integration of the EPR signal

and compared to an ultramarine blue standard with 3.72-10" spins per g.

2.4 Oxygen Isotope Exchange and Gas Phase Analysis

The measurement setup is schematically represented in Figure 2.4. The three way valve behind the
flow controllers (3 ml/min) enabled switching between *°0./N, (commercial, 99.999% chemical
purity) and **0,/N, (home mixed, from 0, with 97.1% isotopic purity from Euriso-Top and N, of
99.999% chemical purity) gas mixtures. The sample capillary was heated by a temperature controlled
tube furnace. A Balzers Prisma quadrupole mass spectrometer detected the oxygen isotopes’ evolution
(atomic masses 34 and 36 corresponding to *°0-"°0 and *0-'®0) via the leak valve after passing the
sample capillary. The gas consumption of the MS was about 2 ml/min and it operated at a pressure of
10 mbar. The excess exhaust gas leaves the measurement line through a paraffin filled gas bubbler.
The weighted sample powder was filled in an argon glove box into an1/8 inch thick quartz capillary
with a 10 mm thick bulge and glass frit with 16 to 40 um pores in the middle to accommodate the
powder. The capillary was sealed with 1/8 inch Swagelok ultratorr fittings and could be mounted into
the setup without exposure to air (apart from the = 0.1 cm? dead volume of the miniature Swagelok

quick connection fittings).

The intensities at pre-selected mass/charge ratios m/e (for the species of interest, but also additional
m/e serving as baseline) were recorded as a function of the time with a time resolution of 5 s. The

obtained spectra of the atomic masses 34 and 36 were manipulated in two steps. Firstly, the intensity



18

of the atomic mass 25 (where no real signal is expected) was subtracted from them to remove baseline
fluctuations. Secondly, the baseline at long times was corrected for a drift term if necessary (usually

the baseline was already sufficiently flat after the first step) and set to zero.
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Figure 2.4: Schematic representation of oxygen isotope exchange setup.
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3 Results and Discussion

3.1 Lithium Peroxide

3.1.1 Chemical Characterization and Thermal Stability of Li,O,

As transport properties are strongly related to the defective species in the sample - points defects, but
also interfaces as well secondary phases - their knowledge is essential for interpreting the
electrochemical data. The phase purity of Li,O, samples was routinely determined with x-ray
diffraction and Raman spectroscopy. While Li,O, is the most stable alkali peroxide in air, the overall
decomposition reaction Li,O, + CO, = Li,CO; + 1/20, proceeds sufficiently fast to yield significant
amounts of lithium carbonate impurity phase within 1 h exposure. The use of capillary tubes
eliminated this post-preparation contamination of the sample. The preparation of Li,O, in an argon
flushed glove bag yields carbonate and hydroxide impurities in the infrared spectrum, but is below the
detection limit of x-ray diffraction technique (or amorphous and thus XRD inactive) and is usually
also not observed with Raman spectroscopy (Figure 3.1). Factor group analysis predicts two Raman
active internal vibrations for Li,O, because of two distinct peroxide sites in the unit cell® (see also
Figure 3.2 b), however, only one peak is observed and resolved at 788 cm™ besides the external
modes between 100 to 500 cm™. The amount of secondary phases is thus relatively small and
certainly less than the percolation threshold. The concentrations of alkaline earth impurities are
typically close or below the detection limit of the method ICP-OES (Cmg + Cca + Csr + Cga < 20 ppm).
Other cation impurities were not detected. The concentration of chloride was below the detection limit
of the method anion chromatography with conductivity detection (< 130 ppm; the analysis was carried

out by Mikroanalytisches Labor Pascher, Remagen-Bandorf, Germany).
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Figure 3.1: a) X-ray diffraction pattern of as prepared Li,O,, b) Raman spectrum of as prepared Li,O, (black) and
ball milled Li,O, (blue), ¢) FTIR spectrum of as prepared Li,O, (black) and KBr reference pellet (blue) and d)

thermodynamic stability of Li,O, vs. Li,O calculated from thermochemical data from ref. 2.

In this work, the thermal stability window of Li,O, is decisive for determining the temperature range

for the electrochemical investigations. According to thermochemical data published in ref. ®2 1 i,0,
is thermodynamically stable versus Li,O only up to 120 °C at 1 bar pO, (Figure 3.1 d). However, the
accuracy and reliability of the data has not been established. For example, the free formation

enthalpies provided in the reference considerably underestimate the thermodynamic stability of

potassium superoxide versus potassium peroxide as well as that of barium peroxide versus barium

oxide. The thermal stability of Li,O, has been previously investigated by various methods, namely

oxygen evolution analysis, (differential) thermoanalysis, thermogravimetry, XRD and x-ray
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photoelectron spectroscopy. A summary of the methods, crucial parameters and results is shown in
Table 3.1.

Table 3.1: Summary of the studies on the decomposition temperature of Li,O,

Study Methods Atmosphere Heating | Holding | Decomposition
rate /|time/h |onset/°C
oCoh

Rode et al.*! thermoanalysis, | air passed over P,Os, | 360 - 280 — 315

O, evolution Na,O, and KO,

Vol nov'* thermoanalysis unclear ca. 250 | - 325

Markowitz et al.™® | chemical titration | 286 — 345 bar O, - 17-62 | 250 - 350

Tsentsiper et al.”™™ | O, evolution 0, N, 10° mbar | - 2 290

vacuum
Ferapontov etal.™ | DTA, TGA air 300 - 340 - 348
Yao et al.”" in situ  XRD, | inert gas (99.999% | 30 - 250 (surface)
XPS, TGA purity), 10° mbar 300 (bulk)
vacuum

This work ex situ XRD, |1 bar O, (99.999% | - upto72 | <225

Raman purity)
spectroscopy and
TGA

The studies report an onset of the Li,O, bulk decomposition between 280 to 340 °C and an onset of
the surface formation of Li,O on Li,O,at 250 °C. The decomposition reaction is irreversible and not
in thermodynamic equilibrium. Li,O, is only kinetically stabilized below these temperatures and the
decomposition temperature actually depends on the measurement time and the detection limit of the
technique to identify the decomposition product Li,O. The measurement times used in the above cited
studies were mostly small compared to the time that is typically required for the electrochemical
measurement of a sample pellet at various temperatures and oxygen partial pressures. Prolonged heat
treatments of Li,O, were only performed in the study by Markowitz el al. However, the oxygen partial
pressure was more than two orders of magnitude higher than the highest value of 1 bar pO, used in

this work. The stability range of Li,O, is extended towards higher temperatures at higher pO,.

It was therefore necessary to check the stability of Li,O,at prolonged heat treatments and 1 bar pO..
At 250 °C in 1 bar pO,, Li,O, is entirely decomposed to the oxide within 36 hours according to its

Raman spectrum. Already at 250 °C - the reported onset of the Li,O surface formation - bulk Li,O;is
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largely reduced to Li,O within 36 hours in 1 bar pO, according to ex situ XRD (Figure 3.2 a) and
Raman spectroscopy (Figure 3.3). It is noteworthy that the lattice constants of Li,O, annealed at
250°C are not altered compared to Li,O, exposed only to lower temperatures. Hence, unlike in barium
peroxidel™ ex situ XRD and Raman spectroscopy provided no evidence for a stable and pronounced
unstoichiometry in Li,O, prior to its decomposition to the oxide (this is in contrast to what it is
reported for Li,O, by in situ x-ray diffraction in ref. ). After a heat treatment at 225 °C for 72 hours,
Li,O as a possible decomposition product is below the detection limit of XRD and Raman
spectroscopy. At 200°C, thermogravimetric measurements of Li,O, uniaxally pressed into pellets in
pO, = 1 bar evidence a slow, but steady loss of mass that may be related to oxygen release (either by
decomposition to the oxide or by reaction with CO, to carbonate). At 185 °C any possible loss of
mass was below the detection limit of the TGA. Thus, the temperature range 185 — 200 °C was taken
as upper limit for the thermodynamic or Kinetic stability of Li,O, as far as the electrochemical

characterization was concerned.
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Figure 3.2: a) XRD pattern of Li,0O, after 36 hours of heat treatment at 1 bar pO, and 250°C (the additional peaks
from the decomposition product Li,O are indicated) and b) hexagonal crystal structure of Li,O, (lithium in gray,
oxygen in blue) based on powder XRD data from ref. ',
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Figure 3.3: Raman spectra of as-prepared as well as of 250 °C and 275 °C annealed Li,0,. The vibrational mode at

523 cm™ is assigned to Li,O according to ref. [*¢,

3.1.2 Electrochemical characterization

For electrochemical measurements on pellets, it is desirable to have the possibility of sintering the
sample, i.e. removing porosity and increasing the grain size due to Oswald ripening, to improve the
electrical contact between the grains and vary the density and porosity of the pellet. Since sintering
requires fast diffusion processes of cations and anions, it is typically only relevant for ceramics at

temperatures not far from the melting point (> (2/3) - T).

As pointed out in the previous section, Li,O, is thermodynamically and kinetically unstable above 200
°C (at 1 bar pO,) and decomposes to the oxide releasing oxygen. The melting point of Li,O, is not
known, but the pellets show no sinter activity at 200 °C. According to thermochemical datal®?, an
oxygen partial pressure of 1 Mbar is necessary to stabilize Li,O, at 700 °C, which is the estimated
temperature at least required for sintering based on the melting point differences between Na,O, (675
°C), Na,O (920 °C)"* and Li,O (1400 °C)™®. Sintered Li,O pellets would be likely to disintegrate

when trying to accommodate excess oxygen to form Li,O,, let aside that the reaction Li,O +
1 202 = Li, 0, is kinetically hindered already for a powder at 1 bar oxygen partial pressure. As a

consequence, the electrochemical characterization of Li,O, had to be carried out with cold-pressed

pellets with 65 - 70% of the theoretical density and corresponding high surface area.
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The impedance spectra (Nyquist plots) of Li,O, with symmetrical electrodes of titan, gold, platinum

and lithium-aluminum alloy | lithium iodide are shown in Figure 3.4.
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Figure 3.4: Impedance spectra of Ti | Li,O,| Ti, Au | Li,O,| Au, Pt | Li,O,| Ptat T =185 °C and pO, = 1 bar and LiAl
| Lil | Li,O,| Lil | LiAl at T = 175 °C and argon atmosphere (< 1 ppm pO,). Each spectrum was measured with a
separate sample with slightly varying geometry.

The high frequency region up to 1 - 10 Hz resembles a semi-circle with a capacitance of the order of
10 F (g = 35) as is typical for the bulk response of a dielectric ceramic. However, the fit of the
spectra in this region with the corresponding model of a resistor and a capacitor in parallel ispoor,
even if the capacitor is replaced by a constant phase element (CPE) to take into account a depression
of the semicircle, e.g. due to sample inhomogeneities (weighted sum of squares =~ 3). The high
frequency spectrum can only be fitted satisfactorily by extending the model by another R-CPE
element in series (weighted sum of squares ~ 0.1). A set of exemplary fitting parameters for the R-
CPE elements is given in Table 3.2.

Table 3.2: Fitting parameters R, Q and n of the R-CPE elements in the impedance spectrum of the cell LiAl | Lil |

Li,O,| Lil | LiAl at T = 185 °C and argon atmosphere in Figure 3.4. Also given is the capacitance calculated from the
parameters Q and n of the CPE as defined in chapter 2.2.3.

R/Q Q/F/Q™ n C/F

R,-CPE, 1.6-10° 310 0.94 1.6-10™
R,-CPE, 4-10° 6-10™ 0.88 2-10
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The relaxation process described by R, and CPE, can be explained by the sample morphology. During
the pressing of the pellets, some plastic deformation may occur as the green density is relatively high
compared to a random close packing of spheres ~ 64%'°4. SEM images (Figure 3.5) suggest a
relatively good packing of the particles due to their plastic deformation. Still, there is only a limited
contact between the individual grains. The current constriction at the particle to particle interfaces
gives rise to a frequency dependent distribution of current lines and to the additional relaxation
process in the impedance spectrum.’® The activation energy is comparable to the bulk process and
its capacitance is lower by half an order of magnitude.

Figure 3.5: Scanning electron microscope image of the fractured surface of an isostatically pressed Li,O, pellet.
About 10 nm of Au coating was sputtered on the surface to reduce the electrostatic charging of the sample’s surface

under the electron beam.

At low frequencies, a Warburg diffusion resistance (W) with a capacitance of the order of 10° F is
observed for the cells with Ti, Au and Pt electrodes due to the blocking of ions at the electrodes. The
reversibility of the LiAl electrode demonstrates that Li,O, is mainly a lithium conductor.

As expected for the cell LiAl | Lil | Li,O, | Lil | LiAl, a stepwise application of a small dc current
results in a stepwise voltage increase with a magnitude corresponding to Rl (Figure 3.6 a).
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Figure 3.6: Dc polarization measurement of a) LiAl | Lil | Li,O, | Lil | LiAl with I = 1-10° A at 175 °C in argon
atmosphere and b) Au | Li,O, | Au with I = 1-10° A at 185 °C and 1 bar pO,. The inset in a) shows a close up of the
step response (the open circles are the actual data points), the insets in b) fit the short (top) and long (bottom) time
transient with the corresponding relations to extract the relaxation time t. The normalized voltage in the insets is
defined in equation (16).

For the symmetric cell Au | Li,O,| Au extensive stoichiometry polarization owing to the blocking of
lithium ions at the electrodes is observed after the initial voltage jump of the magnitude R,..l (Figure
3.6 b). A true stationary polarization voltage not depending upon time is usually not observed; the
voltage is continuously drifting to higher values. The time dependence of the voltage drift is linear at
least within the measurement times of few days. The exact reason of the drift remains unclear, but it
can be presumed to be related to the sluggish equilibration of minority ionic defects in Li,O, from the
initial conditions during the synthesis (room temperature, 30% hydrogen peroxide solution) to
measurements conditions (185 °C, 1 bar pO,). The values of R, thus depend upon sample history
and measurement time and have to be taken as a lower limit. Despite this, a reliable temperature
dependence of the electronic conductivity can still be measured, since the voltage drift proceeds
slowly compared to the exponential stoichiometry polarization at long times. R, is obtained from the

polarization voltage U () at long times according to

R, = U2 . g Re

" N (13)

The second term in equation (13) corrects the apparent electronic resistance for the effect of current
constriction using the fitted resistances Ry (current construction) and R, (bulk contribution) from the

impedance measurements. The ionic resistance is given by
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R (14)
Rion RZ Reon
The conductivity relates the resistance to the sample geometry:
1 1 1
6= R ' A2 " 3Ptheo 1 (15)

2p 2

The second term in equation (15) corrects the apparent geometry of the sample (thickness | and area A
of the pellet) for the presence of non-conducting porosity assuming spherical pores.'”! The

temperature dependence of Geon and iy IS Shown in Figure 3.7 a.

The transient behavior of the dc polarization of the cell Au | Li,O,| Au is shedding light on the
kinetics of the chemical lithium transport. The polarization transient obeys a Vt law for short times
and an exponential decay for long times (after subtracting the linear drift as baseline) as expected for a
diffusional process (see 2.2.2). The chemical diffusion of lithium can be calculated from the
relaxation time t obtained from the corresponding fits (insets in Figure 3.6 b) and equation (7). The
voltage in the insets is normalized by initial and final voltages U; and U, according to

Ut -U,
U,-U;

My (t) = (16)

The activation energy of this ambipolar diffusion (transport both of electronic and Li ion defects) is
about 1 eV (Figure 3.7 a). Although the short and long term approximations are meant to describe the
same physical process, the relaxation times obtained from either method differ by a factor of 5. The
deviation may be due to influences of interfacial processes for the short term behavior and the long

term drift and potential leakage current via the gas phase for the long term behavior.

