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Abstract

Solarthermochemical redox cycles are a promising technolacal option in the framework of
utilization and conversion of renewable energy.By reducing metal oxides at high temperature
and/or low oxygen partial pressure, one can generate a material in a state which can be used to
capture oxygen from a gas stream or split wateor carbon dioxide. By this means, air can be
separated, oxygen can be pumped, or smalled solar fuels can be generated. One especially attractive
materials class for application in such redox cycles is constituted by perovskites. These materials
form stable phases over a large compositional range. Within this work, we show how these
perovskite oxides can be applied in thermochemical redox cycles and study the mechanisms behind
these redox reactions usingn-situ X-Ray techniques. We also show that the thkétic properties of the
oxidation reaction are very appealing. It is furthermore presented how perovskite solid solutions can
be formed over a large compositional range and how phase formation and stability are affected by
the perovskite composition. Basedn this knowledge, the focus of this work is set on the materials
thermodynamics. A new method of rational perovskite materials design is developed by adjusting the
tolerance factor of the perovskites and their thermodynamics. Both experimental and theatieal
materials development are conducted, the latter based on density functional theory (DFT) within the
AOAT AxT OE T £ OEA T1T1ETA OAOT OOA Abravandliérdepard are® 0 OT EA.
included in the search. Detailed models describinghe thermodynamics of such perovskite solid
solutions are established which allow describing the perovskite redox properties as a function of the
temperature, oxygen partial pressure, and oxygen nestoichiometry| . Using these functions, we
developed aninteractive tool within the framework of Materials Project, which can be used to model
materials properties for a large range of conditions and also serves as a perovskite search engine.
This search engine uses a simplified process model to evaluate theteral-specific energy demand

of a thermochemical redox process and allows finding the most efficient materials choice for a large
range of different operational parameters. We could identify new redox materials for application in
such processes and foundthat perovskites can lead to more efficient thermochemical fuels
production than the state of the art, especially if the reduction temperature is lowered to
1300-1400 °C to reach higher reactor longevity. It is also discussed which factors affect the overa
process efficiency to which extent, and suggestions are given which steps are necessary for a
commercialization of such redox processes. The most important factor is the sokalid heat
recovery efficiency. By making all this data publicly available inthe framework of
MPContribs/Materials Project through providing usercontrolled interactive graphs, we are

providing a valuable resource for accelerating the discovery and use of new redox materials.
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Zusammenfassung

Solar-thermochemische Redoxzyklen dllen eine vielversprechendeTechnologieoption zur Nutzung
und Umwandlung von erneuerbaren Energiequellen dar. Durch Reduktion von Metalloxiden bei
hoher Temperatur und/oder niedrigem Sauerstoffpartialdruck kann ein Material in einen Zustand
Uberfuhrt werd en, der dazu geeignet ist, Sauerstoff aus einem Gasstrom zu entfernen oder Wasser
bzw. Kohlenstoffdioxid zu spalten. Dadurch ist es moglich, Luft zu zerlegen oder Sauerstoff zu
pumpen, sowie sogenannte solare Brennstoffe zu erzeugen. Eine besonders viedpeechende
Materialklasse stellen dabei die Perowskite dar. Diese Materialien bilden stabile Phasen mit sehr
unterschiedlichen Zusammensetzungen. In dieser Arbeit wird gezeigt, wie diese PerowsKikide in
thermochemischen Redoxzyklen verwendet werden konen und die Mechanismen hinter diesen
Redoxreaktionen werden mitin-situ-Rontgenuntersuchungen aufgeklart. Es wird auch gezeigt, dass
die kinetischen Parameter der Oxidationsreaktion sehr vielversprechend sind. Zudem wird
demonstriert, wie feste LOsungen as Perowskiten in einem weiten Bereich verschiedener
Zusammensetzungen hergestellt werden kénnen und wie die Zusammensetzung der Perowskite die
Phasenbildung und Stabilitat beinflusst. Mit diesem Wissen wird ein Schwerpunkt dieser Arbeit auf
die thermodynamischen Eigenschaften dieser Perowskite gelegt. Eine neue Methode der gezielten
Materialentwicklung wird demonstriert, welche darauf basiert, den Toleranzfaktor und die
thermodynamischen Eigenschaften der Perowskite gezielt einzustellen. Sowohl experimergglals
auch theoretische Untersuchungen werden durchgefihrt, letzere basierend auf Dichtefunktioral
OEAT OEA j$&4Q EiI 2AEI AT O 1T n- ABoAdniéil-Frar®idéhA A OO S8
untersucht. Detaillierte Modelle wurden entwickelt, um die hermodynamischen Eigenschaften
solcher fester Losungen aus Perowskiten als eine Funktion der Temperatur, des Sauerstoff
partialdrucks, und der SauerstoffFehlstellenkonzentration] zu beschreiben. Mit Hilfe dieser
Funktionen wurde ein interaktiver Beitrag im Rahmen von Materials Project entwickelt, mit dem
Materialeigenschaften in einem weiten Bereich verschiedener Bedingungen untersucht werden
konnen. Darin ist auch eine PerowskiSuchmaschine enthalten. Diese verwendet ein vereinfachtes
Prozessmodell, umden materialspezifischen Energiebedarf von Redoxzyklen auszuerwerten und
ermdglicht es so, das effizienteste Material basierend auf den Prozessbedingungen auszuwahlen. Es
konnten neue Redoxmaterialien zur Anwendung in thermochemischen Kreisprozessen idditiert
werden und es wurde festgestellt, dass Perowskite die Effizienz der solaren Brennstofferzeugung bei
vergleichsweise niedrigen Reduktionstemperaturen von 1300400 °C erhéhen kénnen. So soll eine
héhere Reaktorlebensdauer erreicht werden. Es wird wch diskutiert, welche Faktoren die
Prozesseffizienz beeinflussen und es werden Ideen présentiert, welche Schritte nétig sind, um eine
kommerzielle  Nutzung zu ermdglichen. Der wichtigste Faktor ist dabei die
Warmeriickgewinnungseffizienz zwischen Feststoffie Durch die Veroffentlichung aller Daten im
Rahmen von MPContribs/Materials Project durch das Erstellen von interaktiven Graphen wird eine

wertvolle Ressource zur schnelleren und zielgerichteten Materialentwicklung bereitgestellt.
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1.Introduction
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Fig. 1.1. The potential of renewable energy sources across Europe, Northern Africa, and the
Middle East, including a londistanceelectricity network. Concentrated Solar Power can be
used in regions with high solar irradiance, and can also be applied for the direct utilization of
heat to create solar fuels. Image adapted from BL&BY 3.0).

Global warming is widely considered onef the main challenges of the 2t century. The reduction of
greenhouse gas emissions constitutes one of the key objectives of research in the field of materials
science, engineering, chemistry, and energy technology, and whole research institutes centeoced
this topic are founded around the globe every year. While many promising new technological
approaches are described in journal articles and patents every day, seeing such technology in
practical application has been rare for a long time. This is no Iger the case: For example, the share
of renewable energy sources in the total electricity production is rising every year, reaching an
average as high as 36 % in Germany in the first half of 2028A combination of different renewable
energy sources has the potential to supply electricity for the whole of Européd-ig. 1.1). Moreover,
the transportation sector is facing one of the largest transitions in the past centuries, which will lead
to a boost in the shareof renewable energy sources with respect to the total energy demand.
Renewable energy technology becomes more and more widespread, and associated with that, costs

are decreasing due to economies of scale, rendering former niche technologies economicaitphe. 2
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Despite the promising progress in renewable energy generation, one major practical issue is its
inherent intermittent character, meaning that solar energy can only be captured if the sun shines,
and wind power is not continuously available &her. This is becoming more and more of a limiting
factor in the growth of the renewable energy sector. For instance, if a low power demand meets high
solar irradiation and strong winds, almost the entire electricity demand of Germany is met using
renewable energy, with record highs of 85 % renewable energy share on a Sunday afternoon in
2017.3 However, conventional energy sources currently remain crucial for a steady energyply, as
energy storage options remain limited, and further expansion of renewable energy generation is
futile if the peaks in supply cannot be smoothed out through decoupling demand and supply. A
possible remedy of this issue is the storage of chemical thermal energy. Both can be achieved
using concentrated solar power (CSHig. 1.2), a power source mainly used in areas with high solar
irradiance. In contrast to most other renewable energy sources, the primary form of energy supplied
in such power plants is heat, generated through focusing solar radiation on a small area. Heat is much
easier to store on a large scale than electricity, as demonst/ah ET - AOT AAT 80 .11 0 ))