So far the electrochemical characterizations were carried out at fixed oxygen partial pressure of 1 bar.
A change of the pO, forces Li,O,to equilibrate with the new chemical potential of oxygen in the gas
phase. The oxygen exchange affects not only the concentration of ionic defects, but for reasons of
maintaining the charge balance also the concentration of electronic defects must be adjusted. Since
electrons are created and holes annihilated by the excorporation of oxygen from the ionic lattice, the
electronic conductivity should be enhanced upon decreasing the pO, in case of n-type conductivity
and reduced in case of p-type conductivity. Thus, the oxygen partial pressure acts as a tool to probe

the type of electronic charge carrier and the corresponding defect reactions.
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Figure 3.7: a) Temperature dependence of the electronic and ionic of Li,O, at 1 bar pO,, b) voltage relaxation of the
cell Au | Li,O, | Au upon changing the pO, of Li,O, at 185 °C at a dc bias of I = 10° A (the inset of b) shows the
dependence of the electronic conductivity on pO,) and c) temperature dependence of the chemical diffusivity of Li,O,

at 1 bar pO, (the results of both long and short term fit are shown).

One way to determine the pO, dependence of o, iS to set a defined pO, in the gas phase, wait for
equilibration of the sample with the new pO, and then measure the electronic resistance with a dc
polarization measurement. The disadvantage of this approach is the time consuming process of
stoichiometry polarizing and depolarizing the sample after every pO, step as well as the uncertainty of
the required equilibration time. As workaround, an alternative approach was taken. A small dc current
was applied to the cell Au | Li,O, | Au until only the electronic defects contributed to the charge
transport. Instead of turning off the current and allowing for depolarization, the pO, in the gas phase
was changed and the voltage relaxation recorded. At the new steady state, the electronic resistance at
the new set oxygen partial pressure can be extracted. It is immediately clear from Figure 3.7 b that

Ceon INCreases with increasing pO, and hence the sample is p-type conducting. The quantitative
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dependence is, however, less straightforward to interpret as the double logarithmic representation
yields a bent curve with increasing slope with increasing pO, instead of a straight line as expected
from to a simple defect model based on the oxygen exchange reaction with lithium vacancies and

holes as dominating defects (see next section).

The relaxation curves after changing the pO, correspond to an exponential decay for the whole time
range. In contrast, a Vt law would be expected for short times if the oxygen equilibration were limited
by the solid state chemical diffusion (as in the stoichiometry polarization at constant pO, above). In
this case the relaxation should also proceed within few minutes as the diffusion length (half the grain
size) is more than 3 orders of magnitude smaller than in the stoichiometry polarization experiment
(pellet length). Therefore, the equilibration process has to be governed either by the surface reaction
kinetics or by the reactor flush time and gas phase diffusion into the porous pellet. Assuming an ideal
continuously stirred tank reactor, the time for exchanging the gas in the measurement setup with a

new mixture can be estimated according to

_ Vreactor | 293K
Tflush = ’ (17)

Qfiow  Treactor

with the gas flow rate Q and the reactor volume and temperature Veacior aNd Vyeacror- -0 For the setup
used in the experiment with approximately 500 ml reactor volume and 100 ml/min flow rate, the
reactor flush time is about 4 min at 155 °C, which is about two orders of magnitude less than what the
limiting process actually takes to relax. SEM images of the pellets show that some grains are fairly
well packed with an open space that may be well below 100 nm (below the resolution limit of the
technique, see Figure 3.5), while other pores are at the order of 100 nm. To be on the safe side, a
conservative estimate of 10 nm channels in the sample is made. At such dimensions, the mean free
path of the gas molecules is on the order of the pore size and the diffusion is strongly affected by

collisions of the gas molecules with the grains (Knudsen diffusion). With the Knudsen diffusion

coefficient Dgpydsen = 2 28 e according to ref. ™!, the relaxation time into a 1 mm thick sample is
less than 2 minutes at 155°C. Hence, neither the chemical diffusion nor the reactor flush time nor the
gas phase diffusion can account for the comparable sluggish but highly thermally activated process (>
1 eV activation energy) limiting the oxygen equilibration. Accordingly, the oxygen exchange reaction

at the Li,O,-gas interface can be considered to be the rate limiting process.

For the same reasons, possible leakage currents (equivalent to an electronic short circuiting) by
oxygen exchange with the gas phase are not relevant for the dc stoichiometry polarization experiment,
which may though in principle occurring since the Li,O, sample is porous and the surfaces of the
grains are not sealed against the gas phase (if the exchange with the gas phase were exactly zero, the
conductivity should not respond to a pO, change at all). Such a leakage current would result in a

higher apparent electronic conductivity, but more gravely would also lead to a decrease of this
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apparent electronic conductivity with decreasing pO, (due to the typically strong pO, dependence of
the surface reaction) and pretend a p-type conductivity, if it is higher than the true electronic current
through the bulk. In this case, the relaxation time of the equilibration process would be limited only
by the reactor flush time and gas phase diffusion. As mentioned in the previous paragraph, the
observed relaxation time of several hours at 155 °C and the high activation energy of > 1 eV are not
consistent with these kind of transport processes. Moreover, leakage currents and the corresponding
apparent electronic conductivity should strongly depend upon the grain size and sample morphology.
When a solution of 30% hydrogen peroxide is added to the lithium methanolate solution dropwise
instead of at once, plates of several um diameter and about 0.5 to 1 um thickness are obtained (Figure
3.8). Despite the different morphology of the resultant pellets, the measured electronic conductivity is
not significantly affected.

b2 - . A y . Y
WD = 45mm d Signal A= InLens File Name = O11i-9113.03.tif
EHT = 3.00 kV Width = 57.16 pm Signal B = InLens Date :9 Jan 2013

Figure 3.8: Scanning electron microscope image of the fractured surface of an isostatically pressed pellet from Li,O,
plates obtained by dropwise addition of 30% H,O, to the lithium methanolate solution. About 10 nm of Au was

deposited on the surface as conductive layer.

3.1.3 Defect Chemistry

In order to describe and evaluate the defect chemistry of a binary ionic material, it is necessary to take
into account a set of relations completely describing the internal defect reactions, one external defect
reaction and the electroneutrality condition. In case of Li,O,, the internal defect equilibria are for
example described by the band reaction (formation of electron and holes), Schottky reaction
(formation of a Li ion and peroxide ion vacancy; Li,O, is a large band gap material with E; = 4 -5 eV

according to theoretical calculations™ " ) " the Frenkel reaction (formation of a lithium ion
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vacancy and lithium ion interstitial), the Anti-Frankel reaction (formation of a peroxide ion vacancy
and peroxide ion interstitial) and the oxide reaction (formation of an oxide defect on a peroxide site).
The oxygen excorporation and annihilation of a lithium ion vacancy can be taken as description of the
external defect equilibrium. The electroneutrality condition balances the charges of the defects to
obtain an electrically neutral crystal. The relevant reactions, mass action laws and the electroneutrality

condition are summarized in Table 3.3.

Table 3.3: Basic defect chemical reactions, mass action laws and electroneutrality condition for alkali peroxides.

Band reaction 0=¢e +h° Kg=n-p
. X X ! oo KS
Schottky reaction 2Mpy + 0z = K30, + 2Vy + Vg, Dy
= VM Vo2
Frenkel reaction MF +VE =2V, + M; Kp = Vi - [M{]
. . X oo " KF
Anti-Frenkel reaction 020, = Vo, + 025 . ,
= Vo, "[02;]
X 2 : p2
Oxide defect reaction 0,5, + Vo, = 205, + 2h° Ko = Ozf
) , . Po,
Gas phase reaction M0, + 2Vy + 2h" = 2My + 0, g K¢ = [V/ ]2 - p?
Li
Electroneutrality "
- n+ VI(,,+A'+202i =p+2V6'2+[Mi']+ D*
condition

The pO, dependences of the various defects can be expressed by combing the external defect reaction
with the relevant internal defect equilibria. Since the combination of the gas phase reaction with the
oxide defect reaction and the Schottky reaction results in an equilibrium without any charged species

relative to the perfect lattice (as the oxide is carrying the same charge as the peroxide), the

1

dependence of the oxide defect on the pO, can be immediately given as [O’(§,2]~p;f2 .

The mass action law of the gas phase reaction in Table 3.3 relates the concentrations of lithium
vacancies and holes to the oxygen partial pressure. It can also be combined with the Schottky reaction
to calculate the pO, dependence of the concentrations of peroxide vacancies as well as with the

Frenkel and Anti-Frenkel reaction to obtain the dependence of lithium and peroxide ion interstitials
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upon pO; (first column in Table 3.4). It is not possible anymore to solve these expressions analytically
without approximation. The sum on each side of the electroneutrality condition in Table 3.3 needs to
be reduced to a single term by assuming the other contributions being negligible. The approach is
known as Brouwer approximation™®! and is effectively dividing the pO, (or metal activity) range into
regimes, in which a simplified electroneutrality condition and the derived dependence of defect
concentrations hold (Table 3.4). The graphical representation (logarithm of the defect concentrations a

versus the logarithm of the oxygen partial pressure/metal activity) is known as Kroger-Vink or

Brouwer diagram (Figure 3.9).

Table 3.4: Oxygen partial pressure dependence of basic defects in alkali peroxides.

Approx. Vy = [M;]or Vy =porin=p|n=2[V;]
Neutrality | vy, = 2[V5;]or| n=[M;]
Condition | v/ = [D"]or
A" = [M]or
A
= 2[Vo,]
\/ 0 -1/2 -1 -1/3
Vi 0 1/4 1/2 1/6
M; 0 -1/4 -1/2 -1/6
P 1/2 1/4 0 1/3
-1/2 -1/4 0 -1/3

[0%,]

-1/2 for all cases
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Figure 3.9: Dependence of the defect concentrations on pO, and metal activity (Krdger-Vink diagram) for donor
doped alkali metal peroxides.

In practice, not all of these defects are relevant and not all dependencies can be accessed
experimentally. In particular the stability range of the peroxide must be considered, which probably
does not comprise the strongly reducing conditions (i.e. n=[D", n = [Lij],n = 2[Vp,]). Itis also
expected that excess electrons are energetically unfavourable because they will neither be much

stabilized at the alkali cations nor at the peroxide ions.

From the comparison of the low frequency ac impedance spectra and dc polarization measurements
between the cells Au | Li,O,| Au and LiAl | Lil | Li,O, | Lil | LiAl it is clear that lithium ionic defects
are the dominating species for the electrical transport in lithium peroxide. The possible lithium ionic
defects are vacancies (compensated by peroxide vacancies, lithium interstitials or donor impurities)
and interstitials (compensated by lithium vacancies or acceptor impurities). The prevailing defects
depend upon the impurity content of the sample and conversely, intentionally changing the
concentration of impurities (doping) results in a variation of the respective lithium defect
concentrations. For example, donor dopants introduce excess positive charges (relative to the perfect

lattice) that can be compensated by the creation of lithium vacancies or excess electrons.

According to the charges and the ionic radii, suitable donor dopants for Li,O, are Mg on a lithium

site (the crystal radii in sixfold coordination are 90 pm for Li*and 86 pm for Mg?")"*"! and halides

-[107]

such as CI" on a peroxide site (167 pm for CI*™", 62 pm in the ab plane and 194 pm in
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crystallographic c-direction for 0,>™™). The incorporation reactions of Mg?* and CI" dopants can be

described as follows:
MgO, + 2Lif; » Mg;; + V[; + Li,0, (18)
LiCl + Lif; + 02’52 - Clp, + Vf; + Li, 0, (19)

Suppose that the nominally undoped Li,O, were predominantly a lithium interstitial conductor, the
above insertion of donor species coupled with the Frenkel reaction Lif; = V{; + Li; would result in
depletion of lithium interstitials and a decrease in the conductivity. Conversely, if a vacancy transport
mechanism were prevailing, a conductivity enhancement would be expected upon donor doping.

These relations are specific cases of the more general rule of homogenous doping according to which

ZkSCk

—5c < 0 with the charge z,and concentration c of the defect k and the charge z and concentration C

of the dopant.l’”! A change in the transport mechanism from lithium interstitials to lithium vacancies
due to excessive donor doping should lead to a change in the activation energy, as interstitials and

vacancies can be supposed to have differing formation and migration barriers.

As described in the experimental part, the dopants were added as magnesium methanolate and lithium
chloride respectively to the lithium methanolate solution prior the precipitation reaction with 30%
hydrogen peroxide. The amount of chloride and magnesium detected in the Li,O, sample powders by
element analysis (ICP-OES for magnesium, anion chromatography with conductivity detection for
chloride) is typically an order of magnitude lower than the amount actually added to the solution, i.e.
not all dopant is incorporated in Li,O,. X-ray diffraction and Raman spectroscopy of the doped
samples do not show any change in the lattice constant and change of the O-O bond strength
respectively. In order to compare the conductivity of the doped samples vs. nominally undoped Li,O,
it was first necessary to establish the value the latter, as its conductivity substantially scatters from
batch to batch. The ac bulk conductivity (= ionic bulk conductivity) of 8 samples of nominally
undoped Li,O, from different preparation batches was evaluated. The mean conductivity and its

standard deviation as a function of the temperature are presented in Figure 3.10.
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Figure 3.10: Temperature dependence of the mean ac bulk conductivity (i.e. without the contribution of current
constriction) of 8 different samples of nominally undoped Li,O, (blue filled circles) with the standard deviation as
error bars and doped samples with different actual Cl and Mg content (open and solid black squares and circles).

The plot also includes the ac bulk conductivity of four donor doped samples. Their conductivity is
significantly higher than the undoped samples according to the above statistical analysis. That the
increase in case of the chloride doped samples is caused by the presence of a possible LiCl impurity
phase at a volume fraction below the x-ray diffraction limit can be ruled out, as LiCl itself has a lower
conductivity and also lower activation energy than both the nominally undoped and chloride doped
Li,O, samples."® The increase of the conductivity is in accordance with a transport via V{;. A
transition from interstitial to vacancy transport mechanism is discarded as the activation energy
remains the same upon donor doping. The correlation between ac bulk conductivity and donor content
is semi-quantitative, i.e. the higher the donor content, the higher the conductivity, but the conductivity
does not scale linearly with the donor concentration. Such behavior could be the result of the
formation of a secondary phase containing some of donor dopants leading to lower effective dopant
concentration in Li,O, than suggested by the elemental analysis, or of more complex defect chemistry

in the system.

The constant activation energy for nominally undoped and donor doped samples could hypothetically
also be explained by a negligible formation energy for lithium vacancies compared to its migration

energy. However, density functional theory calculations predicted bulk formation energies in the



36

range of 2.85 to 4.1 eV for V{1 The more likely explanation is thus that already the nominally
undoped Li,0; is not in the intrinsic regime at the measurement conditions (with the lithium vacancy
concentration determined by the Schottky reaction 0 = 2Vj; + Vo,), but in the extrinsic regime with
Vy; fixed by donor impurities, such as alkaline earth metal ions but also protons bound to peroxides

yielding HOZE)Z- The observed pO, independence of oo, SUppoTrts this finding. The activation energy

of = 1 eV of 6o, Would accordingly correspond to the migration barrier of Vj; transport.

Since lithium ion vacancies and holes are the main ionic and electronic charge carriers in Li,O,, the

oxygen exchange reaction is most conveniently written as in Table 3.3 as

0, g +2Li% = Li,0, 4+ 2V}, + 2h" with K = [V,p ;’;pz (20)
Lil™
With the electroneutrality condition for the extrinsic regime V|; = D* , the oxygen exchange

reaction predicts the electronic conductivity being proportional to the square root of the oxygen partial

pressure Geon~p02§ . The experimentally measured slope in the logoe.n VS. logp plot is significantly
less than +1/2 (Figure 3.7b). It is about +0.25 for the two highest pO, values of 0.1 to 1 bar and even
less for lower pO,. The measured slope of +0.25 fits to the intrinsic defect regime with the
electroneutrality condition V;; = p, but the agreement can be considered incidentally since the pO,
independent ionic conductivity and invariant activation energy upon donor doping provide strong

arguments that the defect chemistry of the Li,O, as prepared in this study is in the extrinsic regime.

The electronic structure of Li,O, is mainly determined by the peroxide molecule ion™™! and the
electron holes can be considered to be accommodated in the valence band consisting mainly of

peroxide orbitals. In defect chemical terms, it ionizes the peroxide to superoxide according to

[025,]

02’52 +h® =0, withK; = (21)
With its unpaired electron, the superoxide defect should give rise to a signal in electron paramagnetic
spectroscopy. The EPR spectrum of as prepared Li,O, measured at 120 K is shown in Figure 3.11b
(blue curve). Besides the broad peak at g = 2.1 originating from the quartz capillary, a sharp peak of
low intensity is found at approximately g = 2.006. Based on the comparison with EPR studies of
superoxide adsorbed on metal oxides!™'” and alkali superoxides isolated in a noble gas matrix™*! the
signal can be assigned to superoxide defects. The paramagnetic spin concentration in the as prepared
Li,O, determined from the double integration of the EPR signal and comparison to an ultramarine

blue standard amounts to < 0.1 ppm.
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Figure 3.11: a) Electronic and conductivity of Li,O, ball milled for 1 hour at 200 rpm (open and solid circles) and ac
bulk conductivity of Li,O, ball milled for 24 h at 400 rpm (solid triangle) in 1 bar pO, and b) electron paramagnetic
resonance spectra of as prepared and Li,O, ball milled for 1 hour at 200 rpm measured at 120 K.

In planetary ball milling, high kinetic energy is transferred from the milling media to the sample
powder resulting in the disintegration of the particles. The decrease in the grain size and increase in
the surface area typically achieved by ball milling affect the transport properties when interfacial and
surface processes play a role. Besides downsizing the particle size, ball milling has also been shown

to influence the transport properties of materials by inducing defects.!**?

The grain size of as prepared Li,O, is already relatively small with 100 — 200 nm and it not
significantly decreased by ball milling. The ionic conductivity of Li,O, ball milled for 1 hour in argon
atmosphere at 200 rpm is comparable to the value of as prepared Li,O, (Figure 3.11a), but the
activation energy is decreased from 0.95 to about 0.83 eV. The effect is further enhanced by
prolonged ball milling for 24. If the contribution of the defect formation to the activation energy is
equal to zero as indicated by donor doping experiments, then the change of the activation energy after
ball milling can be attributed to a lowering of the lithium ion migration barrier due to distortion of the
lattice. In contrast, the electronic conductivity is significantly increased by about a factor of 5 in the 1
hour ball milled sample and the ionic transference number drops from about 0.92 to 0.6 at 200 °C.
The activation energy of the electronic conductivity is surprisingly higher pointing towards some
decrease of the hole mobility in the ball-milled sample. Most interestingly, the concentration of
superoxides in Li,O, is greatly enhanced from less than 0.1 ppm to about 17 ppm by ball milling
(black curve in Figure 3.11b).

If the superoxide (= holes trapped on peroxide ions) defects are the electronic charge carriers in Li,O,
as suggested above, the increase of the superoxide defect concentration by ball milling should give

rise to the same order of magnitude increase in the electronic conductivity, whereas only a fraction of
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this is observed in practice. To explain the difference, it should be noted that a 24 h heat treatment at
200 °C - corresponding to the time necessary for a dc measurement to obtain G, - already decreased
the spin concentration by a factor of 10. The superoxide defects created during ball milling are at least
partly healed out at elevated temperatures. Moreover, the higher activation energy of the electronic
conductivity in the ball milled sample (1.5 eV vs. 1.3 eV in as prepared Li,O,) could indicate a lower

mobility of holes compensating the increased charge carrier concentration.

The condition of electroneutrality in ionic solids requires that the oxidation of peroxide to superoxide
species according to equation (22) is accompanied by defect reactions compensating for the loss of
negative charge at the peroxide.

0,7

0, = 022)2 +e’ (22)

A possible reaction could be the trapping of one or two electron at peroxide vacancies in analogy to
color centers (trapping of electrons at oxide vacancies) in alkaline earth oxides™!:

Vo +e =V, (23)
Voo +2e' =2V (24)

Another possible mechanism could be that electrons generated by the superoxide formation reduce

peroxide ions to oxide defects:
0232 + Vo, + 2e’ = 205, (25)

Finally, in ref. " the trapping of electrons in broken O-O bonds is suggested as possible electronic
defect in Li,O,:

0232 +e' = 02'02 (26)

The formation of triple charged oxygen species O, is rather questionable though. The electron in the
antibinding 7* orbital of O, formed in reaction (26) as well as the single charged vacancy in reaction
(23) should give rise to a signal in the EPR spectrum, but none is observed other than from the
superoxide and the quartz capillary. This leaves reactions (24) and (25) as possible mechanism to
accommodate the electron stripped from the peroxide during the ball milling treatment. However, in
the absence of evidence favoring one or the other, the question which of the reactions is prevailing in

ball milled Li,O, cannot be answered here.

The defect chemical description of Li,O, is incomplete when interactions between defects are not
taken into account. According to DFT calculations, the V{; migration barrier for transport in the (100)

plane is estimated as 0.35 eV."*¥ In a polycrystalline sample as investigated in this study the lithium
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transport may proceed on other crystallographic planes as well (for which migration barriers have not
been calculated), but the large difference still indicates that the interaction of lithium vacancies with
positively charged defects (holes, donors) contributes to the experimental migration barrier. The
interaction energy between holes and lithium vacancies was calculated as 0.47 eV.['® The
corresponding trapping reaction reads:
' . R - (VihH*
Vi b2 (Vih') Wit Kageoqn = GH (27)
Vi [h°]
A comparable value can be assumed for the activation energy of the trapping reaction for donor
dopants and lithium vacancies:
! o _\ I . H — V’iD. X
Vi + D" = (VD) with Kagsocz = [(V/LL—;] (28)
This energy term adds up to the migration barrier of the free carrier when a trapped lithium vacancy is
changing its site. In the covered temperature range it can also be assumed that most of the electron
holes are trapped by the larger number of lithium vacancies and the theoretically calculated trapping

energy of 0.47 eV between holes and lithium vacancies also adds to the migration barrier of the free

electronic charge carrier. Experimentally, the activation energy of about 1.3 eV for o, is found.

The chemical diffusion coefficient is composed of the individual defect diffusivities according to

D6 = tionDeonXeon + teonDionXion (29)

with the respective transference number t and the trapping factors . Assuming that the trapping
factors are of the same order of magnitude (since the trapping energies are probably comparable),
with tjn>> teon and a typically higher mobility of holes compared to lithium vacancies, the chemical
diffusivity would be determined by the term tinDeon)eons i.€. by the electronic transport. The
contribution of the migration of undissociated pairs of (V{;h*) to the chemical diffusion might result
in the activation energy of the chemical diffusion coefficient being somewhat lower than the

activation energy of the electronic conductivity.

The trapping reactions of holes by lithium vacancies (equation (27)) and of lithium vacancies by
donors (equation (28)) can be combined with the oxygen exchange reaction (equation (21)) to
calculate from the respective mass action laws how the concentrations of the associates and the
unassociated donors depend upon the oxygen partial pressure under the assumption of strong trapping,
i.e. large mass action constants for the trapping reactions, for both the intrinsic and extrinsic regime
with the electroneutrality conditions V{; = [h*]and V{; = D* (Table 3.5).
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Table 3.5: Dependency of concentrations of associates and free donors upon pO, assuming strong trapping in Li,O,.

The first row gives the condition of electroneutrality.

Intrinsic regime with Extrinsic regime with
V[,.i =p VI,,i = [D.]total
KA ; 1 KA ; 1
[(Vish)"] = =22 po,? = =222 po,
KG KG
[(Vl,.iD.)x] ~ [D]total ~ [D]total
5 — I o\ X
. Kg [ o =2 _ [(VLiD*)¥]
D] = - [(V;D")*] - po, > =T
Kasscoc,z assoc,2

Moreover, the dependence of the defect concentrations on the total donor concentration can be
derived from the set of mass action laws in equations (20), (27) and (28) with the approximations of
strong trapping ([(V{;D*)*] =~ [D"]:ot) OF Weak trapping ( D* = [D*];ot) s shown in Table 3.6. For
the studied Li,O, samples, the high lithium vacancy migration barrier suggests strong trapping of
lithium vacancies to donors, but at very low donor concentrations the configurational entropy will
dominate resulting in a weak association of the defects despite a high binding enthalpy.

Table 3.6: Dependency of defect concentrations upon total donor concentration in the extrinsic regime for the cases of
weak and strong interactions.

Defect Weak trapping Strong trapping
[D] ~ [D*tor . 5
° DTt
Kassoc,z
[Vl,,] ~ [D*Jtor . 3
’ ° DT
Kassoc,z
[(VI,.iD.)X] = Kassoc,z . [D.]tot o [D.]tot
h° 1 1
(] ~ ——="Po,?" [D.]t_olt _ Kassoc,2 ) -3 D* _%
Kg ~ Kg 0,? tot
[(V["ih‘)x] _ Kasﬁ.l . pozé _ Kasﬂ,l . pozi
Kg Kg

A graphical illustration of these relations is shown in Figure 3.12. The logarithm of the defect
concentrations is plotted as function of the logarithm of the control parameters pO, (and with

Po,~ ay; also the lithium activity a,;) and the total donor content. The exponent in the dependencies
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can be immediately taken from the slope of the curves, but since the values of the mass action

constants are not known for now, neither are the absolute values of the concentrations.

a) b)
[V =[D1 Vi1 =[h] D* = HO,;, ,Mg,,CI;,
- weak ’
o association strong association
(DVU) _________________________ {(DVL) 1
' i VL"
Vi < '
T D
— )
2 |(hV = 2
o ( L\? . o E’ (hV,})
. "
strong trapping:
(D'V(;) and (hVyy)

log [D] —>

<« 2logay; log pO, —

Figure 3.12: Dependence of the defect concentrations a) on p O, and a,; and b) on donor content. The slopes of the

dependences in the log-log-plot are shown by the numbers.

3.1.4 Chemical oxygen exchange kinetics in Li,O,

As the equilibration of the porous Li,O, pellet with a new pO, (Figure 3.7b) is limited by the surface

1 grain

exchange, the effective surface exchange rate constant k% = = can be calculated according to

equation (9) with the relaxation time t and half the grain size lg.i, (Figure 3.13). Here it is assumed
that the grain size is the relevant equilibration length. The assumption could actually underestimate k°,
because the fact that some plastic deformation occurs upon pressing the Li,O, pellet might result in a
larger effective equilibration length. The figure also shows k° of the electrochemically and kinetically
well studied Fe-doped strontium titanate for comparison. The data indicates a much higher surface
reaction rate in Li,O, compared to Fe-doped SrTiOs. The superior kinetics can be understood if it is
considered that in SrTiOs, or any other oxide based material, the covalent bond of oxygen molecules
needs to be broken in addition to the transfer of two electrons in order to form oxide species. In
contrast, in Li,O,, or any other peroxide based material, the oxygen incorporation can possibly

proceed without the need to overcome the activation barrier of breaking of the oxygen bond.
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Figure 3.13: Temperature dependence of the chemical reaction rate constant k® of Li,O, (from this study, determined
by dc conductivity measurements) and Fe-doped SrTiO; (from ref. ™ determined by optical absorption
spectroscopy on single crystals).

3.1.5 Li,O,-Au composite
The poor electronic conductivity (cf. Figure 3.7) is one of the major practical issues with regards to

the Li-oxygen battery.*?

It may be addressed by acceptor doping, which is expected to generate
additional electron holes as charge compensation. However, acceptor doping turns out to be more
challenging compared to donor doping. A suitable anion dopant requires a negative charge of > 2, but
a potential dopant like nitride is too basic to exist in the water/methanolate solution without becoming
protonated. For the cation site, only a rather unrealistic dopant of zero charge would do the job of
homogenous acceptor doping. Local p-type doping of lithium peroxide was predicted by the
interaction with carbon sheets.™™® This led to the idea of heterogeneously doping Li,O, powder with
noble metal nanoparticles to locally withdraw electrons from the peroxide ions. The preparation is
experimentally feasible, since gold nanoparticles can be precipitated by reduction with hydrogen
peroxide from a precursor at a wide pH range.'”! As hydrogen peroxide is already employed in the
Li,O, precipitation, the composite can be conveniently prepared in one go by adding the gold
precursor HAuCI,3H,0 (Alfar Aesar) to the Li methanolate solution prior the addition of 30% H,0,.

Hydrogen peroxide acts both as reduction and precipitation agent in this case:
10CH;0Li + 4H,0, + 2(HAuCl, - 3H,0) = 2Au + Li,0, + 30, + 8LiCl + 10CH;0H + 6H,(30)

The resultant powder is grey (see also Figure 2.1) and shows the XRD patterns of Li,O, and Au

nanoparticles (Figure 3.14). The diameter d of the primary gold particles can be estimated from the
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full width half maximum (FWHM, in radians) of the reflection at the angle 0 (in radians) with the x-

ray wavelength A according to the Scherrer formula™®:

_ 092
d = FWHM-cos0 (31)

According to this, the size of the Au nanoparticles is about 10 — 15 nm. The amount of Au added to
Li,O, is about 0.5 at.% and is confirmed by chemical analysis with ICP-OES. The effect of the gold
particles on the Li,O, is most strikingly seen with EPR spectroscopy (black curve in Figure 3.15). The
composite contains a much higher concentration of superoxide species (= 1000 ppm) compared to the
nominally undoped Li,O; (< 0.1 ppm), even exceeding that of mechanically ball milled powder (= 17
ppm). It should be emphasized that the sharp EPR signal is characteristic of isolated, superoxide
defects in a diamagnetic matrix rather than bulk material. In principle, the enhanced number of
superoxide defects should give rise to a higher electronic conductivity. However, the defects are
healed out at elevated temperatures (blue curve in Figure 3.15), which are necessary for the
electrochemical characterization limited by the input resistance of the measurement equipment.
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Figure 3.14: X-ray diffraction pattern of Li,O,/Au composite powder (Au reflections are indicated, all others are

from Li,O,).
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Figure 3.15: EPR spectra of Li,O,/Au composite powder as prepared (black) and after 10 h heat treatment at 175 °C
(blue) at 120 K.

3.2 Sodium Peroxide

3.2.1 Chemical characterization and Crystallographic Structure
Na,O, prepared from sodium metal of 99.95% metal purity contains some cation impurities according
to ICP-OES analysis. The most prevailing impurity is potassium with a content of 40 to 90 ppm,

followed by calcium with a concentration of 10 to 20 ppm.

The XRD pattern of Na,O, shows a minor impurity (reflection at 26 =38° in Figure 3.16a, possibly
carbonate or hydroxide), while the Raman spectrum is phase pure with the external modes in the
frequency range 100 to 300 cm™ and the two stretch vibrations of O,> occupying two different sites in
the lattice at 738 and 793 cm™ (grey curve in Figure 3.16b).

The Na,O; crystal lattice is hexagonal at low to intermediate temperatures (Figure 3.17). A phase
transition takes place at 507 °C according to in situ Raman measurements™'¥, but its crystal structure

is unknown.
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Figure 3.16: a) XRD pattern of as prepared Na,O, and b) Raman spectra of as prepared Na,O, and ball milled
Na,O,.

Figl[Jr]e 3.17: Unit cell of hexagonal Na,O, (sodium in gray, oxygen in blue) based on single crystal XRD data from
ref.l'

3.2.2 Electrochemical characterization

The impedance spectrum of the cell Au | Na,O, (sintered) | Au (ionic blocking electrodes) can be
fitted with the equivalent circuit consisting of R-CPE and a Warburg element W (top left in Figure
3.18). The contribution at high frequencies is related to the bulk response of Na,O, (dielectric
constant € = 24). The sintered Na,O, pellets have an improved grain to grain contact compared to cold
pressed Li,O, pellets, the high frequency range of the impedance spectra can be significantly better

fitted with only one R-CPE element (weighted sum of squares ~ 0.1 — 0.3; the fit parameters of the R-
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CPE element for the cell Au | Na,O, (sintered) | Au are R = 1.7-10° Q, Q = 4:10™ (F/Q)"** and n =
0.95). The low frequency contribution described by the Warburg diffusion element is related to the
blocking of ionic charge carriers at the Au electrode (alternatively, a R-CPE element with a
capacitance C ~ 10 F typically for electrode polarization can be used to fit the low frequency
contribution). The same electrode response is obtained for Pt electrodes instead of Au. Ti electrodes
exhibit the same electrode response for fresh samples, but are subjected to aging phenomena at 200 °C
leading to an increasing electrode resistance over the time (likely titanium oxide formation).
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Figure 3.18: Impedance spectra (top) and dc polarization measurements (bottom) of the electrochemical cells Au |
Na,O, | Au (left) and NaPb | Na,O, | NaPb (right) with | = 10-10° A at 1 bar pO, and 200 °C. M, in the inset is the

normalized voltage.