Ouarzazate which will be capable of supplying electricity up to 7 hours aftesunset.4
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Fig. 1.2. Concentrated solar power tower facility with heliostats focusing the sunlight in order
to concentrate heat for electricity generation or in sthlermochemical redox cycles. Image:
DLR/Ernsting
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Another appealing option is to convert the heat to chemicanergy, which is stored in carborneutral
renewable fuels. These include hydrogeh ¢ as well as hydrocarbonbased fuels’ 8 or ammonia.®
Such fuels are particularly interesting for applications in the transportation sector, specifically in
aviation. For the foreseeable future, the igh gravimetric power densities required for
intercontinental flights are only conceivable through combustion of fuelsl® Moreover, these fuels
could be used to transport renewable energy while using the existing infedructure for conventional
fossil fuels. Secalled solar fuels, for example hydrogen, can be prepared through several pathways:
electrolysis, 11 photoelectrochemistry, 12 or thermochemical routes.13. 14 While all of these routes
have their specific advantages, the latter offers the only option of directly converting heat to
chemically stored energy,making it an ideal candidate for application in CSP plants by avoiding
conversion losses. In this case, solar fuels are produced through thermochemical water splitting as
the first step. Although the direct thermolysis of water is in principle feasible, th high temperature
required to thermally dissociate water (2500-3500 K) is setting practical limitations.1® Therefore, a

two-step thermochemical cycle involving a redox material can be used alternatively (sEey.1.3).
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Fig. 1.3. Two-step thermochemical cycles are a versatile option for the direct conversion of
heat from concentrated solar power (CSP) citemical energy or separation work. A redox
material, in this case a metal oxide AMQIis partially reduced at high temperature under the
release of oxygen, and subsequenthpxilized at lower temperature. Potential oxidants for
re-oxidation include weer, carbon dioxide, or air, which allow the sustainable generation of
hydrogen, carbon monoxide, or oxygen depleted air, respectively. Taken from Vieteffet. al.

At high temperatures and/or low oxygen partial pressures, the redox material (typically a metal
oxide) is partially reduced under the release of oxygen. The redox material is then-ozidized in a

second step at lower temperatureand/or increased oxygen partial pressure. If water is used as an
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oxidant, some redox materials such as cerid or ferrites 18 are capable of splitting it under the
release of hydrogen. This twestep cycle also offers the advantage that oxygen and hydrogen can be
easily separated, as the two gases are produced dhfferent process steps. Moreover, if carbon
dioxide is used as an oxidant instead of steam, carbon monoxide can be produced as a product, which
together with hydrogen can serve as the feedstock for the generation of hydrocarbons as fuels
through the Fischer-Tropsch process or methancbased routes’. 1921 |f that carbon dioxide has
previously been captured from the air, combustion of the produced fuel is carbemeutral. Another
application of these twostep solarthermochemical cycles is separation of air into a stream of mtg
inert gas and oxygen if air is used as an oxidant, or the storage or pumping of oxygen in gené&k.
The soprepared nitrogen can be used in combination with hydrogen to prepare ammonia through
the HaberBosch processAll these cycles share the commoprinciple that heat is directly converted
into chemically stored energy or separation work. The origin of the thermal energy is irrelevant for
the chemistry involved, but concentrated solar plants are an ideal heat source due to their carbon

neutral operation and the direct generation of heat without any intermediate steps.

While research on these twestep thermochemical cycles has been performed for a long tim&,their
practical application remains challenging. One reason for that are constraints in engineering: For
solar-thermochemical water splitting, the operation of a reduction chamber at temperatures of up to
1500 °C under vacuum or with an inert sweep gas isequired when the stateof-the-art redox
material ceria is used. Only high temperature refractory materials can be applied, but what is even
more important and challenging, the reaction chamber needs to remain gas tight while allowing solar
radiation to enter through a window. 26 Another issue is the currently relatively low efficiercy of the
overall process, although it is theoretically one of the most efficient means to generate renewable
fuels.25. 27, 28For an economically competitive redox process, it is necessary to impme the solar field
and receiver efficiency, the energy demand to maintain a low oxygen partial pressure during
reduction, and the work required to separate hydrogen from steam. Apart from that, one crucial
factor determining the viability of the entire process is the choice of a suitable redox material. As
explained in further detail in chapter 2, the thermodynamic and kinetic properties as well as the
chemical stablity of the materials decide over their applicability under a given set of process
AT TAEOQET 108 4EA OAAT @ A1 OEAI PU AT A AT OO1I DU AEAT CA
redox temperature and oxygen partial pressure levels. A redox material wthi is perfectly suitable
for water splitting under certain conditions is far from ideal for air separation, and not even well
applicable for water spitting under different conditions, such as different temperature levels.
Therefore, it is necessary to combl the thermodynamic properties of these materials. At the same
time, their chemical stability as well as their redox kinetics need to allow the reaction to occur
reversibly and quickly. With these prerequisites in mind, it is possible to specifically dam

perovskite redox materials for different thermochemical applications, as demonstrated in this work.
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1.2 Scope of this Work

As mentioned before, cerium(l\Voxide (ceria) and ferrites have been used for solathermochemical
water splitting in many research projects, even on the larger pilot scal@ Their properties are well
known, which renders experiments easily comparable while offering an overall good performanc®.

31 However, materials with potentially better properties are studied on the laboratory scale, and it is
likely that the state-of-the-art redox materials will eventually be replaced32 33 Ceria is part of the
class of nonstoichiometric redox materials, which are caphle of releasing or absorbing oxygen
gradually upon change of the chemical potential of oxygen around them, typically allowing for fast
redox kinetics. The nonstoichiometry of CeQ, is expressed by . Another promising material class
with similar behavior is constituted by perovskites with the geneal formula AMGz,,. The amount of
possibly stable combinations of different A and M metals on the perovskite lattice sites leads to this
I EAA Al AOGO AAET ¢ TTA T &£ OGEA 1100 OAOOAOCEI As $AD/
chemical and thermodyamic properties change. This has been exploited by researchers in the last
couple of years to successfully generate new redox materials for solirermochemical water or
carbon dioxide splitting or air separation. 33-37 However, many of the efforts in this direction are
charaderized either by incremental improvements of existing materials, such as by adding different
dopants, or by trial and error based exploration. In addition, some theoretical studies have been
performed as well, which allow a more systematic materials seléon based on computational

methods such as density functional theory (DFT), but only on ternary oxide3$. 39

¢ Fundamental understanding of perovskite solid
solutions: synthesis and properties

* Materials design and screening

¢ Combination of theoretical and experimental
data: thermodynamics and phase stability

* Process evaluation Perovskite AMOj 4
* Energy Analysis, ranked lists of ideal materials

for different process conditions

Fig. 1.4. Scope of this work: A fundamental understanding of perovskite materials and their
application as redox materials is developed -bigptep in order to rationally design
perovskite solid solutions for application in selaermochemical cycles. Experimenhtnd
theoretical data is combined in a model creating a ranked list of ideal materials for different
process conditions.
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In a first step, it is necessary to get a general understanding of perovskites as redox materials and
their redox behavior when one sgcies is gradually exchanged by another. By preparing some
perovskites and simple solid solutions where only one species is replaced partially by another, the
fundamental properties of perovskite solid solutions shall be studied. The perovskites shall be
prepared and characterized using standard methods of solid state chemistry and analytics.

| AAEOETTATTURh EO EO TAAAOOAOU OF I1TTEOT O OEA
oxidation in-situ, in order to verify that the reduction and oxidation akes place under the conditions

foreseen for application in thermochemical cycles.

With this knowledge, stable perovskite materials with solid solutions containing two different
species on the A site as well as two other species on the M site shall be sitidied experimentally,

as well as through DFT. By extending the realm of possible solid solutions to two different species on
both perovskite sites, it should be possible to control their redox properties as well as their crystal
structure and chemical sability using the tolerance factor. This secalled Goldschmidt tolerance
factor plays a key role in preselecting potentially stable materials, and the ionic radii of the solid

solution components are chosen accordingly (tolerance factor adjusted matergatiesign).

By combining both theoretical and experimental data, it is possible to study the thermodynamics of a
large set of materials, derive theoretical models describing the reduction and oxidation process, and
verify the theoretical models using the eperimental data. Ideally, one could derive equations and
physical expressions describing the change in the Gibbs free energy in order to predict the
equilibrium state of these materials under different conditions. Using this data in combination with
an andysis of the redox process and its energetics, one is then able to rank materials according to
their suitability for specific process conditions and the energy demand of the entire redox process.
With the help of computational data handling in collaboratia with the Lawrence Berkeley National
Laboratory (USA), this large dataset is transformed into an interactive online resource. For the first
time, perovskite solid solutions with up to four different cations are systematically explored based on
their therm odynamic data, and combined into an interactive database which is freely accessible to

the public.

By creating solid solutions with more than one species on the A or M lattice site in the perovskite, the
range of possibly stable perovskites is significah increased, yet no systematic studies of a large set
of perovskite solid solutions have been published so far. The aim of this work is to change this. This
work will go into the details of thermodynamics and materials properties. By this means, the
knowledge about the redox behavior of perovskites and their solid solutions shall be deepened to
allow for the targeted design of redox materials for different twestep thermochemical redox cycles

and different process conditions.

DAC



2. Background and theoretical considerations

&
i

1
AG=AH—T-AS+—RT-ln(&)
2 Po

Fig.2.1. Perovskites can form oxygen vacancies, and their concentration is dependent on the temperature and oxygen partial
pressure of the environment and the thermodynamic properties of the perovskite, which depend on the composition. The
state of the chemical edjibrium is defined by the Giblb$elmholtz equation.

The choice of suitable redox materials is of paramount importance for the performance of
two-step thermochemical cycles in terms of their productivity and efficiency. Therefore, the
rationale behind decting these materials is explained in this chapter. After a summary of the
state of the art in perovskite application for thermochemical cycles and a comparison to other
redox materials, the chemistry of perovskites is explained in detail. This inthailes
chemical stability, as well as their redox kinetics and thermodynarhisschapter introduces

new concepts in describing the thermodynamics of perovskite solid sollB@assd on these
properties, it is shown how redox materials can be selected according to the specific
requirements of each type of application, a process also known as Materials Design.
Moreover, the different contributions to the energfgmandof an entireredox cycle are
explained, including their derivation from theoretical and experimental properties. An
emphasis is set on the chemistry and physics of the materials independent of specific reactor
concepts.

This chapter is partially based upon the follong peerreviewed publications authored and cauthored by the author of
this work:

Vieten, J.; Bulfin, BHuck, P.Horton, M.;Guban, D.; Zhu, L.; Youjun, L.; Persson, K.; Roeb, M.; Sattler, C., Materials design of
perovskite solid solutions for thermochemical appplicatiBnergy & Environmental Science 2019, 13691384.

Vieten, J.; Bulfin, B.; Call, F.; Lange, M.; Schmiicker, M.; Francke, A.; Roeb, M.; Sattler, C., Perovskite oxidéi®rfoin applica
thermochemichair separation and oxygen storage. Journal of Materials Chemistry A 2016, 4, (351365862

Bulfin, B.; Vieten, J.; Agrafiotis, C.; Roeb, M.; Sattler, C., Applications and limitations of two step metal oxide rtheameciox
cycles; a review. dmal of Materials Chemistry A 2017, 5, (36), 18P8366.
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2.1 Perovskites in Thermochemical Cycles

Apart from perovskites, many other material classes have been discussed for application in tstep
thermochemical cycles. Many of them have been successfulbsted on the laboratory scale, and
some even beyond. However, perovskites offer some unique advantages over all these materials,
which are elaborated in the following. In this work, only redox cycles with oxygen as transported
species are discussed, suds water splitting, carbon dioxide splitting, or air separation and oxygen
pumping. All these require an oxygen storage material (OSM), which releases oxygen during the
reduction step and recaptures it during the oxidation step. However, other (solarthermochemical
cycles for further applications have been proposed, such as carbon dioxide sequestration from the air
or from flue gas, which are based on materials storing other speci¢8.These are beyond the scope of
this work, but could be a subject of future studies. Moreoverwye only consider redox cycles where
the release and uptake of oxygen is the main objective of the reaction, as opposed to thermochemical

heat storage cycles where only the storage of heat is relevant and pure oxygen is just a byproduct.

The reduction of he OSM can proceed either in one step and stoichiometrically, or gradually and
non-stoichiometrically. An example for an OSM wittstoichiometric reduction is iron(ll,ll) -oxide
(magnetite), which can be applied as redox material for solahermochemical water splitting. 41 At
high temperature and/or under low oxygen partial pressure, it is reduced to iron(lljoxide under the

release of oxygen:
& A G&Algl 2 AAOAOET I @

The reduced metaloxide can then be reoxidized at lower temperature using water under the release

of hydrogen:

G&AI (10 &N ( | SEAAOEI] &

Non-stoichiometric wustite phases may be formed as welt! The stoichiometric reaction, however, is
characterized by the release of a welllefined amount of oxygen during reduction, and the formation

of one product oxide with lower oxygen content than the educt. The react proceeds spontaneously

as soon as the Gibbs free energy is below zero. In most cases, no reaction is observed until a certain
temperature or oxygen partial pressure level is reached. Another example for a stoichiometric

reaction is the reduction of cob#(lllll) -oxide CaOs to cobalt(ll)-oxide CoO. This reaction is
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considered for solarthermochemical heat storage and may also be suitable for air separatic@44
The reaction only occurs in a small temperature window, and the temperature at which the material
is oxidized or reduced depends on the oxygen partial pressure level. The conversion fromeon
stoichiometric oxide to another is characterized by a complete change of the crystal structure under
re-arrangement of atoms. Therefore, the redox reactions are typically slower than when non
stoichiometric oxides are used, and it usually takes some mites until chemical equilibrium is
reached.4> Stoichiometric metal oxdes considered for fuel production (solar thermochemical water
splitting or carbon dioxide splitting) include iron oxides,4% 46 zinc oxide,3° tin oxide, 30. 47 and
magnesioferrites.48 Moreover, other oxides such as manganese oxidés,4° cobalt oxides, 22. 44

copper oxides22 50 and lead oxides© are considered for solarthermochemical air sgparation.

Non-stoichiometric compounds consist of norinteger amounts of atoms per formula unit. Although
non-stoichiometry of metal species in oxides is also possiblg, we focus here on oxides with non
stoichiometric oxygen content. These oxides are characterized by a gradual release or uptake of
oxygen as a response to a change in temperature or oxygen partial pressure. If the oxygen partial
pressure or temperature is changed, this has a direct effect on the oxygen vacancy concentration. The
amount of released oxygen depends on the magnitude of the temperature and oxygen partial
pressure change. In contrast to stoichiometric oxides, it is not nesgary to reach a certain threshold
temperature for a reaction to occur, but the higher the temperature or oxygen partial pressure
change is, the higher the amount of released/captured oxygen. However, as the rginichiometry
range is limited, nonstoichiometric oxides typically show a lower overall oxygen storage capacity.
The crystal structure of nonstoichiometric oxides usually only changes slightly upon release or
uptake of oxygen. The general structural motif is maintained while some oxygen sites &deEE 1 1 AA 6
vacancies instead of oxygen. Along with the very high oxygen diffusion rates in perovskit&s34, this
leads to very high reaction speeds and usually good reversibility of the solnermochemical
process.22 Moreover, the mechanical stress induced by a change in crystal structure leads to a

usually lower mechanical stabilityof structured materials made from stoichiometric oxides.

The advantages and disadvantages of stoichiometric and natoichiometric oxides as redox
materials in two-step solar thermochemical cycles are summarized iffable 2.1. While there are
some applications where stoichiometric oxides are beneficial (i.e. oxygen storage with high storage
density or thermal storage within a small temperature window), the advantages of using non
stoichiometric oxides outweigh their disadvantages in many cases considering their performance for
thermochemical fuels production and air separation. However, there are exceptions from these
general trends. For instance, the pdse change of stoichiometric oxides may involve melting or
evaporation of an oxide at high temperature, which can lead to very appealing thermodynamic

properties despite the potential challenges in engineering®

X

E

0
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Table 2.1. Advantages and disadvantages of stoichiometric oxides (with phase change upon
reduction) and nostoichiometric oxides (with maintained crystal structural motif during
redox cyclization) as redox materials in tat@p solathermochemical cycles.

Stoichiometric oxides Non-stoichiometric oxides
Reaction speed usually slow (within minutes) e fast (typically within seconds) +
. degradation due to phase chany .
Revasibility g . P ' usually high +
possible

sudden expansion/contraction

Mechanical stability possible (phase change)

gradual expansion/contraction  +

Oxygen storage capacity potentially very high + limited T
Temperature/pressure change low N high .
neccessary
Temperature/pressure window
small e large +

in which the reaction occurs

One of the most welknown non-stoichiometric oxides is cerium(IV)}oxide, also known as ceria.
The amount of oxygen in the lattice varies as a function of temperature and oxygen partial pressure,
which is well-defined and characterized3!. 55 The nonstoichiometry is denoted byl in the general
formula CeQ.,. Two-step thermochemical cycles for solar fuels production involving ceria and its
doped variants are weltknown. 14,17, 20, 30, 568 However, other materials may be used to reach higher
efficiencies in fuel production, as explained in more detail in chapte?.5. One of these materials
classes are pewvskites with the generd formula AMGs,, where A is a catin with larger and M a
cation with smaller ionic radius. Moreover, perovskites may also be applied for air separation and
oxygen pumping processes, as mentioned before. The nstoichiometry| is typically between 0 and
0.5, but may in some cases also reach higher or negative values (meaning that additional oxygen is

incorporated with respect to the original perovskite structure).59. €0

A typical redox cycle for air separation with the perovskite material 3vinOz, starts with SrMnG; at
room temperature. In the reduction step, oxygen vacancies are formed depending on the
temperature:

30-1/30-1T71 =1 2AA

(@]}
p>2
O
mh

€5

The reduced perovskite can then be rexidized at lower temperature by capturing oxygen from the

air, which can be written as the reverse reaction to the reduction:

30-1/ =/ © 30-1// GEAAOQEIT I c8
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Perovskites which are easily reducible, such a&SrFeQ.,, show an initial nonstoichiometry at room
temperature in air. SrFe@, synthesized in air therefore has a nosstoichiometry of approx. 0.19 i.e.
a composition of SrFe®@g1. 61 In fact, all perovskite oxides always show at least some small oxygen

non-stoichiometry at any temperature above 0 K, but it is in many cases negligible.