In contrast, for the cell NaPb | Na,O, | NaPb (reversible for sodium ions and electronic charge carriers;
pure sodium metal melts already just below 100 °C) the electrodes are not polarized at low
frequencies (top right in Figure 3.18). The distinct electrode resistance with Au, Pt and Ti electrodes
and reversible nature of the sodium electrodes suggests that Na,O, is a mixed conductor with sodium

defects as main ionic charge carrier.

As in the case of lithium peroxide, the contributions of electronic and ionic conductivity can be most
accurately (i.e. without fitting the electrode polarization in the impedance spectrum) separated by dc

stoichiometry polarization of Au | Na,O, | Au with small polarization currents/voltages (bottom left in
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Figure 3.18). In the stationary state of the dc measurement, the electrical current is carried only by the
electronic charge carriers yielding the electronic conductivity oo, With the overall bulk conductivity
obtained from the intercept of the high frequency semi-circle with the abscissa in the impedance
spectrum, the ionic conductivity is given by Gion = Gac — Geon. The sum of formation and migration

energy for sodium and electronic defects respectively is about 1.3 and 1.15 eV (Figure 3.19a)
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Figure 3.19: Temperature dependence of a) electronic and ionic conductivity as well as of the chemical diffusivity of
previously 475 °C sintered Na,O, at 1 bar pO, and b) ac conductivity of a freshly prepared (empty circle) and aged
(empty triangle and solid squares) uniaxial pressed Na,O, pellet in argon (right).

The transient of the stoichiometry polarization in the case of the cell Au | Na,O,| Au is determined by
the chemical diffusion of sodium in the sample. For long times (t > 1) the polarization and
depolarization can be described with an exponential decay with the relaxation time t (inset in Figure
3.18 bottom left). From the temperature dependence of the chemical diffusivity of sodium calculated
from equation (3) the activation energy of about 0.58 + 0.1 eV is obtained (the value has to be taken

with caution as it is based on only three, scattering data points).

As expected from the impedance spectrum, the cell NaPb | Na,O, | NaPb shows no stoichiometry
polarization but a step function when a small dc bias is applied (Figure 3.18 bottom right) owing to
the reversible nature of the sodium alloy for the main charge carriers in Na,O, (there is, however, a
steady drift of the baseline, which may be due to reaction of the electrode with the gas phase or
Na,0y).

Above 250 °C, a drastic increase of the total conductivity of Na,O, as well as a change in the transport
mechanism (E, = 0.18 eV) is observed (solid squares in Figure 3.19b). A small endothermic peak can
be seen in the DSC curve between 260 and 280 °C (Figure 3.20a). However, according to ref."% the

Raman spectrum of Na,O, undergoes no changes up to 507 °C other than peak broadening and shift to
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lower frequencies as it is expected for increasing temperatures. At 507 °C, the two internal peroxide
stretching modes collapse to a single peak indicating that a crystallographic phase transition is taken
place at this temperature. In situ Raman spectroscopy performed for the present thesis in a stainless
steel sample holder under nitrogen confirms that the two distinct crystallographic peroxide sites are
maintained in Na,O, at least up to 350 °C (Figure 3.20b). In situ XRD above 250 °C failed because
the thin quartz capillary reacted with the sample.
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Figure 3.20: Temperature dependence a) of the heat flow (DSC) of Na,O, encapsulated in gold foil under argon and

b) of the Raman frequency change relative to room temperature of Na,O, in nitrogen.

The change in the conductivity mechanism is therefore likely not an intrinsic property of Na,O,, but
rather related to eutectic melting of Na,O, with impurities as previously observed for NaOH.!**% By
rapid synthesis and measurement (with the oxidation of Na metal in O,, the pressing of the pellet, the
electrode coating and the conductivity measurement all performed inside a glove box), it is
temporarily possible to obtain the conductivity of very phase pure Na,O, at higher temperatures that is
in agreement with the temperature dependence and high activation energy of > 1 eV at low
temperatures (open circle in Figure 3.19b). But even in highly pure argon (< 0.1 ppm H,0) Na,O,
reacts with any trace impurities in the gas phase and the conductivity drifts within an hour to the value
corresponding to the eutectic melt. Thus, although Na,O, is thermodynamically stable up to its
melting point T,, = 675 °C%l, the temperature range of electrochemical investigation is limited to

about 250 °C as the transport properties are influenced by impurities at higher temperatures.
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3.2.3 Defect Chemistry

Unless kinetically frozen or fixed by dopants, the concentration of the point defects varies with the
control parameter pO, and its dependence reflects the underlying defect chemistry. In Na,O, the ionic
conductivity depends on the pO, with a slope of = -0.04 + 0.01 in the logoio, VS. logpO, plot (Figure
3.21b). The slight increase of the ionic conductivity with decreasing pO, points to positively charged
defects as main ionic charge carriers, namely to sodium interstitials as the defect is reversible at the
sodium lead alloy electrode but blocked at the platinum electrode. However, the pO, dependence is
only weak and the formation of spatially demanding sodium interstitials seems at least questionable in
the Na,O, structure with sodium ions being located close to the positions of a hexagonal closest
packing (Figure 3.17). On the other hand, the elongated shape of the peroxide ion might also favor a
double occupation of a sodium ion site.

The nature of the dominating sodium defect was further addressed by determining the change in the
conductivity upon doping. As with lithium peroxide, the homogenous introduction of excess negative
charges seems unlikely in sodium peroxide. In contrast, any cation with a charge > 1 on the sodium
ion site and halides on the peroxide site introduce excess positive charges and acts as donor dopant.
The best size match is obtained with Ca*" as replacement for Na* (crystal radii in sixfold coordination:
116 ppm for Na* and 114 ppm for Ca?").™"! At first, the following preparation methods were tried to
introduce the dopant. 1) sodium metal and 2 at.% calcium metal were annealed for 5 hours at 850 °C
in an arc welded, closed tantalum container under argon. The calcium alloyed sodium was oxidized to
sodium peroxide in 1 bar pO, at 350 °C. The calcium concentration was up to 4000 ppm according to
the chemical analysis with ICP-OES. 2) Sintering of uniaxially pressed pellets of Na,O, and 10 at.%
Ca0 (99.99 %) mixed powders on MgO single crystals as support at 650°C in 1 bar pO, for 12 hours.
However, both preparations did not lead to samples with conductivities significantly different than
those made of nominally undoped Na,O,. Apparently, calcium was not or not homogenously
incorporated into the sodium peroxide lattice. Samples of Na,O, sintered with 10 at.% CaO showed
both phases in the XRD pattern.
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Figure 3.21:a) Temperature dependence of the bulk conductivity of nominally undoped Na,O, (squares) and Ca
doped Na,O, obtained from a mixture of 10 wt. % CaO and Na,O, (open triangles, Ca doped Na,O, obtained from
CaO | Na,0, | CaO results in a comparable bulk conductivity) both sintered at 450 °C for 36 hours and quenched to
room temperature and b) pO, dependence of the electronic and ionic conductivity of Na,O, (previously sintered at
475 °C for 10 h) at 200 °C.

In a second attempt, the preparation 2) was modified as follows: uniaxially pressed pellets of a) Na,O,
and 10 at. % CaO and b) CaO | Na,O,| CaO were annealed for 36 h at 450 °C in 1 bar pO,on a
magnesium single crystal as support and quenched to room temperature with water as cooling
medium. Since nominally pure Na,O, undergoes a crystallographic phase transition around 507
°C™ which may have led to the disintegration of the sintered pellets upon quenching, the annealing
temperature was lowered from 650 °C to 450 °C. The quenching of the pellets was supposed to freeze
in the calcium concentration equilibrated in contact with CaO at 450 °C. The initial idea was to
remove the CaO layers of the CaO | Na,O, | CaO sandwich after sintering by grinding it down with
sand paper, but it turned out that they can be removed already by applying small shear forces with a
pair of tweezers (the physical contact between CaO and Na,O, is very poor after quenching, possibly

because of different thermal expansion coefficients).

The ionic conductivity of doped samples prepared according to the modified method a) and b) is more
than half order of magnitude lower than of nominally pure Na,O, with the same thermal history
(Figure 3.21a). No significant change in the lattice constants is observed by XRD as well as in the
FWHM and frequency of the peroxide stretch vibration by Raman spectroscopy. The insertion
reaction of Ca* into the Na,O, lattice can be expressed as follows for charge compensation by sodium

vacancies (equation (32)) and sodium interstitials (equation (33)):
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Ca0 + 0, + 2Naf, - Caj, + Viy + Naz0, (32)
Ca0 + %02 + Nay, + Na; - Cay, + Na,0, (33)

Although the reactions are expected to be in thermodynamic equilibrium at annealing temperatures,
they are frozen in at low temperatures and thus shown with one direction reaction arrows. According
to equation (33), sodium interstitials are annihilated by the incorporation of calcium ions on a sodium
ion site. Hence, the decrease of the conductivity in the donor doped samples supports the indication
from the pO, dependence of the ionic conductivity that sodium interstitials are the main ionic charge
carrier in sodium peroxide. The activation energy of the ionic conductivity (sum of formation and
migration enthalpy) is not altered by doping. The contribution of the formation enthalpy is therefore
already negligible in the as prepared Na,O,, i.e. the concentration of sodium defects are fixed by
impurities. The defect concentrations are more likely controlled by donor impurities (namely alkaline
earth metal cations on sodium sites) than by acceptor impurities leading to a higher concentration of
sodium vacancies than sodium interstitials. This finding suggests that the sodium vacancy mobility is

very low compared to the mobility of sodium interstitials.

The electronic conductivity e, €xhibits a distinct pO, dependence and decreases with decreasing pO,
(in the range pO, = 1 — 107 bar) as expected for p-type conductivity (Figure 3.21b). The actual slope
of logoeon VS. 10gpO, of 0.17 is, however, closer to the one predicted for the oxygen exchange reaction

0, + 2Na¥, = Na,0, + 2V{, + 2h" (34)

in the undoped case (slope 1/4, with the electroneutrality condition h® = Vg, than for the one in

the donor doped case (slope 1/2, with the electroneutrality condition D* = VY, ).

As already observed in Li,O,, also Na,O, shows a weak signal at g = 2.008 in the EPR spectrum at
120 K, which can be assigned to isolated superoxide (< 0.1 ppm) (blue curve in Figure 3.22a).
Mechanical activation by ball milling treatment introduces considerable disorder into the Na,O, lattice
as indicated by the increase of the FWHM of the Raman peaks from 6 to about 30 cm™ (Figure
3.16b). The concentration of superoxide defects is greatly enhanced to about 4 ppm according to EPR

spectroscopy (black curve in Figure 3.22a).

Both ionic and electronic conductivities are increased by more than an order of magnitude (Figure
3.22b) by ball milling. In the figure, the isostatically pressed ball milled Na,O, is compared against
isostatically pressed as prepared Na,O, in order to discriminate the ball milling effect against the
pronounced current constriction phenomena occurring in unsintered samples. However, it cannot be

entirely ruled out that the measured apparent electronic conductivity in this pellet with about 20%
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porosity actually reflects circuiting of the electronic pathway by sodium ion diffusion coupled with

enhanced gas phase reaction rate.
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Figure 3.22: a) EPR spectra of as prepared and ball milled Na,O, at 120 K (the broad signal at g = 2.1 can be
assigned to the quartz capillary and b) temperature dependence of the electronic and ionic conductivity of
isostatically pressed as prepared and ball milled Na,O,.

3.3 Potassium Peroxide

3.3.1 Chemical characterization

The Raman spectrum of as prepared K,0, exhibits external modes between 100 and 250 cm™, two
Raman active internal modes at 746 (weak) and 761.5 cm™ (strong), the symmetric carbonate
stretching at 1063 cm™ and the peroxide stretching overtone at 1508 cm™ (Figure 3.23a). Ball milling
of K,O, creates substantial disorder in the lattice as the full width half maximum of the peroxide
stretching increases from about 3 to 7 cm™. The peroxide stretching at 761.5 cm™ seems to shift to a
lower frequency at 759 cm™. This red shift implies a decrease in the force constant of the covalent
oxygen bond, in contrary to what is observed for ball milled Li,O, and Na,O,. The decrease of the
peroxide bond strength seems to be a result of a ball milling induced phase transition. According to
the XRD pattern, ball milling led to a new crystallographic phase of K,O, not reported in the literature
so far (Figure 3.23b).

The following cation impurities were found in K,O, by chemical analysis (ICP-OES): 2000 ppm
sodium, 20 ppm lithium and 20 ppm barium.
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Figure 3.23: a) Raman spectra of as prepared (black, the assignement of the external and internal modes of K,0, is
based on ref. ®™) and 1 h ball milled (blue) K,0, and b) XRD pattern of as prepared (black) and 1 h ball milled (blue)
K,0,. The reflections of as prepared K,O, are indexed in black, the blue asteriks mark peaks in b) which belong to
the sample holder. The inset shows the orthorombic crystal structure of K,O, (oxygen in blue, potassium in grey)
based on XRD data of K,0, single crystals from ref. 1211,

3.3.2 Thermodynamic Stability of K,O,

The thermodynamic stability window of K,0, sets the upper and lower limits of temperature and
oxygen partial pressure at which its electrical transport properties can still be studied. At high oxygen
partial pressures and low temperatures, the superoxide KO, is the thermodynamically stable phase,
while at low oxygen partial pressures and high temperatures, the fully reduced oxide K,O is the stable
phase. High temperatures > 400 °C, at which the phase boundary to the oxide might limit the
characterization of K,O, (Figure 3.24a), were not accessible for electrochemical investigations
anyway as the pellets are severely plastically deformed already by the force of the spring pressing the
platinum contacts on the sample at such temperatures. The thermodynamic stability of K,O, versus
KO, at lower temperatures calculated from thermochemical data is shown in Figure 3.24b. It is
noteworthy that the boundary between the peroxide and the superoxide runs exactly through the pO,-
T window that is practical and applicable for electrochemical investigations. On the one side, this
means that the range for determining the pO, of the conductivities of K,O, is rather narrow compared
to Li,O, and Na,O, and limited to reducing conditions with pO, <100 ppm. On the other side, it
provides the opportunity not only to look into the electrical transport in potassium peroxide but also in

the corresponding superoxide (see section 3.4).
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Figure 3.24: Thermodynamic stability of K,0, a) vs. K,O and b) vs. KO, calculated according to thermochemical
data published in ref.[°2,

3.3.3  Electrochemical characterization

The impedance spectrum of potassium peroxide with ionic blocking gold electrodes in Figure 3.25a
consists of a bulk (e= 22) and an electrode contribution. The ionic transference number is > 0.9 at 300
°C and 10 ppm pO,. At these conditions, K,O, can be considered as thermodynamically stable against
KO,. The electrode contribution in the impedance spectrum of cell KPb | K,O, | KPb is decreased
compared to Au | K;O, | Au but does not drop to zero (Figure 3.25b).The KPb electrode (actually a
mixture of the intermetallic compounds KPb and K,Pbs) is assumed to be reversible for both
potassium ions and electronic charge carriers, whereas potassium has to dissolve at the negative pole
and deposit on the positive pole to maintain continuous oxygen transport (according to the reaction

K202+V5;+2e': 02’52+2K), which may result in a higher electrode resistance. Thus, the remaining

electrode polarization suggests that the conductivity of oxygen species is not negligible in potassium

peroxide.

In order to sustain this conclusion, it has to be established a) that the electrode and potassium peroxide
have not reacted to a layer blocking electrons or potassium ions and b) that the KPb electrode is truly
reversible for both potassium ions and electronic charge carriers. There is no evidence in the
impedance spectrum for the formation of a blocking layer between K,O, and KPb. Furthermore, as
shown in Figure 3.25c, the electrode polarization is also observed for a freshpellet KPb | K;O, | KPb
already in the temperature range 100 — 150 °C in 10 ppm pO,. The reaction between the electrode and

the sample should be significantly more sluggish at these low temperatures. Although these
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measurements conditions could be already outside the thermodynamic stability window of K,O,, there
is no formation of KO, as revealed by the absence of its characteristic yellow color on the pellets after
the measurement. KPb electrodes have a negligible electronic resistance compared to K,O, at the
measurement temperatures. Its reversibility towards potassium ions can be verified by replacing K,0,
by a known potassium conductor, such as potassium iodide. The cell KPb | KI | KPb exhibits no
electrode polarization (at the measured temperatures 200 — 300 °C) as expected for a reversible
electrode (Figure 3.25d).

Hence, these findings support that there is appreciable transport of anions in potassium peroxide. The
temperature dependence of the total conductivity as obtained from the abscissa intercept of the bulk
response in the impedance spectrum (measured in pure nitrogen with pO,< 1 ppm to avoid oxidation
to KO,) is depicted in Figure 3.26a. The activation energy is 0.97 £ 0.03 eV. The chemical diffusion
coefficient of potassium peroxide is about D° = 8:10® cm/s? at 300 °C and 10 ppm pO, according to
the exponential long time relaxation of the dc polarization of the cell Au | K;O, | Au (Figure 3.26Db).

The electronic conductivity obtained from the stationary state is decreasing upon switching from 10 to
1 ppm pO; in accordance with p-type (hole) conductivity, but the equilibration kinetics is too sluggish
to obtain a stationary state of the exponential decay within reasonable waiting times. The gold
electrodes have possibly become porous and permeable for oxygen at the temperature of 300 °C.
Nevertheless, short circuiting leakage currents via the gas phase are considered unlikely, exactly
because of the slow equilibration process upon changing pO,, which should only depend on the

reactor flush time in such a case, and since the density of the pressed pellets is close to the theoretical

density.
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Figure 3.25: Impedance spectrum of a) Au | K,O, | Au at 300 °C in 10 ppm pO,, b) KPb | K,0, | KPb at 275 °C and 1
ppm pO,, ¢) Au | K,0, | Au (blue) and KPb | K,0, | KPb (black) at 150 °C and 10 ppm pO, and d) KPb | KI | KPb at
225°C and 1 ppm pO,.
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Figure 3.26: a) Temperature dependence of the total bulk conductivity of K,O, in nitrogen (< 1 ppm pO,) and b) dc
polarization of the cell Au | K,O, | Au at 300 °C and 10 ppm pO,with I = 2-10° A and conductivity relaxation after
switching from 10 ppm to 1 ppm pO,. The ionic and electronic conductivity of this cell at 300 °C and 10 ppm pO; is
also indicated in a).

Suitable donor dopants for K,0O, are barium ions replacing potassium ions (crystal radii in sixfold
coordination: 152 ppm for K* and 149 ppm for Ba®'™"}) and chloride replacing peroxide (cf. section
3.1.3).To see if any doping effect can be achieved in K,0,, BaCl, was chosen as starting material for
doping as both anion and cation sites can be supplied with donors in one preparation. Sandwich
pellets of BaCl, | K,O, | BaCl, were uniaxially pressed with 250 MPa as well as pure pellets of K,0O,
as reference and annealed at 400 °C in < 1 ppm pO, on MgO single crystals as support. At a higher
annealing temperature the incorporation of dopants into K,O, should be more effective (both
thermodynamically and kinetically), but these were avoided since perceptible viscosity of K,O, and

plastic deformation of its pellets was observed at 450 °C. After 36 hours of heat treatment, the setup
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was guenched to room temperature in ice water. The white BaCl, layers were chipped off with a pair
of tweezers. The remaining pellet was polished from all sides with sand paper to remove any white
traces on the beige sintered K,O, pellet. The thorough removal of BaCl, in particular on the sides of
the pellet is important as its conductivity is reportedly two orders of magnitude higher (and even more
when it is potassium doped as has to be expected here) than the conductivity of K,0,as measured in

the present work.[*?

The doping by BaCl, results in donor doping no matter, whether only Ba®* or CI” or both Ba?* and CI

are incorporated substitutionally (for K* and O,% respectively):
BaCl, + 4K¥ + 20,%, — Baj + 2Cl;_+ 3Vg + 2K,0, (35)

The ionic conductivity is expected to increase upon donor doping only in the case that the charge
transport proceeds primarily via potassium vacancies. In contrast, potassium interstitials and peroxide
vacancies are depleted by introducing excess positive charges and their conductivities are expected to

decrease.
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Figure 3.27: Temperature dependence of the total bulk conductivity of nominally undoped K,0, (solid symbols) and
BaCl, doped K,0, (open symbols) in 10 ppm pO,. The pellets were previously sintered at 400 °C for 36 h and
qguenched to room temperature. Samples from the same batch were annealed at the same time in the same setup and
have thus the same thermal history.

The temperature dependence of the total bulk conductivity of doped and nominally undoped K,O,
samples with the same thermal history (400 °C for 36 h and quenched to room temperature) in Figure
3.27 shows that two effects are prevailing. First of all, the heat treatment itself results in an increase of
the conductivity by about 1 order of magnitude and decrease of the activation energy from about 0.97
+0.03 eV to 0.65 — 0.7 eV (cf. Figure 3.26). A possible effect of the annealing could be the removal
of impurities, which are kinetically frozen at lower temperatures. However, moving from the extrinsic

(impurity controlled) to the intrinsic regime would result in an increased activation energy as
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thermally activated defect formation would become more relevant. Secondly, donor doping decreases
the conductivity by about 1 order of magnitude, which is in agreement both with transport via

potassium interstitials and peroxide vacancies.

3.4 Potassium Superoxide

3.4.1 Chemical characterization and Crystallographic Structure

According to the Raman spectrum of potassium superoxide (Figure 3.28a), the frequency of the
oxygen stretch (and with it the strength of the oxygen bond) is shifted to a higher value (1144 cm™)
compared to potassium peroxide (716.5 cm™), as it is expected from the decrease of the number of
electrons in the anti-binding «* orbitals according to the molecular orbital theory (cf. Figure 1.1). Ball
milling of KO, leads to a slight increase in the oxygen bond length and a small new peak emerges at
about 759 cm™. The frequency corresponds to the peroxide stretch vibration of the emerging new

K,0, phase already observed in the previous section on ball milled potassium peroxide.

The tetragonal CaC, type structure stable at room temperature (Figure 3.29) transforms into a cubic
rock salt type modification at higher temperatures. The temperature of the phase transition has been
estimated as 60 to 150 °C.1*?*M*1 Temperature dependent Raman measurements of KO, under 1 bar
oxygen performed in this study indicate a blue shift of the superoxide stretch vibration beginning at
about 100 °C and a further increasing frequency with increasing temperature (1147.5 cm™ at 125 °C
and 1151 cm™ at 250 °C).

The main cation impurities in as prepared potassium superoxide are sodium (700 ppm) and lithium

(10 ppm) according to the chemical analysis by ICP-OES.
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Figure 3.28: a) Raman spectra of as prepared KO, (grey) and 1 h ball milled KO, (blue) and XRD pattern of as
prepared KO..
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Figure 3.29: Unit cell of room temperature stable tetragonal KO, (potassium grey, oxygen blue) based on the x-ray
diffraction data of single crystals from ref. 12!, No atom parameters are available for the high temperature cubic

phase.

3.4.2 Electrochemical characterization

The impedance spectra of KO, pellets coated with gold electrodes show typically two relaxation
processes (Figure 3.30a). The high frequency contribution can be assigned to the bulk with a dielectric
constant € ~ 29. The blocking of ionic charge carriers at the gold interface gives rise to the low

frequency response. The lack of current constriction for the bulk transport is consistent with a high
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density already achieved upon uniaxial pressing at room temperature due to the high plasticity of the

KO, grains.

The relative density of KO, pellets obtained for various uniaxial pressures is depicted in Figure 3.31.
According to this, pressures of 400 - 650 MPa (applied on a commercial stainless steel tool with 12.8
mm diameter) are necessary to obtain pellets with a density close to the theoretical one. The 5 mm
diameter pressing tool used in the preparation of pellets for the electrochemical characterization was
loaded with maximum 250 MPa to avoid damaging the tool. In practice, the geometrically measured
density of the pellets pressed with this target pressure scattered between 90 and close to 100% of the
theoretical density. The variation of the density can be partly explained by uncertainties in
determining size and weight of the relatively small pellets, but also by the poor control of the pressure
with the employed automated hydraulic press in the glove box, which is actually designed for larger
pressing tools and forces. The relatively high costs of distilled alkali metals and safety issue when
dealing with these highly reactive source materials justifies taking as little sample powder as feasible
for the electrochemical characterization.
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Figure 3.30: Impedance spectrum of uniaxially pressed Au | KO, (as prepared) | Au a) as typically and b) as once
observed (in both cases at 225 °C, 1 bar pO, and with Au electrodes).
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Figure 3.31: Relative density of KO, pellets versus applied uniaxial pressure. The experiment was performed with
commercial KO, using a commercial stainless steel pressing tool with 12.8 mm diameter. The color changes from

yellow to orange upon increasing the pressure as shown on the photograph.

Interestingly, 1 out of 10 uniaxially pressed KO, pellets showed an additional contribution at mid
frequencies, which can be fitted with a further R-CPE element (Figure 3.30b). Its capacitance
C~10°F is in between transport across bulk and electrode and typically for blocking grain
boundaries. However, despite varying the pressure systematically (from 50 to 250 MPa with 30 s and
2 s holding time), it was not possible to identify the conditions to reproduce the morphology yielding

this additional relaxation process in the impedance spectrum.

By means of dc stoichiometry polarization measurement of the cell Au | KO, | Au (Figure 3.32), the
conductivity of the ionic charge carriers (blocked at the gold electrode) was separated from the
apparent electronic conductivity (more precisely, the conductivity of charge carriers not polarized at
the gold electrode). For uniaxially pressed pellets of as prepared KO, not subjected to a further heat
treatment (Figure 3.33a), the ionic conductivity is independent of the pO, in the range 1 bar to 1000
ppm (to avoid possible decomposition to the peroxide, the pellet was not exposed to pO, values
<1000 ppm, cf. Figure 3.24). The behavior changes drastically when the pellet is sintered for 12
hours at 450 °C in 1 bar oxygen partial pressure and a strong pO, dependence of the ionic
conductivity is observed with a slope of -0.47 + 0.04 at 250 °C (Figure 3.33b). XRD and Raman
spectroscopy reveal no significant differences between as prepared and annealed KO,. In both cases,
the apparent electronic conductivity is increasing with decreasing pO, with a slope of 0.16 and 0.12 £
0.02.
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Figure 3.32: Dc polarization measurement of Au | KO, (annealed) | Au at T = 225 °C and 1000 ppm pO,. The inset
shows the linear fit of InM,, (logarithm of the normalized voltage) vs. time for long depolarization times.
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Figure 3.33: pO, dependence of electronic and ionic conductivity of Au | KO, | Au at 250 °C of a) as prepared KO,
and b) 450 °C annealed KO,.

The basic defect reactions that may take place in alkali superoxides, their mass actions laws as well as
the electroneutrality condition are listed in Table 3.7 — band reaction, Schottky reaction, Frenkel
reaction, formation of an oxide defect and formation of superoxide vacancies upon releasing oxygen.
For analytical expressions of the pO, dependences of the defect concentrations, the electroneutrality
condition needs to be simplified so that only one defect remains on each side of the equation (Table
3.8). The pO,/metal activity dependence of the relative defect concentrations (for the absolute values,
the mass action constants have to be known) are conveniently illustrated in the Kroger-Vink diagrams
in Figure 3.34 and Figure 3.35.
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It is noteworthy that the commonly observed negative relation between electronic conductivity and

oxygen partial pressure is inversed in alkali superoxides when the condition of electroneutrality is

governed by the oxide defect. In such a case, the electronic conductivity is expected to increase with

increasing pO,. The number of electrons annihilated by the incorporation of oxygen is less than the

number of electrons created by the annihilation of oxide defects due to the depletion of superoxide
vacancies upon increasing pO,.

Table 3.7: Basic defect chemical reactions, mass action laws and electroneutrality condition for alkali superoxides

Band reaction

0=¢e+h’ Kg=n-p
Schottky reaction Mis + 025, = Vi + V5, + MO, Ks= Vi - Vg,
Frenkel reaction M= Vy + M Kep= Vy - [M]]
0y, °
Oxide defect 02’(‘)2 + V5, + 3¢’ = 20p, Ko = .La
VOZ ‘n
Gas phase reaction 055, = V5, +02 8 +¢ Kg= V5, "n-po,

Electroneutrality

condition

n+ Vi + 0p, + Oz + A" =p+ M + V5, + D’

Table 3.8: Oxygen partial pressure dependence of the basic defects in alkali superoxides. The numbers in the table
indicate the exponent y in the relation [defect] ~ pO,” for the various majority carrier situations.

Approx. [V;w]z Vo, 0’02 =D 0’02 =V, |n= V5, |n= D"
neutrality V;w M; 0'0 -y In=M n=p
L
condition , i v, =
Vy = D° M
A =V,
A =M
n +1/2 -1/4 -1/2 0
p -1/2 +1/4 +1/2 0
Vs, -3/2 -3/4 -1/2 -1
Vy +3/2 +3/4 +1/2 +1
M; -3/2 -3/4 -1/2 =
[05,] -312 0 -3/4 -1 -1/2
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Figure 3.34: Dependence of defect concentrations on pO, and metal activity for donor doped alkali superoxides. Note
that the superoxide vacancies Vg, show the same dependence as the metal interstitial ionsM;.
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Figure 3.35: Dependence of defect concentrations on pO, and metal activity for donor doped alkali superoxides and

the case of low formation enthalpy of the oxide defect 0’02. Note that the superoxide vacancies Vg, show the same
dependence as the metal interstitial ions Mj;.
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Again, not all regimes of the Krdger-Vink diagrams will be within the stability limit of the alkali
superoxides and experimentally accessible (cf. Figure 3.24 and Figure 3.39). Also, electron holes p
are expected to be energetically unfavourable as they would correspond either to an alkali metal with

a valence of 2+ or a neutral O, in an ionic lattice.

The pO, independence of the ionic conductivity in as prepared KO, suggests that the main ionic
charge carrier is compensated by pO,-independent intrinsic ionic defect formation reactions
(Schottky, Frenkel) or by donor/acceptor impurities. On the other hand, the strong pO, dependence of
the ionic conductivity in KO, annealed at 450 °C can only be explained by electronic compensation of
ionic defects. The negative slope of the logei,, Vs. logpO, plot is consistent with both potassium
interstitials and superoxide vacancies, but rules out potassium vacancies as main ionic charge carrier.
The slopes of -0.47 £ 0.04 measured at 250 °C and -0.42 + 0.03 measured at 225 °C coincide with the

slope of -1/2 expected for the approximated neutrality conditions n = V; and n= M; .The

compensation of electrons by donor impurities n = [D*] is considered less likely as it would result in

a pO, independence of the electronic conductivity and a slope of -1 in the logoio, VS. logpO, plot.

The negative slope in the pO, dependence of the apparent electronic conductivity corresponds to n-
type conductivity, although the actual value of < -0.16 considerably deviates from the slope of -1/2
that is expected for the intrinsic case with the electroneutrality conditionsn = V5 orn= M; .
Potassium superoxide is a wide band gap semiconductor with localized charges and the most
reasonable electronic transport mechanism seems to be the hopping of excess electrons located on
superoxides forming peroxide defects, i.e. the inverse relation of native species and electronic charge
carrier as in the alkali peroxides. The presence of significant amounts of holes in alkali superoxides is
discarded because of the already small electronic charge on the superoxide. Further oxidation of the

superoxide would formally yield neutral molecular oxygen on a superoxide site.