Among the different types of nonstoichiometric oxides, perovskites constitute the mospromising
class of oxides for materials design. Their wide range of compositiongfers an almost unlimited
range of different compositions. As explained later, the A site in AMQperovskites can be occupied
by a multitude of different cation species intuding numerous alkali, alkali earth, lanthanide, and
actinide species, whereas the M site can be filled with various transition metals or main group
elements.62 Even organic species may occupy cation sites in perovskités.The preparation of
perovskite solid solutions further extends the spectrum of potential compositions. Perovskites have
been investigated for application in twoestep thermochemical cycles by many researchers. For
instance, in the case oAir Separation, a study by Yanget al. concludes that La.1Sr.¢Co sFep 5Oz,
and La1Sr.CooFen10s, are promising materials for the removal of trace oxygen from gases or for
the production of high-purity nitrogen or extremely pure oxygen from air.64 The latter perovskite is
also mentioned by Yiret al.as a material with minimal heat release upon oxygen sorptiod? SrCoQ.,
and SrFe@. are mentioned in studies by Ezbiriet al.and Marek et al, repectively. 36. 65 Meng et al.
mention hollow fibore membranes consisting of LSFCM (kaSr.7Fen7C2M0o10s,) as another
possible air separation material. All these studies have in common that air separation is possible at
rather low temperatures compared to the reduction of ceria for fuels production (reduction of the
perovskites at 1000 °C or less) and that th selectivity for oxygen is extremely high, which allows
preparation of oxygen with very little or no contaminants. Moreover, an oxygeaontaining stream of
gases can be separated into mostly inert gases and oxygen very effectively. These studies, however,
do not include the targeted design of materials for specific applications, i.e. in a certain temperature

range with a certain target oxygen concentration of the purified gas stream.

Air separation with high purity levels is especially appealing for apptiations in ammonia production,

as the HaberBosch process requires very low oxygen levels in the nitrogen feed to avoid catalyst
poisoning.¢¢. 67 By applying efficient methods for air separation, the energy demand of the entire
process may be reduced, and if the heat for air separation is supplied from renewaldources, the
greenhouse gas emissions of ammonia and fertilizer production can be significantly lower than
Ol AAU8 4EEO EO AOPAAEAIT U Ei Ppi OOAT O Al 1 OEAAOCEI C O
demand is attributed to ammonia production only$8 The oxygen produced through solar
thermochemical air separation may also be used in a second step after ammonia synthesis in the
Ostwald process for the production of ammonium nitrate as fertilizer (sed-ig. 2.2). This process
chain is currently under investigation in the project DUSOL funded by Klimaschutzwettbewerb NRW
and the European EFRE fund.
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water 8
u Ammonia

—I_)\ Water splitting }—@ TH'H
Ostwald
MO, cycles Haber-Bosch > Process
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Ammonium

nitrate N,H,0,

Fig. 2.2. Envisioned process for soldrermochemical fertilizer production in the project
Dusol. After solatthermochemical air separation, nitrogen is used in the Hadseh process

in combination with hydrogen produced by water splitting. The oxygen asetioed product

of the air separation process is combined with ammonia to produce ammonium nitrate by
preparing nitric acid in the Ostwald process. Taken from Guban®t al.

Moreover, ammoniamay also be used directly as a carbeftee fuel, which is easier to transport than
hydrogen due to its liquefaction at lower pressures. Upon combustion, nitrogen and water are

formed:

1. ( al ©°¢. o( / C®

Ammonia is interesting as aralternative jet fuel. However, nitrogen oxides may also be formed as a
byproduct, and the use of ammonia as a jet fuel may contribute to the depletion of the ozone layer.
Further research and developmat is necessary to study the use of ammonia as a fuel and its
potential environmental impact. Nevertheless, it is a promising fuel in gas turbines and for naval
applications, and nearzero NQ emissions can be achieved.The use of perovskites for air separation

and/or solar-thermochemical water splitting could have a positive impact on the specific greenhouse

gas emissions of the overall process.

For Fuels Production through the splitting of water and carbon dioxide, otler perovskite materials
come into play. In order to split these molecules, the Gibbs free energyOof the re-oxidation
reaction must be below zero, which typically requires a higher enthalpy change than for air
separation. Perovskites with suitable thernodynamic properties include lanthanum strontium
manganese oxides with or without aluminium on one of the lattice sites, i.e. LSMA (lanthanum
strontium manganese aluminium oxide)34 35 70 or lanthanum strontium iron oxides with different
dopants on the Fe site’! These perovskites usually show reduction at lower temperatures than ceria

under the same oxygen partial pressures, but a large excess t#fan may be necessary to produce a

aNH3 Energy Implementation Conferendeittsburgh, USA, 2018.
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significant amount of hydrogen. Further perovskites for fuel production have been studied using DFT
(density functional theory). 38 72 Emery et al. first calculate whether those perovskites areexpected

to be stable, followed by an assessment of their structural distortions and oxygen vacancy formation
energies.” They find a multitude of potentially stable new perovskite phases, yet their study shows
some limitations when compared to experimental findings. For instance, Cal@g, is not predicted to
be stable at all, yet it undoubtedly is a synthesizable perovskite compouné. All theoretical studies
may include some inaccuracies inherent to the caltation methods and initial assumptions made.
Moreover, some perovskites may be metastable, which means that thermodynamically they are
expected to decompose, but they do not decompose at a notable rate unless certain conditions are
met. For an effective aidy of these materials properties, it is therefore necessary to combine both
experimental and theoretical materials screenings. Moreover, the published theoretical studies on
ABOG:s., perovskites are complimented by investigating the role of solid solutionfor the preparation

of novel perovskite phases, as described in this work.

The synthesis of hydrogen and carbon monoxide is especially appealing for the production of
hydrocarbons. As the natural reserves of crude oil are limited, alternatives to classiqeetrochemical
routes are promising future technologies. One option for the preparation of alkanes is the Fischer

Tropsch processi4 75

g1 ¢l p( uw#( (1 @

As a catalyst, several transition metal based materials can be used, for instance based on coffalt.
Another option is the preparation of methanol from syngas using coppdrased catalysts?- 19 Despite
these routes being very appealing for fuel preparation, especially in aviation, it has to be noted that
they are only carbonneutral if all the energy required for their production is generated via
renewable sources, and the carbon dioxide required for carbon monoxide production is captured
from the air. This is possible, as recently demonstrated, but only economically viable if the cost o

greenhouse gas emissions increases significantfy.
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2.2 Perovskite Chemistry and the tolerance factor

Perovskites are known since the 19 century, and the thenAE OAT OAOAA 1 ET AOAT ODPAOI
composition CaTiQ. 62 Although this is not the case for the prototype perovskite calcium titanate, the

ideal perovskite structure is cubic (sed-ig.2.3).
b
£ a

ol
a
C
ﬁ g O l
M . L] .
Fig. 2.3. An ideal cubic perovskite structure with the composition AM®here A is the
cation with larger ionic radius and M is the cation with smaller ionic radius. The length of the
diagonal crossing the A cation is longer (by a factdi@fthan the distance of two M cations
on the edge. From these purely geometric camnattbns, the ratio between the ionic radii can
be determined for an ideal cubic perovskite structure, and the tolerancedfi@sor known
as Goldschmidt tolerance factor) is defined

drawn spacdilling to maintain a better overview. In reality, the edges of the two neighboring
ions are in direct contact.

ra+ro=v2-(ry+rop)

I'p <+ I'o af ¢

=\/Z'(1’M+1’0) B

The perovskite lattice consists of the A cation in the center with the M cations (often also referred to
as B cations) at the corner of the cuband an anion ion irbetween two M cations on the edges of the
cube. In our case, these anions are always oxide iong.do achieve charge neutrality, different
combinations of cations are possible. As the A cation has a larger ionic radius, it oftenrezy a lower
charge than the M cations due to the decrease in ionic radii associated with an increase in positive
charge of the species. In most cases, either alkali metals, alkali earth metals, or rare earth metals
(lanthanides and actinides) occupy the Asites, whereas the M site is occupied by transition metal
cations. This leads to the respective perovskite compositions“5+0;, A2+*M4+Q;, and A+*M3+O;.
However, other combinations are possible, for instance main group species such a8*Ain the M
site, 70 as well as large main group species su@s BB+ or TI3* or organic cations in the perovskite 83.
78,79 Moreover, it is possible to form related structures such as double perovskites or structures with

even more complex stacking variant$9 For instance, the first discovered high temperature
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superconductor YBaCuO (YB&wOrx) shows a crystal structue which is based on the perovskite

structural motif. 8!