A possible reason for the stark difference in the pO, dependence of the ionic conductivity between as
prepared and annealed KO, could be a different level of acceptor or donor concentration, i.e. a
purification of the sample by the heat treatment. As pointed out in the previous section on the
chemical characterization, the main detectable cation impurities in KO, are lithium and sodium. These
are isovalent to potassium and they should not alter the concentration of other defects. Furthermore,
chemical analysis by ICP-OES of annealed KO, (450 °C for 10 h) shows that the concentration of the
alkali impurities is in fact not affected by the annealing. On the other hand, the concentrations of
possible donor impurities such as alkaline earth metals are below the detection limit of ICP-OES
already in case of as prepared KO, and their actual concentrations before and after the annealing

cannot be determined.



66

The temperature dependence of the total bulk conductivity of as prepared KO, indicates a change in
the transport mechanism between 150 to 175 °C with a drop in the activation energy from 1.3 £ 0.1 to
about 0.8 eV (Figure 3.36a). This cannot be explained by a transition from the extrinsic to the intrinsic
regime as the high temperature transport mechanism has the lower activation energy. The behavior is,
however, typical for crystallographic phase transitions. Potassium superoxide indeed changes from
tetragonal to cubic above room temperature. The transition has only been poorly investigated so far
and its estimated temperature ranges between 60 - 150 °C.[*!

Potassium superoxide, which was previously annealed at 450 °C, shows the comparable low
activation energy of about 0.56 eV over the entire measured temperature range 100 — 250 °C. The low
activation energy is in contrast to the previous explanation that the pO, dependence of the ionic
conductivity in annealed KO, may be due to a lower level of impurities. Furthermore, the lower ionic
conductivity in annealed KO, cannot be explained by a frozen Schottky reaction after cooling down
from 450 °C. If superoxide vacancies are the main ionic charge carrier in KO,, no pO, dependence of
their concentration should be observed if it was fixed by a frozen Schottky reaction. On the other
hand, if potassium interstitials are the dominating ionic defect, the coupling of the Frenkel reaction to
the Schottky reaction predicts an increase of the conductivity of potassium interstitials upon freezing
the superoxide vacancy concentration at a high value. Hence, both the low activation energy and
lower ionic conductivity in annealed KO, compared to as prepared KO, cannot be explained for now.

Figure 3.36a also shows the temperature dependence of the chemical diffusivity of annealed KO, at
1000 ppm pO, obtained from exponential fit of the stoichiometry depolarization curve of the cell Au |
KO,(annealed) | Au with an the activation energy of about 1.1 £ 0.02 eV.
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Figure 3.36: a) Temperature dependence of the total bulk conductivity of as prepared (open squares) and 450 °C

annealed (solid squares) KO, at 1 bar pO, and chemical diffusivity of 450°C annealed KO, (solid triangle) at 1000
ppm pO, and b) impedance spectrum of the cell KPb | KO, (as prepared) | KPb at 150 °C and 100 ppm pO,.

The cell KPb | KO; (as prepared)| KPb exhibits a significantly lower electrode contribution (Figure
3.36b). As in the case of K,O,, the electrodes are not entirely reversible and some electrode
polarization remains in the impedance spectrum at low frequencies. Moreover, another contribution
appears at mid frequencies with a capacitance between typical values of bulk and electrode (C = 107
F). Since the grain boundaries in KO, seem to be permeable for the main charge carriers (cf. Figure
3.30, an additional mid frequency contribution was observed only in one out of ten cells Au | KO, |
Au, but in five out of five cells KPb | KO, | KPb), this additional relaxation process is more likely
related to a blocking layer formed by the reaction of KO, with KPb. But then the electrode
polarization can not only be caused by polarization of oxygen species at the KPb electrode, but also
by blocking of electrons at this reaction layer if it has a higher electronic resistance than the KO,
layer. In view of this, it cannot be reliably determined from the remaining electrode contribution in
the impedance spectrum of KPb | KO, | KPb that oxygen species are significantly contributing to the

ionic conductivity.
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3.5 Rubidium and Cesium Superoxide

3.5.1 Chemical Characterization, Thermodynamic Stability and Crystallographic Structure

The superoxide stretch vibration gives rise to strong Raman peaks in rubidium and cesium superoxide
(1148 cm™ for RbO,, 1135 cm™ for CsO,). As prepared powders of RbO, and CsO, are typically
contaminated with small amounts of carbonate and other minor impurities (probably hydroxide in
RbO, and peroxide in CsO,) according to the Raman spectra (Figure 3.37). It is interesting to note that
the black-brown intermediate product that is formed by oxidation of rubidium metal at room
temperature and 1 bar pO, shows a Raman peak at 753 cm™, which is in the range of the peroxide
stretch vibrations, but does not exactly match its frequency in pure, bulk Rb,O, at 782 cm™.[
According to its XRD pattern, the powder is a mixture of the suboxide Rb,O¢ and the peroxide Rb,0O..

The carbonate and (presumably) hydroxide impurities are below the XRD detection limit in
Rb0,.CsO; is difficult to probe in transmission geometry with capillaries as the x-rays can barely
penetrate the sample, because of the high atomic mass of Cs and thus high number of scattering
electrons. Only upon diluting CsO, with glass powder by 1:5 it was possible to observe its reflections
on a very noisy background (Figure 3.38). In principle, it would be more suitable to measure CsO,
powder in reflection geometry to obtain strong peaks which enable one to identify possible impurities
and to refine the lattice constants, but the available sample holder sealing the sample with Kapton (a

polyimide film) is not sufficiently gas tight for these extremely air sensitive samples.

The thermodynamic stability of CsO, versus Cs,0, according to ref.l'**! is depicted in Figure 3.39. No

thermochemical data has been found for the corresponding rubidium compounds.

Both RbO, and CsO, crystallize in the tetragonal CaC,-type structure at room temperature, which
transforms into the cubic NaCl-type structure at elevated temperatures. The transition temperatures at
which both phases co-exist are reported as 130 — 150 °C for RbO, and 130 — 200 °C for CsO,. The
unit cells of tetragonal and cubic CsO, are shown in Figure 3.40. The superoxide ions exhibit

rotational disorder in the high temperature cubic phase.

The only detectable cation impurities in RbO, and CsO, are isovalent alkali metals (600 ppm Na, 100
ppm K and 15 ppm Li for RbO,; 700 ppm Na, 20 ppm K and 5 ppm Li for CsO,). In both materials

alkaline earth metals are below the detection limit of ICP-OES (i.e., Cyg + Cca + Csr + Cga < 20 ppm).
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Figure 3.38: X-ray diffraction pattern of a) RbO, (reflections denoted with asterisk are from the sample holder
puddy to fix the capillary) and b) CsO, (diluted with glass powder) indexed according to the data provided in the
Inorganic Crystal Structure Database (ICSD) collection codes 647338 and 627060.
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Figure 3.40: Unit cells of CsO, with a) tetragonal (space group | 4/mmm) and b) cubic (Fm-3m) modification. The
oxygen cluster on the superoxide site is meant to indicate the rotational disorder of the superoxide ions in the cubic

phase.
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3.5.2 Electrochemical Characterization

The geometric density of uniaxially cold pressed pellets of RbO, and CsO, is > 95% of the theoretical
density, i.e. the grains are heavily plastically deformed already at room temperature and 250 MPa
uniaxial pressure. The impedance spectra of the cells Au | MO, | Au (M = Rb, Cs) as shown in Figure
3.41 are characterized by a high frequency bulk response (groor = 15 and &csop, = 13) and a low
frequency electrode polarization. At 250 °C a further relaxation process at mid frequencies with a
capacitance 10® — 10™ F is observed after some time. The capacitance is between the electrode and
bulk contribution, which could point to blocking grain boundaries or more likely - since the
phenomena developed at high temperatures after considerable time- to a reaction of the superoxide
phases with the gold electrodes. Although gold is thermodynamically stable against oxidation by
molecular oxygen at ambient pressure even at high temperatures, it has been shown to react with
alkali peroxides and superoxides to ternary oxides at elevated temperatures™™® and thin films of gold
are known to oxidize to Au,Oz upon contact with highly reactive oxidizing agents even at low

temperatures*?12],

The ionic conductivity was separated from the apparent electronic conductivity by dc polarization and
electrochemical impedance measurements on the cells Au | MO, | Au with M = Rb, Cs (Figure 3.42).
Both electronic and ionic conductivity depend significantly upon the oxygen partial pressure (see

Figure 3.43). Based on the negative slope of the ionic conductivity in the logo vs. logpO, plot, alkali

1
vacancies with a pO, dependence of [Vl(,[]~p§)2in the intrinsic case (compensated by electronic

defects) and with a pO, independence in the extrinsic case (controlled by donor impurities) can be

immediately discounted as main ionic charge carrier.

The only electroneutrality conditions (disregarding electronic compensation by holes, which is
unlikely to prevail due to the already highly oxidized state of the superoxide) yielding a negative pO,
dependence of both electronic and ionic conductivities are the compensation of superoxide vacancies

or alkali interstitials by electrons (cf. Table 3.8). Hence, the increasing ionic conductivity with

1

decreasing pO, can be explained either by the transport of alkali metal ion interstitials ([M{]~p;fz),
-1
superoxide vacancies ( Vg, ~poz) or oxide defects occupying superoxide sites ( O’02 ~Po,)-

The change of the ionic conductivity upon introducing donor dopants (excess positive charge) would
allow distinguishing between negatively charge oxide defects and positively charged superoxide
vacancies and alkali interstitials. But as efforts to introduce donors in KO, were already not successful
(i.e. no significant change in the conductivity was found) despite the relatively small radius mismatch

between potassium and barium ions of 2%, donor doping experiments were not conducted with RbO,
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and CsO, in course of this thesis. The crystal radii of Rb* and Cs" are the largest among single atomic

cations (not taking into account the radioactive francium). The barium ion is the largest cation with a

suitable valence > 1 to act as donor dopant, but the radius mismatch is already 10 % for Rb* and 17%

for Cs*.11"]

It is noteworthy that Cs-Pb reacts with CsO, already at room temperature upon uniaxial pressing as

the color of the latter changed from orange to brown. Since also the K-Pb compound seemed to have

reacted with KO, at measurement conditions, the preparation of Rb-Pb and its use as rubidium

reversible electrode for RbO, did not seem promising and was not attempted.
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Figure 3.41: Impedance spectrum of the cell a) Au | RbO, | Au and b) Au | CsO, | Au at 225 °C and 1 bar pO, with
equivalent circuit and fit. The fit parameters of the bulk contributions are R; = 1.5-10°Q, Q; = 3.610™2, n, = 0.952 for
RbO, and R, = 3.98:10° Q, Q; = 3.64-10™2, n, = 0.975 for CsO,.
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Figure 3.42: Dc stoichiometry polarization of the cell a) Au | RbO, | Au and b) Au | CsO, | Au at 225 °C and 0.1 bar
pO, (1 = 50-10°A). The insets shows the linear fit of the logM,, (M,: normalized voltage) vs. time for long
depolarization times. These dc polarization curves are not representative for the entire pO, range. At pO, = 1 bar, a
true stationary state is usually not observed, but instead a slow drift towards higher polarization voltages.
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3.6 Electromotive Force Measurements of Alkali Superoxides

The electromotive force measurement (EMF) is another electrochemical method to separate ionic and
electronic conductivity. The transference number of the ionic species is obtained from the EMF loss
relative to the Nernst potential (calculated according to equation (12)) and related to the total bulk
conductivity obtained from electrochemical impedance spectroscopy:

Oion = tion * Obulk (36)
Geon = (1 = tion) * Opuik (37)

Ideally, the ratio between ionic and electronic conductivity is not larger than 1 — 2 orders of
magnitude (depending on the measurement conditions and background noise), otherwise only an
upper limit of the lower conductivity can be provided. For the case that the EMF is generated by a
difference in the oxygen partial pressure on each side of an oxide based material, the method is
typically limited to high temperatures with sufficiently fast oxygen exchange kinetics.”® However,
for potassium and cesium superoxide it was found that EMF measurements are possible even at low
temperatures < 200 °C with platinum electrodes. It should be noted that fresh EMF cells of the
superoxides need to be annealed at 225 -250 °C before a baseline close to 0 mV for the symmetric cell
with pO,(1) = pO,(2) and a stable and fast EMF response for pO,(1) # pO,(2) is observed. This

conditioning is likely related to the activation of the electrodes, i.e. creating sufficient triple phase

boundary.
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Figure 3.45: EMF measurement of pO,(1) | Pt | MO, | Pt pO,(2) with pO,(1) = 1 bar of a) as prepared KO, at 175 °C
and b) as prepared CsO, at 200 °C.
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EMF measurements of the cell pO,(1) | Pt | KO, | Pt | pO,(2) with as prepared KO, are shown in
Figure 3.45a. The EMF values in the temperature range 150 to 225 °C correspond to about 90 % of
the value calculated from the Nernst equation with z = 1 (compare with Table 3.9). If the EMF losses
can be attributed to electronic current, the ionic transference number of as prepared KO, amounts to
tion (EMF, 1 bar — 0.01 bar pO,) = 0.9. The result would well correspond to the dc conductivity
measurement with t;,, (dc conductivity, 1 bar pO,) = 0.93 and t;,, (dc conductivity, 1000 ppm pO,) =
0.87.

For annealed KO,, the ionic and apparent electronic conductivity are of the same magnitude according
to dc polarization and ac impedance spectroscopy measurements, which would result in an ionic
transference number of around 1/2. However, the EMF of the cell pO,(1) | Pt | KO, | Pt | pO,(2) with
annealed KO, is again close to the Nernst potential suggesting an ionic transference number > 0.9
with only minor electronic conductivity. Likewise, a significant deviation is found for the transference
number of CsO, as measured by the EMF method with platinum electrodes (ti,, (EMF, 1 — 0.1 bar
p0O,) > 0.7, Figure 3.45b) and by dc polarization technique with gold electrodes (t;,, (dc conductivity,
1 bar pO,) = 0.5).

Table 3.9: Difference in the reversible cell voltage according to the Nernst equation with z =1 (i.e. one electron
transferred as in alkali superoxides) upon changing the pO, by one order of magnitude for various temperatures.

T/°C 175 200 225
AE / mV 88.9 93.9 98.8

EMF losses may not only occur because of electronic current, but also by currentless counterdiffusion
of ionic species™. But such phenomena cannot explain why the measured EMF is actually higher
than expected from the ac and dc conductivity measurements. The equilibration of oxide defects with
the gas phase according to equation (38)would generate an EMF with the opposite sign than the EMF
related to the equilibration of superoxide with the gas phase and it would therefore also decrease the

potential difference at the electrodes.
20p,+ 0, = 202’52 + 2e’ (38)

On the other side, it is in principle conceivable that the electrodes of the nominally ionic blocking cell
Au | MO, | Au (with M = K, Rb, Cs) are actually permeable for oxygen species under the
measurement conditions. In this case, the apparent electronic conductivity obtained from the
stationary state of the dc stoichiometry polarization corresponds to the transport of superoxide (or
oxide) defects. This requires sufficient porosity and triple phase boundary for a significant flux of
oxygen from the MO,/Au interface to the gas phase. It was not possible so far to characterize the

porosity of the gold electrode on MO, by scanning electron microscopy due to their high reactivity
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when exposed to air, but only of gold films puttered under the same conditions on a glass substrate
(cf. Figure 2.2). These films show no porosity above the resolution limit of the SEM (= 20 nm). The
same is observed for a gold film annealed for 12 hours at 225 °C and when the glass substrate is
roughened with sandpaper to create a similar thermal load and roughness of the surface ofMO,

samples.