From geometrical considerations (sed-ig.2.3), it can be derived that the ionic radii in a perovskite
need to be in a certain ratio to achievan ideal cubic crystal structure. V.M. Goldschmidt derived a
tolerance factoro, which is exactly 1 if this condition is mett2 82 The Goldschmidt tolerance factor
can be calculated for any perovskite to give a first indication about its stability. If the tolerandactor

is smaller than one, a perovskitdike structure may still be formed, but it will be distorted with
respect to the ideal cubic structure to accommodate ions with different size. However, if the
deviation is too large, other structure types may be wre stable. It is important to note that the
tolerance factor gives a first indication about the stability of the perovskite, but reality often is more
complex. For instance, the stability of a perovskite also depends on the oxidation states and nature of
the ions involved, and the bond strength, polarizability, and electronegativity difference between the
species have an effect? 83.84 As the tolerance factor is a rather simplistic method of perovskite
stability prediction, it has been modified by various researchers in order to achieve better
predictions. 8587 Nevertheless, the classic Goldschmidt tolerance factor is used in this work for an
initial assessment of the perovskite stability, as it is the most weknown metric and it is surprisingly

accurate for many different perovskite oxides.

In order to calculate the tolerance factor, the ionic radii of the involved species need to be known. For
OEEO DPOODPI OAh xA OOA B3EATTIT180 AAOAAAOA T &£ EITEA
more than 45000 times since then88 As usual, a coordination number (CN) of 6 is assumed for the M
species and oxide anions to represent their octahedral coordinatiof? For partially reduced
perovskites, the size of an oxide vacancy is assumed to be 131 pm according to
Chatzichristodoulouet al, who determined this value for LaGag®° Transition metal species are
assumed to be in high spin configuration, if applicable, whicis the case for most perovskites. Spin
transitions may occur especially at low temperatures (often below ambient temperature), but as this
work is only considering high temperature applications, only the high spin configuration is
considered.®® The A species are coordinated 1fld in an ideal perovskite structure. However,
smaller coordination numbers than 12 can be used to account for the distortion of the perskite
lattice from the ideal structure (compare section 4.4)89 91 Despite the accuracy of the results gained
with this method, it can be argued that the tolerance factor already aguants for this distortion, and
using a CN different from 12 is erroneous$? In this work, this issue is approached from an empirical
point of view. If a coordination number of CN= 12 is assumed, a tolerance factor ¢f= 1.001 results

for SrFeQ g1, which is the composition reached after synthesis in aif! This would indicate a cubic
crystal structure due to the nearideal tolerance factor. However, this on-stoichiometric strontium
ferrite is found as a mixture between tetragonal and orthorhombic phases, which indicates some

extent of distortion with respect to the ideal perovskite structure.®2 To account for this, the A site CN
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is adjusted slightly by assuming a mixed state between CN 12 and CN 10 with 80 % of th& i8ns in
12-fold coordination and 20 % in 10fold coordination. The A ionic radius is then calcul&d as a
weighted average between these two. This leads to a tolerance factor of t = 0.995, which corresponds
well to the observed slight distortion. Moreover, using this modified A site CN yields accurate
predictions for the crystal structures of Mnsubstituted SrFeQ.. perovskites, which are further
discussed in chapter 4.492 Although this method is arbitrary to some extent and purely based on
reaching a mathematially accurate result, it yields good results for this perovskite system. Another
way to approach this would be to say that the ionic radii or crystal structures formed are slightly
variable in different environments or that they are not defined accuratelynough in the literature. In
addition, it is important to note that this method may only give accurate results for this specific
perovskite system. However, it is used here as a method to give a first prediction on the stability of

different perovskites with respect to the crystal structure.

Another word of caution needs to be stated regarding temperature effects. An increase in
temperature leads to an increase in the tolerance factor in many system& For manganates with
S+, C&+, or B&+ on the A site, as a rule of thumb according to Fig. 6 in a publication by Dabrowski

al., one can state that the tolerance factor increases by approx. 0.002 at 800 K, by 0.010 at 1000 K,
and by 0.020 at1300 K (all with respect to the calculated tolerance factor at 0 K93 For this specific
perovskite system, Dabrowskiet al. derived an equation to calculate the tolerance factor increase. As
density functional theory calculations are always only valid for O K, and these calculations are used to

predict the perovskite stability in this work, those temperature effects are neglected.

Within this work, some perovskites with highly unstable metal specieare studied theoretically, such
as Cu¢+ or highly coordinated Mg*. Moreover, the ionic radii of highly coordinated lanthanides are
not known for all species. For this reason, it is necessary to estimate ionic radii not included in

SEATTT1T 380 I. i@ gdssile using tiefPauling bond strength®t
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arefers to the charge of the ion, whereas a and b are fitted parameters usin@N pairs with known

ionic radii. 88 The calculated ionic radii are summarized imable2.2.
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Table 2.2. lonic radii for Mg, Eu, Sm, and Cu. Values printed in bold are estimated using the
Pauling bond strengths based on known z/CN pairs éaéthddobtained from linear fits of

& € "Bif6 O vs. r.The other ionic radii are taken from Shann®nAdapted from
Vietenet. al. (supporting information)>

Mg, a =0.24298, b = 1.05058 Sm, a=0.67517, b = 0.94435
z CN r(A) z CN r(A)
2 4 0.57 3 6 0.958
2 5 0.66 3 7 1.02
2 6 0.72 3 8 1.079
2 8 0.89 3 9 1.132
2 10 0.98 (calc.) 3 10 1.17 (calc.)
2 12 1.06 (calc.) 3 12 1.24
Eu, a =0.65086, b = 0.97932 Cu, a =0.66666, b = 0.13288
z CN r(A) z CN r(A)
3 6 0.947 1 6 0.77
3 7 1.01 2 6 0.73
3 8 1.066 3 6 0.71 (calc.)
3 9 1.12 4 6 0.69 (calc.)
3 10 1.16 (calc.)
3 12 1.24(calc.)

Upon nonstoichiometric reduction of a perovskite, the transition metal (M) oxidation state
decreases. In principle, a decrease in the A ion oxidation state would also be possible, but does not
occur in the case of most alkali and alka#arth metals, which are most stable in the oxidation states
+1 and +2, respectively. For cesium and rubidium, suboxides are known with the alkali metal in a
lower oxidation state than +1,%6 so it might be possible to reduceahe A site species as well in this
case. However, this possibility is not further considered within this work as it is speculative and
beyond the scope of this study. The reduction of M metal species leads to the formation of oxygen
vacancies. At 1@, the oxidation state of the transition metals is decreased by 1 with respect
to] 18 and the defect structure formed dt  ™@® is referred to as brownmillerite. 97 In-between
these two points, structures with mixed valence of the M cations are formed. For instance, a mixed
formal valance of F&* and Fe+ is formed in SrFeQ,. %8 Including the non-stoichiometric phases, the
perovskites mnsidered in this work can be written as! - 7 / - T , and

I - T | . Please note that the oxygen vacancies formed upon reduction may either be
randomly distributed over the lattice, or there may be some additional vacancy ordering. This
depends on the specific perovskite compositior® The reduction of metal species in these
perovskites is directly proportional to an increase in the average ionic radii of the M species. Due to
this increase, the Goldschmidt tolerance factor decases upon reduction, which leads to a change in
the expected degree of distortion of the crystal structure. In most cases, this effect outweighs the
impact of a temperature change on the tolerance factor. The reductianduced change in tolerance
factor is shown exemplarily for the reduction d SrFeQ, in Fig.2.4. This explains the transition from

a cubic perovskite structure for the fully oxidized SFeQ over a tetragonal to an orthorhombic

structure upon reduction to SrFeQs. 61 9 Moreover, the effect of different M cations is explained
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exemplarily using both SrMn@ and SrFeQ. By choosing dferent compositions, it should be possible

to design different perovskite structures with different degrees of distortion on purpose.

As mentioned before, ideal cubic structures should be formed for t ~ 1.00. Firstly, above t ~ 1.02 we

assume hexagonabr rhombohedral structures. As the rhombohedral structure can be seen as a
combination of hexagonal and cubic stacking variants, these structures are often formed at the

transition between ideal cubic structures and fully hexagonally stacked lattice&?0-102 Then, if the

tolerance factor falls below 1.00, tetragonal or different forms of orthorhombic structures can be

formed. The octdnedral coordination spheres of the M cations and oxide ions are tilted, and a large

variety of different tilt systems leads to an according number of different orthorhombic

structures. 103105 Finally, at very low tolerance factors (below ~ 0.940.95), another type of
orthorhombic structure may be formed, which is known as posperovskite and occurs in the ea® E 6 O

mantle. 106,107 |t js not clear, however, whether the Goldschmidt tolerance factor is a reasonable

means of predicting the formation of this postperovskite structure. If the tolerance factor is even

lower, other non-perovskite structures become more stable, as mentioned before. Phase transitions

between different perovskite and nonD A OT OOEEOA OOOOAOOOAO AAAD AT x1
considered as a potential cause of earthquakes and influence thd c@ AAOET 1T ET OBA AAOOE
109 As these phase changes can have a such large effects on the expanai@h contraction of
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especially with respect to their mechanical durability. Therefore, these phase changes are avoided

within this work for the most part, but nevertheless the effect of a targeted induction of these phase

changes is studied as well, as it may be beneficial from a thermodynamic point of view, as mentioned

later.

t 4
1194 asrmno, hexagonal
+1.02 substitution -t rhombohedral
+1V .
1100 008 o cubic
A SrFe*"'02_5 .
0.9 orthorhombic

T0:95 + tetragonal

Fig. 2.4. Tolerance factor of some exemplary perovskites and the effect of substitution and
reduction of the M species. Cubic perovskites are formed if the tolerance déter 1,
whereas orthorhombic and tetragonal structures are reacbhedlif whereas heg@nal and
rhombohedral structures are formeadat1. Adapted from Vietept al *°
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Fig. 2.5. Design principles for perovskite solid solutions. Different perovskite systems are
investigated, denoted by= 3, 4, and 5. The choice of M metals has a significant impact on
the redox thermodynamics defined by the Gibledmholtz equation, while the A metals are
chosen accordingly to maintain a stable crystal structure according to the Goldschmidt
tolerance faor. Taken from Vieteret al %

In the previous paragraphs, the stability andcrystal structure of pure perovskites (without solid
Oi1 O0ETT A& O0i ACEITq EAO AAAT AAOGAOEAAA8 )OO EAO
influences its crystal structure, and how the reduction may lead to phase changes. These principles
are extendedto perovskite solid solutions in the following. Considering a solid solution with two
different A species and two different M species, the general composition of the perovskite can be
described as ! ! - - / with n=3, 4, or 5 angl E 1 8 Tl wariablet

can onl have integer values in our case, and is used to describe tiype of perovskite system.lt is
equal to the positive charge of the M site ions in the fully oxidized state of the perovskite. In this
work, no perovskiteswith mixed valence on the A site are considered, such as lanthanum strontium
manganese oxides. These compounds are beyond the scope of this study. Considering that there is
already a rich collection of published work on this topic available (mainly due tthe application of
such perovskite systems in solid oxide fuel cells and on LSMA perovskites for water splitting), the

interested reader is referred to those publicationsi10-112
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Within this work, the following rationale is applied to design perovskite solid solutions as redox

materials (taken from the accompanying peereviewed publications, see alsd-ig.2.5): 95 113

1. Tol erance factor engineering
E Define a stable perovskite structure

2. Selection of M site species

E Define reducibility (redox thermodynamics)
3. Selection of A site species
E Match ionic radiianoerfeacthonr arget tol e

Tolerance factor Engineering

It is assumed that the species in these perovskite solid solutions are statistically distributed (ideal
solid solutions). It is a generally accepted paradigm that isomorphic mixtures are formed if the
difference in ionic radii does not exceed 15 %. This rule of thumb also originates in the work of V.M.
Goldschmidt, in fact it has been introduced in the same publication as the tolerance fac®rThese
considerations are still valid today, nevertheless many exceptions from these rules have been found,
mainly attributed to covalent bonding.114 For most of the compositions studied in this work, covalent
bonding does, however, not play a significant role. As the ionic radii of most species considered for
solid solutions on the perovskite sites differ by less than 15 %, we can assume ideal saaution
formation for the most part. Larger differences in ionic radii occur for A site cations, but as we are

only mixing species with small differences in radii, i.e. only @awith Sr2*, never C&" with Baz*, ideal

solid solutions should still form. The ionic radii of ! ! - - / solid

solutions can then be calculated using a modified tolerance factor with weighted averages between

OEA EITTEA OAAEE 1T £ OA 167186 AT A -87-88 OPAAEAO(
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The M site composition is chosen according to thermodynamic considerations (see later section). A
target value for the tolerance factois then defined. This target value is chosen based on the fully
oxidized state of the perovskite|( = 0). For our large scale materials screening with many different
perovskite species, we define the target tolerance factors in such a way that no phase change is to be
expected during reduction, especially no transition between hexagonal or rhombohedrahd cubic
forms. Naturally, some distortion of the perovskite will occur during reduction, but by defining target
tolerance factors around 1 or slightly above 1 fon = 4, and 5 and around 0.945 for n = 3, stable

perovskite structures should form. If the blerance factor decreases upon reduction, no phase
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transitions should occur (seeFig.2.4). If, however, phase transitions shall be caused deliberatelg
target tolerance factor at the lower end of the stability range of a certain type of structure is chosen,
i.e. 1.021.03 to induce a transition to cubic structures upon reduction. After choosing the target
tolerance factor and defining the M site compsition, the average ionic radius of the A site ions can be
calculated which is necessary to reach a certain tolerance factor. We can then choose those two A site
species which lead to an overall charge neutralitpf the perovskite and use their ionic radii  and

i to solve Eq. B for x. By this means, we obtain a composition on the A site based on the
composition of the M site and on a target tolerance factor. IRig. 2.6, this is shownexemplarily for
perovskite solid solutions with a targetd= 1.006 in then = 4 system, i.e., with alkali earth metal ions

on the A site. The target tolerance factor 1.006 is chosen as it is the tolerance faabSrFeQ, which

is used as a reference here.

1.0

- M'=Fe M"=Mn
0.8} — M'=Co M"=Fe

— M'=Mn M"=Tij

0. L L L
8.0 0.2 0.4 0.6 0.8 1.0
y

(A,XA”1-x)(M,yM”1-y)O3
A’ =Ca, A” =8r, t=1.006

Fig. 2.6. Relation between A and M site composition in a perovskite solid solution based on a
common target tolerance factor of 1.006. For high titanazoncentrations in the Mmi
system, the ionic radius of Biis not sufficient and a mixed $tBa?* occupation is necessary

to reach the target tolerance factor. Adapted from Vieteal.*®

Selection of M site species

For the M site species, we select those elements which show a stable oxidation state both for the
perovskite andfor the brownmillerite state. Moreover, elements with no stable isotopes and heavier
elements with ionic radii too large to form stable perovskites with most A site species are excluded.
Some elements show a clear preference for either oxidation state,.i.A¢* and Cuy+ are rather
unstable.115 The stability of each redox state can be described using the standard redox potential or
the redox enthalpies of compounds with species in those oxidation statesrcdoe compared. The
latter approach is used in this work, mainly by comparing the redox enthalpies of different
perovskites AMQ for the complete reduction to the brownmillerite AcM2Cs, i.e., the conversion from

a state with] = 0.0 to a state withy = 0.5;
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The same A site cation is chosen in order to allow for a reasonable comparison of reducibilites. These
reactions are calculated usindgvaterials Project an online resource containing data on a large amount
of inorganic compounds, including redox enthalpies based on DFT calculatiod¥. 117 If this data is

not available for a certain species, we use data for binary oxides with the same oxidation states
instead. By this means, the expected redox enthalpies can be ranked for different species in different
redox systems (sed-ig.2.5). The redox enthalpies can then be tuned based on the requirements of a
specific application for a perovskite. The two M site species chosen are always those witinimal
difference in redox enthalpy, i.e. Mft and Fe+ for the &€ = 4 system, or Gi* and Fé+for the& = 3
system. The goal of this materials engineering process is to be able to reach any target redox
enthalpy just by mixing the two species with red& enthalpies closest to the target value in the
according ratio. The choice of A site species should only have a small effect on the materials
thermodynamics, as those are not involved in the redox reaction. Therefore, these can be used to
adjust the tolerance factor. This novel materials design method is further explained in section 2.3 and

justified by the experimental results of this work.