However, it is possible that an originally dense gold film on MO, is shattered and fissured at elevated
temperatures because of a crystallographic phase transition (reported at 60—150 °C for KO,"2*, 130 -
150 °C for RbO, and 130 — 200 °C for CsO,**) or because of reactivity of the superoxides with the
electrode (e.g. reaction to ternary oxides™!). This is supported by the observation that freshly
prepared EMF cellspO,(1) |Pt | MO, | Pt | pOx(2)(M = K, Cs) show only poor response and
performance upon changing the pO,(2) before they are exposed to at least 225 °C. Therefore, the
electronic conductivity as extracted from EMF measurements is regarded as more reliable than the
values obtained from dc polarization technique. The difference is likely due to oxygen species
exchanged with the gas phase at the gold electrodes.

In view of this, the dependence of the electronic conductivity on pO, was studied by EMF
measurements of the cell pO,(1) Pt | CsO, | Pt | pO»(2) at 200 °C and pO,(2) = 1/2:pO,(1) (e.g. 1 bar
vs. 0.5 bar). The total bulk conductivity of the sample pellet under these conditions was approximated
by the total bulk conductivity when the whole pellet is exposed to pO,(1) (since the total bulk
conductivity is increasing with decreasing pO,, this leads to an underestimation of the electronic
conductivity by up to 10%). Figure 3.46a compares the electronic conductivity obtained from the
EMF method with the electronic conductivity obtained from dc polarization technique on the same
sample with the same electrodes. At high pO,, the dc polarization technique yields an apparent
electronic conductivity which is about half an order of magnitude higher than the value from the EMF
measurements. The difference in o, from both methods seems to decrease with decreasing pO,, as it
is expected for leakage currents involving oxygen exchange with the gas phase, since the oxygen
surface exchange rate decreases with decreasing pO,. At 1000 ppm, the electronic conductivities
obtained from both methods are comparable. Accordingly, the apparent electronic conductivities
reported for Au | MO, | Au (M = K, Cs and probably also Rb) in the previous section are only reliable

for low pO,, but may include contributions from transport of oxygen species at high pO,.
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Figure 3.46: a) Oxygen partial pressure dependence of the electronic conductivity of CsO, according to EMF
measurements (solid squares) and dc polarization technique (open squares) on the same cell Pt | CsO, | Pt at 200 °C
(the cell was previously annealed for 1 h at 225 °C to improve the EMF response) and b) EMF measurement of the
cell pO,(1) | Pt CsO; | Pt| pO,(2) with pO,(1) = 1 bar at 25 °C.

It is interesting to note that the cell pO,(1) Pt | CsO, | Pt | pO,(2) responds to a pO,(2) change even at
room temperature, but the relaxation is very slow, noisy and extremely sensitive to disturbances (e.g.
already approaching the measurement setup by 1 m causes spikes in the curve). The poor performance
at low temperatures is inevitably caused already by the high ionic resistance > 1 GQ of the CsO;
pellet. Figure 3.47 demonstrates that a reasonable EM Fcan be measured at a temperature as low as 75
°C (after it was conditioned at 225 °C for 12 h). The kinetics of the relaxation upon switching pO, (2)
from 1 bar to 0.1 bar is still slow at this temperature with t = 700 s (time to reach 70% of the final
voltage), but decreases to T = 20 s already at 125 °C. In terms of performance, the cell Pt | CsO, | Pt
cannot compete as a low temperature oxygen gas sensor with potentiometric and amperometric
oxygen sensors based on halide containing fast ionic conductors that provide reasonable sensor

signals and response even at ambient temperature. 2131
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Figure 3.47: EMF measurement of the cell pO,(1) | Pt| CsO, | Pt | pO,(2) with pO,(1) = 1 bar at 75 °C and 125 °C.

EMF cells were also prepared with gold instead of platinum electrodes. The cell pO,(1) Au | CsO; |
Au | pOy(2) shows a voltage relaxation that is about one order of magnitude slower than of the cell
with platinum electrodes when switching pO,(2) from 1 bar to 0.1 bar at 225 °C. This is likely
because of a lower catalytic activity of gold for the oxygen exchange reaction, but may be also due to
a different morphology and nature of the triple phase boundary between CsO,, electrode and gas
phase.

3.7 Oxygen Isotope Exchange

To gain further insight into the mechanism of oxygen exchange in alkali peroxides and superoxides,
oxygen isotope exchange measurements with analysis of the gas phase isotope ratio were performed.
These experiments reveal if oxygen exchange is limited to the surface layer or actually penetrates into
the bulk and further, and whether or not the oxygen exchange involves breaking of the O-O bond. In
contrast to a chemical relaxation experiment with the chemical surface reaction rate constant k® and
the chemical diffusivity D° (e.g. conductivity relaxation upon changing pO,), which may proceed by
ambipolar transport of electronic charge carriers and either cations or anions, the tracer relaxation
experiment with the tracer surface reaction rate constant k* and the tracer diffusivity D* requires
specifically the transport of the species whose isotope composition is changed, i.e. diffusion of

superoxides/peroxides via vacancies or interstitials upon changing the gas phase from*0, to #0.,.
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Sample powders of Na,O, (with about 500 nm particle size) and Li,O, (with 200 nm to 1 um particle
size) were exposed to 1% 30, in N, for several hours. Then the capillaries were purged with 1% *°0,
and the exhaust gas was analyzed for **0, and **0-'20 by mass spectrometry. For Li,O,, the amount
of exchanged oxygen turned out to be below the detection limit of the mass spectrometer with the
standard size capillary described in the experimental section, therefore the bulge in the capillary for
taking up the sample powder was significantly increased to 25 mm thickness and 40 mm length. The
modified capillary could take up about 8.8 g of Li,O, powder (for comparison, only 0.3 g of Na,0,
was needed).The volume behind the glass frit was filled with glass wool to reduce the free gas volume
in the capillary. The flushing time from 1% *®0; to its baseline level was about 1 hour for this larger
capillary, but which is still fast compared to the oxygen exchange of the sample powder.
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Figure 3.48: 180, (blue) and **0-**0 (red) mass spectrometry signals of a) Na,O, and b) Li,O, in 3 ml/min 1% *°0,N,
at 200 °C after exposing the sample powders to 1% ‘20, for several hours. Also shown is the relaxation of the *°0,
signal for the empty capillary.

Figure 3.48a/b show the '°0, and "®0-°0 relaxation curves of Na,O, and Li,O, in 3 ml/min 1%
1%0,/N, at 200 °C. In the case that oxygen incorporation into peroxides proceeds preferable without
breaking up the molecular unit, mainly 0, species are expected to be detected in the exhaust gas
after passing the sample. But interestingly, it is the mixed species °0-**0 that is predominantly
obtained from Na,O, and Li,O,. Clearly, the O-O bond is broken during some step of the oxygen
exchange in these peroxides. The ratio of 18-oxygen released as °0-**0 and as'®0, from the sample
powder is 5:1 for Na,O, and 3:2 for Li,O, according to the integrated intensities of the mass
spectrometry signals and taking into account that the mixed species consists only to 50% of 18-

oxygen.
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The amount of oxygen exchanged with the sample can be calculated by relating the ion current of the

180, signal as generated by 1% O,/N, to the integrated intensity of the **0, and **0-*°0 signals. The
Ngm
M

total number of O,” in the sample is given by N = (Na: Avogadro constant, m: sample mass, M:

molar mass). According to this, only about 10° and 5-10of the peroxide ions in Na,O, and Li,O,
respectively were exchanged during the measurement. For Li,O,, this corresponds to less than the
amount of peroxide ions contained in the elementary cells, which are located just at the surface of the
particles (the ratio of surface to bulk elementary cells is about 10 - 10°for 1 to 0.1um spherical

particles).

The relation L, = L}Z—: defines the critical length for ceramic materials above/below which the oxygen

exchange is limited by diffusion/surface reaction'*? (the relation is a consequence of the linear and
guadratic dependence of the equilibration time on the particle size for surface reaction and for bulk
diffusion, respectively). The values of L. vary from 10 nm (e.g. for ZnO, at 1038 °C) to several cm
(e.g. for Europium doped Bi,Oj; at 500 °C).1*¥! For alkali peroxides, the critical length is not known so
far. However, it is reasonable to assume that Lc of Li,O, and Na,O, is rather low because the diffusion
of the bulky O,” in the environment of cations with low polarizibilities can be expected to be
relatively sluggish and/or because the surface reaction is fast since breaking of the molecular oxygen

bond is not necessarily required, at least for exchange with the first layer of the material.

This is supported by the fact that the measured relaxation curves deviate from a simple exponential
decay as expected for surface reaction limitation (cf. simulated curve in Figure 3.49) and are strongly
bent in the logarithmic representation. In contrast to this, an exponential relaxation of the outgoing
flux is expected only for long times in the case of diffusion limitation. Moreover, the sample powder
was only partially loaded with 18-oxygen (because of long equilibration times and high cost of **0,
gas), which has two effects on the 18-oxygen flux from sample powder. First of all, a maximum in the
18-oxygen profile is established within the sample particles with 18-oxygen gradients both to the
surface as well as further into the sample upon changing to 16-oxygen (Figure 3.50a). Only when the
gradient towards the interior of the sample is leveled out, the 18-oxygen flux from the sample to the
atmosphere decays exponentially. The exponential relaxation is thus shifted to longer waiting times.
Secondly, the magnitude of the outgoing 18-oxygen flux is decreased. Both result in a decrease of the
18-oxygen flux when the exponential relaxation at long times is reached. But if the flux is then
already below the baseline of 18-oxygen species in the 16-oxygen gas stream as detected by the mass
spectrometer, the exponential decay is not observed because of this technical limitation (as illustrated

by the lower limit of the y-axis in Figure 3.50Db).
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Figure 3.49: Simulated 18-Oxygen flux from a spherical particle with a radius of 100 nm (exposed to an 18-oxygen
atmosphere for 1000 s before switching to 16-oxygen atmosphere) for surface reaction limitation according to finite
difference method. The matlab code was originally written by Roger de Souza and strongly modified by Rotraut
Merkle.
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Figure 3.50: a) Simulated 18-oxygen profile in partially 18-oxygen loaded spherical particle after switching from 18-
oxygen to 16-oxygen gas atmosphere (diffusion limitation) and b) simulated 18-oxygen flux from a spherical particle
after switching from 18-oxygen to 16-oxygen gas atmosphere for partially (red) and almost full exchange (blue) of the
particle with 18-oxygen (diffusion limitation). D*, k* and the lower limit of the y-axis have been arbitrarily chosen to
illustrate the situation.

The oxygen exchange is significantly enhanced in the heavy alkali superoxides KO,, RbO,, CsO,
compared to the light peroxides Na,O, and Li,O, as already evidenced by the much higher mass
spectrometry signals of 18-oxygen species released after exposing the same amount of sample powder
to 0, (or conversely, much less sample powder was needed to obtain reasonable ion current
intensities, namely =~ 0.02 g of alkali superoxides compared to~ 0.3 g of Na,O, and several g of
Li,0,).

The **0, and '®0-'°0 relaxation curves of the superoxides are shown in Figure 3.51. Similar to the
peroxides, most of the 18-oxygen is released as *°0-*0 from the sample in the case of KO,. In

contrast, the amount of 18-oxygen released from RbO, as **0, and as "*0-'°0 is comparable, while
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the main oxygen species retrieved from CsO, after it was loaded with 18-oxygen is **0,.Thus, in CsO,
the oxygen incorporation and — since several % of the oxygen contained in the sample were
exchanged — also the bulk transport proceed mainly without breaking the covalent O-O bond. The
percentage of 18-oxygen released as **0, increases from KO, (10%) to RbO, (50%) to CsO, (87%).
The incorporation and transport of O, as a molecular unit is clearly facilitated by a larger cation, i.e.

higher polarizability and larger lattice constant.
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Figure 3.51: 80, (blue) and **0-°0 (red) mass spectrometry signals of a) KO,, b) RbO, and ¢) CsO, in 3 ml/min 1%
160,/N, after exposing the sample powder to 1% #0,/N, for several hours at 200 °C and d) **O, mass spectrometry
signal of CsO; after switching from 3 ml/min 1% %0,/N, to 3 ml/min 1% *0,/N, at 200 °C. The inset in d) shows
linear fit of the logarithmic normalized ion current M vs. t.
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For CsO,, the oxygen exchange is fast enough at 200 °C to observe the full relaxation of the *°0, mass
spectrometric signal towards its baseline value within several hours after switching from 3 ml/min 1%
1%0,/N, to 3 ml/min 1% *20,/N,(Figure 3.51d). It should be noted that the **0, amount retrieved from
the sample according to its integrated intensity is only about 25% of what is actually contained in the
sample (as superoxide) according to the weighed mass of the powder. The mismatch is partly because
of the relatively high baseline levels of °0, (= 4-10™ A) and **0-**0 (= 10™ A) in the *0, gas
stream lowering the amount of 16-oxygen that can be still detected as originating from the sample
powder. Compared to this, the baseline levels of 0, and *°0-*%0 in the °0, gas stream are negligible
(= 10™ A). Upon purging the capillary containing Cs*®0, with 1% *°0,, the amount of 18-oxygen
released from the sample corresponds to about 50 % of what is expected to be contained in the
sample. The remaining difference might be explained by an inhomogenous particle distribution or
reaction of some of the CsO, with the glass capillary/frit.

The *®0, relaxation can be mainly described by an exponential decay (except for the initial hour) with
a relaxation time yielding the superoxide tracer diffusion coefficient of D* ~ 10™ cm?s™*and a lower
limit of the tracer surface reaction rate constant k* < 5-10° cm-s™ at 200 °C assuming diffusion
limitation and particles of 500 nm size (due to the extremely high reactivity of CsO, with CO, and
H,0, the size of the particles could not be determined with SEM so far, as the transfer from the glove
box to the SEM requires a short exposure to air; the value of 500 nm is based on the particle size of
Na,O, prepared by the same method, i.e. oxidation of the alkali metal). The chemical diffusivity of
CsO, as determined from dc stoichiometry polarization experiments amounts to D°~ 10° cm?™ at
200 °C. This large difference between tracer and chemical diffusivity can be explained by the
contribution of cation diffusion to D® and/or by a large thermodynamic factor of oxygen wo (relating

the chemical diffusivity to the tracer diffusivity®),

For comparison, the oxygen surface exchange rate constant of the perovskite material
Lag 6Sro.4C002Fe0s0s.5 used in solid oxide fuel cells as cathode amounts to k ~ 10 -10™ cm-s™ at the
same temperature of 200 °C (estimated by extrapolating high temperature data from isotope exchange
depth profiling experiments as well as from electrochemical impedance spectroscopy summarized in
ref."3*). Hence, the oxygen tracer surface reaction is at least two orders of magnitude faster in CsO,.
On the other side, the oxygen tracer diffusion coefficient in CsO, is much lower than that of highly
doped solid electrolytes such as yttrium stabilized ZrO, with D ~ 10" cm?s™ at 200 °C (estimated by

extrapolating high temperature data from ref. &,

To verify whether the employed technique of oxygen isotope exchange and gas phase analysis yields
reliable results on the oxygen exchange Kkinetics, the experiment was also carried out with

LageSro4Cog2Fe0s03.5 (LSCF, commercial powder, purchased from NEXTECH materials) as sample
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powder, which is - at least in terms of its oxygen surface reaction - a well-studied material. At 200 °C,
the 18-oxygen exchange with about 0.014 g LSCF powder (which corresponds to about roughly the
same molar number as that of CsO, previously used) is below the detection limit of the mass
spectrometer. Only upon heating the capillary to 600 °C, reasonable intensities of the exchanged
oxygen isotopes are obtained (Figure 3.52). The critical length L. of LSCF is about 10 pum at 600
°C.[*% The particle size of the powder used in this work is only about 200 nm according to its specific
surface area. Therefore, the oxygen exchange can be expected to be surface reaction limited. Indeed,
the relaxation of the **0-*°O signal can be fitted with an exponential decay for all times as expected
for surface limitation yielding k* ~ 107 cm-s™*at 600 °C and 0.01 bar pO,. The value is about one
order of magnitude higher than the oxygen surface reaction rate constant obtained from the surface
resistance by electrochemical impedance spectroscopy on dense material at 1 bar pO,**", but
comparable to the value from oxygen isotope exchange at 1 bar pO, and secondary ion mass

spectrometry depth profiling.[**!
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Figure 3.52: a) **0, (black), **0-'*0 (red) and ®0, (blue) mass spectrometry signals of LagsSro.4CogFegsOs.5 after
switching 3 ml/min 1% *0,/N, to 3 ml/min 1% 80,/N, and then back to 3 ml/min 1% °0,/N, again at 600 °C and b)
linear fit of the logarithmic normalized ion current of the 0-°0 signal (in 3 ml/min 1% *®0,/N,) vs. t.
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3.8 Concluding Discussion

Table 3.10 summarizes some of the properties and parameters of the alkali peroxides and superoxides

as obtained in this work.