Selection of A site species

As A site species, those ions are used which are likely to form stable perovskites witie before-

mentioned transition metals according to the tolerance factors. Three different species are selected

for each redox system £ = 3, 4, 5) to account for small, medium, and large ionic radii on the M site.
Additionally, Mg?+ is selected as a pantial constituent of perovskite solid solutions, as it might be

possible to incorporate at least small amounts of Mg into the lattice, despite its small radius which

makes it difficult to achieve high coordination numbers. It is definitely possible to fon perovskite

phases with only M@+ on the A site under high pressures, and the mineral bridgmanite (MgSO

xEEAE AQGEOOO EI OEA AAOOEGO i AT O1 A EO ufrCi@Al 1 U OF
lanthanides, we only use those species which show no stable oxidation state of +4 to achieve a fixed

+3 oxidation state at all times. Moreover, Pm is excluded, as no stable isotopes exist, and Gd as well as
alheae AO Al AT AT OO AOA 11 0 OOAAR AO OEAOA uBActA OAOU
would make it difficult to prepare stable perovskite structures. From this preselection process, the

elements La, Sm, and Eu are left.
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2.4 DFT -based perovskite screening

Theoretical methods nowadays allow accelerating materials science significantly. By avoiding
laboratory experiments based on trial and error and partially replacing them by computational
materials screening, many work hours can potentially be saved andriovative materials can be
found much faster. One method of computational chemistry is referred to as density functional
theory (DFT). It is based uporsimulating the structure of the electron shell around atoms, as the
electronic charge density is cruciaffor the chemical properties of materialsi20 The electrons are
arranged around the atoms in orbitals, which are zones where an electron can be found with a
certain probability. If time-dependent interactions and relativistic effects are not regarded, one can
use the timeindependent Schrddnger equation to describe an isolatedN-electron system consisting

of atoms or molecules in BorrOppenheimer approximation:120

Oy Oy &N

W is the wave function describing the electron density, the electronic energy is expressed 6y
and the Hamiltonian operator'Odescribes the sum of kinetic andpotential energies in the
system, in the simplest caséhe hydrogen atom) consistent of an operator for the kinetic energy
of the electron and the potential energy of electromucleus attraction.120 In the case of multi
electron systems, electrorelectron repulsion has to be considered as well’he electron density
around an atom is not the same in every direction (except fdrorbitals). Therefore, it is necessary to
determine the spatially dependat electron density using spatially dependent wave functions.
Hohenberg and Kohn showed that the properties of ahl-electron system in the ground state are
determined by the electron density with only 3N spatial coordinates.121 This simplifies the problem
significantly. To describe the wave function of the electrosystem, different approaches to solve the
many-body Schrédinger equation have been developed over the past decad&®. The simplest
method is the HartreeFock approximation, in which products of singleparticle wavefunctions
(Slater determinants) are applied, which are then used to find the minimum energy. Howevehis
method becomes very computationally expensive when applied to larger many electron systems. By
using functionals describing the electron density (hence the name density functional theory), DFT
provides an alternative. Despite DFT being an exact methdidelf, the central problem in DFT is that
for real systems the exchange and correlation functionals decribing the interaction of the electrons
between each other are not known explicity and need to be approximatet3 Many methods exist for
doing so, and one of these methods is referred to as GGA (generalized gradient approximation),
which considers that the electron density is not homogenously distributed over space. It is used

withi n this work as the total energy of the system is given quite accurately using G&ZAAs we are
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interested mainly in redox enthalpies between different phases, this is a paramount feature. Despite
GGA providing a good approximation, it introduces the scalled selfinteraction error, which refers

to a nonphysical electron selfinteraction energy being used. This error is particularly large for
localized electron states such aQand "Qorbitals, which occur in many cases in our perovskitesl” By
adding an energy correction for these cases, this error can be mitigated. This method is referred to as
GGA+"Y. Jainet al.developed a method to accurately predict formation enthalpies of compounds by
mixing GGA and GGA "Ycalculations.117 This method is used within Materials Projectand as the
work presented herein is closely related to and partially based upoMaterials Project it is also used

in the following. Details on the calculation methods can be retrieved through

https://materialsproject.org/docs/calculations . By calculating the difference between the formation

enthalpies of the products and educts of a reaction, one can calculate reaction enthalpies. The so

calculated reaction enthalpies are referred to in the following ag3O

To begin calculating the stucture and energy of a new compound such as our solid solutions, one
must first know some similar crystal structure as a starting point, including the explicit positions of
all atoms without any partial occupancies. This is a problem for true solid soluhs, as it cannot be
said exactly which atom occupies a certain lattice site, but only a probablity can be given to find one
species or the other. Therefore, an approximation can be used by defining superstructures of the
ideal perovskite lattice. We use he crystal structure of the cubic perovskite SrFefas a starting
point, which crystallizes in space grou®21 (0 iol ). Uponreduction to the brownmillerite, another
structure is obtained, in the case of $Fe;Os an orthorhombic structure in space group46 () | A¢
These two structures are used to create 2x2x2 supercells, which with respect to the original unit cells
have exactly the double lattice constant in each direction and contain 8 times as many atoms. In the
case of the brownmillerite, the amount of toms per unit cell reaches 144, which is a high but still
manageable number. The perovskite compositions are then rounded to fractions of 1/8 and thus
discretized. This means that there will be some small error in composition (and thus, also in the
achievad tolerance factor), but the error in composition is smaller than + 1/16, and this
simplification allows us to compute these structures at all. The alternative would be to create a
gigantic unit cell to account for compositions such a€a 29Sr.71FeQ.,, and run out of computation
time very quickly. Moreover, the scaling matrix of the unit cell (in our case a 3x3 diagonal matrix with
a (2 2 2) diagonal vector) must scale the original unit cell to the same extent in either direction to not
create anisotropic effects unrelated to the real situation. The unit cells prepared as input structures
for the DFT calculations are shown in Fig. 2.7 for a perovskite with exemplary composition
Sro.7sCa.2sMno.a75F€0.62503, Which converted to a 2x2x2 superstructure coresponds to a
composition of SeCaMnsFes0,4 for the perovskite, and SgaCaMnaoFe2Oso for the brownmillerite.

By this means, only integer site occupancies are used.
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Perovskite SrgCa,Mn,Fe;0,,
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Fig. 2.7. Exemplary crystal structures of perovskites (top two images) and brownmillerites
(bottom two images) used as starting points for DFT calculations within this work, in this case

for Sip.75C a0 29MNo 37d-€ 62403 aNd Sg.75Ca 29MNg 379 & 62402 5. Thestructures are based upon

a basic cubic perovskite structure and the orthorhombic brownmillerite structurg-eiCgr

The views on the right are from the side with one lattice vector in viewing direction, whereas
the views on the left are tilted projemtis of the threelimensional structure.

An almost endless amount of possibilities exist for distributing the atoms on the different A and M
sites, and we can only pick one of them for DFT calculations, as our atom positions are fixed. To find a
good representation of the actual structure which yields energy values comparable to the actual
values for real solid solutions, we can use different methods. One of them includes the calculation of
the electrostatic energy, which is referred to as the Ewald methodnd yields the secalled Ewald
sum.125 By minimizing the Ewald sum, one should ffid the ordered structure with lowest energy and
therefore the highest probability. This method is carried out usinggymatgen with details given in the
experimental section.126 An alternative would be to use secalled special quasirandom strutures
(SQS)127. 128 These structures repesent the actual properties of a solid solution much more
accurately, but the computational effort for getting these structures increases significantly for the
large structures we are investigating. Therefore, it is not used within this work, but consided an

appealing option for future studies on select systems.
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In summary, mixed GGA and>3GA+"YDFT calculations based on superstructures of prototype
perovskites can be an effective method to retrieve properties of quinary perovskite phases (two
different species on either metal site + oxygen) as solid solutions based on known phadesspite all
efforts, however, theoretical data may be flawed due to incorrect assumptions and inaccuracies of the
models used. Therefore, these methods cannot (yet) entirelseplace experimental testing, but at
least they help streamline the process. Based on a theoretical pselection, a much smaller amount
of materials has to be tested experimentally, and the probability of positive results in experimental

tests is signifiantly increased.

2.5 Thermodynamics and Kinetics

It is generally known that any chemical reaction proceeds spontaneously if the Gibbs free energy is

below zero. The Gibbs free energy results from a transformation of the Gibbelmholtz equation:
w0 0 Mp"Y CPp T

w "Qefers to the change in reaction enthalpy, i.e., the heat effect of the reaction, whereas the change
in entropy is given byw "YThe entropy can be described as the extent of disorder in the system. The
change in Gibbs free energy is temperature dependent, which means in the case of endothermal
reduction reactions, for instance of perovskites in air, an increase in temperature casa decrease

of 3°0 Naturally, this means that thermal reduction reactions occur at high temperature. In addition
to that, both3'Oand 3"Ymay show a temperature dependence. As oxygen gas is one of the reaction
products of the reduction of our redox matrials, the Gibbs free energy also depends on the oxygen

partial pressurery . The Gibbs free energy at any oxygen partial pressure can be calculated from the

Gibbs free energy at standard conditions

w0 WO Povvi TL P p
C n
And in combination with Eq. 2.10:

w0 0 M"Y g'Y"VI Tr;]— ® ¢
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‘Yrefers to the ideal gas constant, ang] is the reference oxygen partial pressure, i.e. the oxygen
partial pressure under the conditions3"O is defined for. Throughout this work, we use] = 1 bar.
The factor ¥z in Eq. 2.12 originates from the fact that we uge "Qw “#nd w "@s per mol of oxygen O,
not per mol of molecular oxygern) . Therefore, the enthalpy and entropy are also referred to as(

and 33 in this work. However, the gas partial pressure refers to molecular oxygen. The redox
enthalpy change per mol of oxygen can also be defined as vacancy formation energy. The keypeié

of this work is to determine WO and 'Y for different perovskites, as these quantities can be used to
predict their redox properties. For nonstoichiometric perovskites, both of these quantities depend
on the oxygen nonstoichiometry] and on the temperature”Y As the nonstoichiometry itself is a
function of i and"Y we have to find expressions for the functionsfO | iV} andw'Y | YR

For the experimental datasets, these are determined by measuring this data and figiit to empirical
model functions, as demonstrated in section 5.1.1. To determine these theoretically from DFT data
and thermochemical databases, we use the method presented in the following which is partially
based on earlier work done for cerigs 129 but is novel in terms of treating solid soluthns of

perovskites.