With increasing atomic number of the alkali ion, the color changes from bright white to ivory for the
peroxides and the materials become softer (i.e. a higher density is achieved upon pressing at room
temperature). The alkali superoxides appear yellow as powder and orange as dense pellet. CsO, and
RbO, are softer materials than KO, and require lower pressing pressures to achieve pellets with a
density close to the theoretical density. This indicates an increased polarizibility and increasing
mobility of defects on both cation and anion sub-lattice. The increase of the anion mobility with
increasing atomic number is confirmed by oxygen isotope exchange measurements. The most
sluggish oxygen exchange is observed for Li,O,, but it is greatly enhanced for Na,O, and further for
KO, For the heaviest superoxide CsO,, almost all exchanged oxygen is retrieved again as *°O,, i.e.
the O-O bond remained intact both during surface incorporation and bulk transport.

Table 3.10: Overview table on M,0, (M = Li, Na, K) and MO, (M = K, Rb, Cs).

Li,O, Na,O, K,0, KO, RbO, CsO,

Color white white - | ivory bright yellow yellow yellow
(powder) ivory
Relative 65-70 | 75-80 |90 > 95 > 95 > 95
density / % | (750 (750 (250 (500 MPa uniaxial) | (250 (250 MPa
(green MPa MPa MPa MPa uniaxial)
body) isostatic) | isostatic) | uniaxial) uniaxial)
Reactivity slow modest | fast fast - extremely
with fast
air at RT
Fraction of | 0.3 0.2 N/A 0.1 0.5 0.87
molecular (only (into (into (into (into
0, surface) | bulk) bulk) bulk) bulk)
exchange
& 35 24 22 29 15 13

as an-

prepared | nealed
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Li,O, Na,O, K;0, KO, RbO, CsO,
Geon | Ea/ €V 1.3 1.15 N/A N/A 0.84 0.91 1.04
+0.1 +0.03 +0.03 +0.02 +0.02
pO; +0.25° +0.17 positive | negative | negative | negative | -0.25
dependence +0.07
Carrier p (trapped as 0, ;)2) n (trapped as 02’02)
Gion | Eal €V 0.95 1.3 0.9 0.78-1.3 | 0.56 0.8 0.81
+0.05 +0.05 +0.03 +0.01 +0.02 +0.02
pO; const. -0.04 const. const. -0.5 -0.23 -0.37
dependence
Carrier v/ Na; K; K; K; Rb; Cs{
possibly | and/or and/or | and/or and/or
/5 Vs, Vs, Vs, Vs,

The electronic and ionic conductivities of the studied alkali peroxide and superoxides are found
within a range of one and two orders of magnitude at 200 °C (Figure 3.53a,b). The dependences of
conductivities on the atomic mass are non-monotonic and furthermore, the most significant
differences are found between compounds that are chemically the most similar (e.g. compare
conductivities of Li,O, vs. Na,O, and RbO, vs. CsO,). The activation energies for both electronic and
ionic transport range between 0.8 — 1.3 eV with a slight tendency of Ea(ceon) > Ea(cion), but show

likewise no clear trend indicating the influence of the cation size or anion charge.

The cation conductivities (e.g. ~ 10° Q" cm™ for Li,0, and ~ 10™ Q'cm™ for Na,O, at 100 °C) are far
below those of typical solid electrolytes (e.g. ~ 5:10° Q'em™ for Li;LasZr,0,"** and ~ 102 Q cm™
for NaAl,; 0., at 100 °C) - even more so at room temperature due to their much higher activation
energy — but on the other hand comparable to that of a well-investigated cathode material already
employed in conventional alkali ion batteries (viz. LiFePO,~ 10™ - 10 Q" cm™ at 100 °C**Y)). The
electronic conductivity in the studied materials is, however, much lower (e.g. =~ 10" Q*cm™ for Li,0,
and ~ 5:10°Q'em™ for K,0 at 100 °C) than that of LiFePO, (=~ 2:107 - 4-10° 'em™™%), According
to the oxygen partial pressure dependence of the electronic conductivity, the alkali peroxides and

superoxides exhibit p- and n-type conductivity, respectively.

The chemical diffusivities of the peroxides and superoxides are within a range of one order of
magnitude too. The fastest ambipolar diffusion is obtained for the heaviest compounds RbO, and

CsO; (the latter is not included in the Arrhenius plot due to a much scattering and hence unreliable

¢ only at high pO,, decreasing for lower pO,.
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temperature dependence, probably because of the small stoichiometry polarization voltages of only
few mV in the raw data; D° of CsO, seems to be up to half an order of magnitude higher than the
value of RbO, at 200 °C and 1000 ppm pO,). The chemical diffusion coefficient is composed of
contributions from both electronic and ionic diffusion weighted by the corresponding trapping factors
and the transference number of the other species (see also equation (29)). Considerable association of
oppositely charged defects is expected for low temperatures, but the extent of trapping and the values
of the trapping factors are not generally known. Since the activation energies of cen and oo, are
comparable, it is presently not possible to decide whether the ambipolar diffusion is limited by

electronic or ionic transport.
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Figure 3.53: Temperature dependence of the electronic and ionic conductivity and chemical diffusivity of the studied
alkali peroxides and oxides. Li,O,, K,O,, RbO, and CsO, pellets were only cold pressed, Na,O, and KO, pellets
sintered at 475 °C and 450 °C respectively. The ionic conductivity of K,O, was approximated by the total bulk
conductivity from ac impedance spectroscopy.
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Unlike in conventional lithium ion batteries, the discharging of the alkali-oxygen battery is not
associated with a solid state phase transformation of the host material or intercalation of the alkali
metal into a typically mixed conducting cathode. Instead, the cathodic reaction takes place only at the
interface between the electrolyte and the current collector and/or already precipitated alkali peroxide
and superoxide. The alkali ions are supplied via the liquid electrolyte without the need of ionic bulk
transport in the peroxides/superoxides. The electronic conduction is more likely to be relevant and a
potential bottleneck in the formation and decomposition kinetics at the cathode. In principle, three
different mechanisms upon discharging the cell are conceivable (after the first nuclei of MO, has
formed), which are depicted in Figure 3.54.

electrolyte
0, M*
02 M+
M / O'2
M, 0, /
0,*
current collector eﬂ[ €’ e'T
A B C

Figure 3.54: Schematic representation of the possible cathodic reaction mechanisms in peroxide/superoxide based
alkali-oxygen batteries. See the list below for an explanation of the different mechanisms A, B and C.

e A — Oxygen reduction and peroxide/superoxide precipitation take place at the triple phase
boundary between electrolyte, current collector and already deposited M,O..

e B — Oxygen reduction and peroxide/superoxide precipitation occur at the two phase
boundary between the electrolyte and already deposited M,O,.

e C—Oxygen is reduced at the current collector and O,* species diffuse through the electrolyte

and precipitate with Li* from the electrolyte on the M,O, surface.**!

Mechanisms A and C are not relying on electronic transport in M,O,. However, the former is limited
to the deposition of only a single monolayer of M,O,, while the latter requires diffusion of chemically
reactive O, species with limited solubility in liquid organic electrolytes. In mechanism B, the
electrons need to be supplied via M,O; either by electronic tunneling for very thin films or in the case

of thicker films by hopping of electronic charge carriers in the bulk or at the surface.

It has been previously hypothesized that the low overpotential of sodium and potassium-oxygen
batteries with superoxides precipitating at the cathode might be due to a higher electronic conductivity
in NaO, and KO, compared to Li,0,.2 This seemed to have been supported by an earlier study

reporting an extremely high electronic conductivity of KO, of > 10 Q" cm™ at room temperature.l”
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However, according to the results of the present thesis, this value has to be considered incorrect and
grossly exaggerated. The electrical resistance of the cell Au | KO, | Au (1 thick and 5 mm diameter) at
room temperature is even beyond the measurement limit of an electrometer with > 100 GQ input
resistance. The actual electronic conductivity of KO, (and Li,O, for comparison) at room temperature
can only be estimated by extrapolating high temperature data yielding ~ 10 Q"cm™ for KO, and =
10" @'cm™ for Li,0,. Thus, the electronic conductivity of KO, is not as extraordinary high as
previously assumed (such a huge error of more than 10 orders of magnitude is likely explained by a
short circuit in the measurements cell), but still seems to be higher than that of Li,O,. The values
should be taken carefully though, since they are very sensitive to errors in the activation energies,
which are only based on few data points of the electronic conductivity at much higher temperatures.
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4  Summary

In the present thesis, the electrical transport properties and reaction kinetics of alkali peroxides and
superoxides have been investigated. This class of materials recently caught attention as reaction
products at the cathode of reversible alkali-oxygen batteries, but the defect chemistry, charge transport
and in particular the oxygen exchange kinetics and mechanism compared to oxides is likewise
interesting from a fundamental point of view. However, the high reactivity of the materials with water

and carbon dioxide and their limited stability ranges makes the sample preparation challenging.

Electrochemical techniques such as impedance spectroscopy and dc polarization measurements with
selectively blocking electrodes and electromotive force measurements were employed for the
electrochemical characterization of the transport processes. The electrical conductivity was separated
into its electronic and ionic contributions, and chemical diffusivity was obtained from the transient
behavior of the polarized cells with selectively blocking electrodes. All materials exhibit mixed

conductivity, with more or less predominance of the ionic conductivity.

The oxygen partial pressure was used as a control parameter to identify the main electronic charge
carrier. The pO, dependence of the electronic conductivity supports p-type (hole) conduction in alkali
peroxides and n-type (electron) conduction in alkali superoxides. With electron paramagnetic
resonance spectroscopy superoxide defects were identified in alkali peroxides, i.e. the holes are
localized forming superoxide ions. The most probable electronic transport mechanism is the hopping
of a hole, transforming a neighboring peroxide ion into superoxide ion. Conversely, electronic
transport in alkali superoxides occurs by electron hopping, i.e. the reduction of superoxide to a

peroxide defect.

Considerable attention was paid to the possibility that ionic charge carriers are not entirely blocked at
nominally ionic blocking electrodes such as sputtered films of gold. In such a case, the apparent
electronic conductivity as determined from dc conductivity measurements would actually correspond
to ionic transport and fast oxygen exchange. This phenomenon can indeed be shown to be relevant at
least for the alkali superoxides at high oxygen partial pressures by cross-checking with electromotive
force measurements. A setup was developed in course of this thesis to measure the cell voltage of
pO,(1) | electrode | sample pellet | electrode | pO,(2) for 0.01 < pO,(1)/p0,(2) < 1 without the need of

an additional sealant.

By means of donor doping it was possible to identify the actual cation transport mechanism in alkali
peroxides. Cation vacancies are found to be the main ionic carrier in lithium peroxide in accordance to
theoretical predictions, whereas an interstitial mechanism seems to prevail in sodium and potassium
peroxide. The formation and migration of interstitial cations of relatively large size is possibly

facilitated by the asymmetric occupation of the anion site by the dumbbell shaped peroxide ions.
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Likewise, in alkali superoxides a cation interstitial mechanism is consistent with the negative pO,
dependence of the ionic conductivity, which, however, may also be due to the transport of superoxide
vacancies. Further conductivity experiments with selectively blocking electrodes (i.e. alkali metal |
alkali conductor | alkali superoxide | alkali conductor | alkali metal) are required in the future to
distinguish between alkali ion and superoxide transport. The fast oxygen exchange into the bulk
observed for alkali superoxides (by oxygen isotope exchange and gas phase analysis) at relatively low
temperatures already indicates that the superoxide vacancies might contribute significantly to the

ionic transport in these compounds.

The oxygen isotope exchange experiments further show that the covalent oxygen bond tends to get
broken upon exchanging oxygen in Li,O,, Na,O, and KO,, while the large cation radius in CsO,
provides a crystallographic framework for the transport of O, as a molecular unit. The surface
reaction in CsO, proceeds very fast even compared to solid oxide fuel cells cathodes based on oxide
materials. The enhanced kinetics of oxygen incorporation, which requires only the transfer of a single
electron and annihilation of a superoxide vacancy in the first monolayer of the material, is also
reflected in the unusually fast EMF response of the cell pO,(1) | Pt | CsO, | Pt | pO»(2) at low
temperatures. The promising oxygen exchange kinetics in alkali superoxides should be further
investigated by an independent method such as analysis of *®0 profiles in dense pellets by secondary

ion mass spectrometry.

Defect models were proposed for alkali peroxides and superoxides and the dependence of defect
concentration upon the oxygen partial pressure and the alkali metal activity (Kroger-Vink diagrams)
was derived from the mass action laws and proper approximations of the electroneutrality condition.
For lithium peroxide — the technologically most relevant of the studied materials - the defect model
with lithium vacancies and defect electrons as main charge carriers was refined by taking into account
strong association of oppositely charged defects, namely the trapping of holes at lithium vacancies
and the trapping of lithium vacancies at donor impurities. Theoretical studies predicting migration and
interaction enthalpies of the defects are lacking for the other alkali peroxides and superoxides, but

such trapping effects are probably also relevant for these systems (at least at low temperatures).

Moreover, it has been shown in the present thesis that gold nano-particles on lithium peroxide result
in an electronic redistribution at the surface yielding a high concentration of holes trapped as
superoxide defects. Such acceptor doping is expected to increase the electronic transport in Li,O, and
thus decrease the high overpotential of the Li-O, cell if its origin is found in the poor electron

conduction.

The findings of this work are considered important for understanding and addressing limitations and
problems in the cathodic reaction in alkali oxygen batteries and indicate that for Li,O, the presence of

superoxide ions is ambivalent: on the one hand they are degrading the common electrolytes, but one
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the other hand they necessary for the electronic transport. Furthermore, the comparison with the
compounds of the heavier alkali metals elucidates systematic trends: p-type electronic conductivity in
peroxides compared to n-type conductivity in superoxides, increasing contribution of
superoxide/peroxide vacancies to the ionic transport (as well as increasing amount of dioxygen
species exchanged without bond breaking for the superoxides) with increasing cation size. Thus, a

more general understanding of this important class of materials could be achieved.
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DSC -
CPE -
EMF -
EPR -
FTIR -
ICP-OES -
SEM -

XRD -
List of Symbols

A -

Deon -
Dion -
D3 -

DKnudsen -

Ptheo -

differential scanning calorimetry

constant phase element

electromotive force

electron paramagnetic resonance spectroscopy

fourier transformed infrared spectroscopy

inductive coupled plasma — optical emission spectroscopy

scanning electron microscope

x-ray diffraction

surface area
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electronic defect diffusivity

ionic defect diffusivity

chemical diffusion coefficient

Knudsen diffusion coefficient

density of the material

theoretical density
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F - Faraday constant

FWHM - full width half maximum

k® - chemical surface reaction rate constant
L - diffusion length

A - wavelength

M - Molar mass

M, - normalized voltage

Qriow - gas flow rate

R - ideal gas constant

Reon - electronic resistance

Rion - ionic resistance

Oac - total bulk conductivity conductivity
Geon - electronic conductivity

Gion - ionic conductitivity

Ts - chemical relaxation time
Tflush - reactor flush time

tion - ionic transference number

teon - electronic transference number

Tm - melting point

Vreactor - reactor volume
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w - Warburg diffusion resistance
Xeon - electronic trapping factor

Xion - ionic trapping factor

z - number of electrons
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