Theoretical redox enmtfThal pies as a function o

We first assume that the redox enthalpy of a perovskite solid solution depends on its non
stoichiometric oxygen content. A perovskite consisting of two species on tlie site with different
redox potential, i.e. F& and Mré+is expected to be reduced more readily as long as the amount of
Fer species available is still high. After most of the Feis reduced to Fé*, the only way to achieve a
significant increase iri would be to reduce Mr+ to Mn3*, which should be associated with an
increase in redox enthalpy. This assumption is put to the test in a later section of this work. Based on
this assumption, one can define a minimum and maximum redox enthalpy for any peskite solid
solution aslimiting values WO andO for] © mand] © T®, respectively.Furthermore, asolid
O1T1 O0ETT 1 A& &GA G@PO:Ecdn bp dedcribed as an ideal mixture of four pure
perovskite species, i.e. for 3eCa.7Mno 4Fep 60s: 95

304/1f% 33 O&A
3 ~ r‘]“l S‘N_| 8‘Ei 8é"H8"E . c& 0
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It has been mentioned earlier that the redox enthalpy is mainly governed by the choice bfspecies,
and the choice o species has only little effect. For instance, the reduction of CaMn@® the
brownmillerite form occurs with a redox enthalpy change of 173 kJ/mal, whereas SrMn@ is

reduced at 170 kJ/mob according to DFT data fromMaterials Project116. 117 Moreover, differences in
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redox enthalpy induced by differentd cations should be independent of the redox extent of the
perovskite, as these species are not reducedherefore, we can use a weighted average of the
reaction enthalpies of endmembers containing the same species. In the example (Eq. 2.13), this

means that: 9
O ™t JO ™) t JO Pt

5O @t O e 5O SRV

Based on the redox enthalpies of the four pure perovskite species mentioned above (with respecato
complete reduction to the brownmillerite), the redox enthalpy of the solid solution can be

approximated based on data for theolid solution endmembers(seeFig.2.8):

WO 55 5 & ¢O fU O tp U O P @

Fig. 2.8. Approximation of the redox enthalpy of a solid solution based on limiting values
o Khin andp Hhax for the solid solution endmembers with a generic funaiwd@® (blue).

This approximation is only valid if0 ais the more redox active species and thus definegO . In this
casewis the stoichiometry of the more redox active species, which shall be defined @suil the
following, and Eq. 2.16 is then only valid iff = act. If the 3Henamembers Value is the correct average
redox enthalpy of the solid solution, the integral of the real funidbn w™@ over the full non-

stoichiometry range (0-0.5) must correspond to the integral 0B (endmembersin the same range®

WOl A WO 0} P X

b As we see later, this integral also corresponds to the amount of heat necessary for the reductiamd
released during reoxidation in air).
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However, this is not necessarily the case. Ttem-approximated redox enthalpy, which is denoted by
o( , may deviate from the value obtained for the solid solution using DFTu( . The
solid solution does not always act like the sum of its constituents. Nevertheless, it is still necessary to
know enthalpy values not just for the complete reduction from perovskite to brownmillerite, which
can be obtained by using DFT as explained foee, but also the limiting values for the extreme cases.
If those are not known, it is not possible to obtain a function fog{ 1 , as we see later. To resolve

this issue, one can correct the vaks foro and o by the difference betweeny
and o 5 g4

w0 WO @O O Py

=y

WO w0 WO w0 P w

If these corrected values are used to calculate a meal using Eq. 2.16, tk resultis equal to the

value obtained using DFT, but now we also hawstimated values for the extreme point§ = 0 and

1 =05.4EEO [ AOET Ah EI xAOAOh 1| AU /A EdHmn €100 KIimbl AndAAOAOS8
WHmax= 400 kJ/mol based on the redox entalpies of the endmembers, and thaact = 0.5. The result

for (Hendmembersis then 250 kJ/mol according to the equations stated before. Now we assume that

wHoer differs significantly from this value, i.e (Hper = 130 kJ/mol. Then, using Eqn. 2.18 and 21we

getwQ g@i oo ¢ ™®I/Mol and O ¢ Yhd/mol. As the redox enthalpy is negative for

small values of according to the limiting valuewQ ¢z i otBis would indicate that it is impossible to

fully oxidize the material at 1 bar oxygen partial pressure. This result most likely does not describe

the real situation accurately (although, of course, some perovskites show this behavior, but those

would also have much lowergHper values). Therefore, this method fails if the difference between

HpeT and aHendmembers DECOMES too large. In this case it would be more accurate to use the BFT
calculated value both forgHmin and wHmax, €ven though this leadso a] -independent function forw O

| £ A1 OOOA EO EO AEAEZEAOI O OI AdcAtff valug éf Q0 knddloiis 1T AOCA G
defined for the maximum difference betweersHper and tHendmembers, @bove which a & -independent

function for 3+( is used instead of the values from Eqgn. 2.18 and 2.1Bhis cutoff value leads to

reasonable results in most cases.

Now that the minimum and maximum ofwy 'O are defined for every case, one needs to find a model
describing the increase o8 in-between these values and also the temperature dependencesf,
i.e., we need to findp "Q H'Y.First, one can state that the total norstoichiometry as a function of the
temperature "Yand the oxygen partial pressurd) in an ideal solid solution d two perovskites is the

sum of the nonrstochiometries induced in both individual sublattices: 95
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1 "YW o RO 1Y o 1 YN o ] T

The non-stoichiometry in one sublattice] is given by:95 129¢c

1 o - — . <& p

with SAYS (o8 R p OO, GO O ; ,&0 WO | 1 , the ideal gas
constant’, and the partial molar entropy of oxygen as a function of temperatufg “Y. This
partial molar entropy can be calculated using literature values, for instance from the NISTANAF
thermochemical tables30. 131 Using the Shomate equation and the constants published in these
tables, a function3 ; Y results. The total nonstoichiometry is given byEq. 2.20. For a given set of

“Yand] , the oxygen partial pressurg) can be calculated byinding where Eq. 2.20is zero:
m 1 ¥ SO RO 1 & ¢

The result describesny | idO RO RAY. Then,wO1 HY is calculated as a numerical derivative

ofp  with respect to the temperature;%.c

A
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We now have a function forp "Q R'Y. It can easily be seen that calculating this numerical derivative
to find the solution of this function can become tedious for large datasets, so the amount of data
points for which the solution is calculated need to be limited. Using this model, the stganess of the
increase in redox enthalpy upon reduction is temperaturadependent. At low temperatures (well

below ambient temperature), it is very steep, almost resembling a step function. At higher

°Dr. Brendan Bulfin, ETH Zurich,personal communication (2017).
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temperatures (those relevant for solarthermochemical cycks), the result resembles the blue curve
in Fig.2.8.

Theoretical redox emTropies as a function of

The redox entropy changein perovskite solid solutions z similar to the redox entropy change in
ceriaz can be divided into three contributions. The total entropy change can be written as the sum of

the partial molar entropy of oxygen3 4, the vibrational entropy changew Y, and the

configurational entropy changei 1 RY: 95 129,132

w"YRY 235 Y o owi Y o 1RY & T

"Yi Y is often the largest factor in this summation. The release of gaseous oxygen which was bound
in a solid lattice before the reduction reaction leads to gphase change and thus to aramatic
increase in entropy. As explained before, it is can be determinedlatively easily using the Shomate
equation and the NISTJANAF thermochemical tableg3! The change in vibrational entropy is more
complex. The vibrational entropy, also referred to as phonon entropy, results from the excitatiocof
vibrational modes in the lattice. At higher temperature, more of these modes are excited urfiially

all of them are excited and the vibrational entropy stays constant. This is very closely related to the
heat capacity of a solid, as the extent ofhpnon mode excitation determines the amount of heat
which is stored by the solid. To calculate the change in vibrationantropy we use the Debye
model. 133 According to the Debye model, absolute vibrational entropy values as a function of the
temperature (i  "Y) can be determined for a given material usinghe Debye temperaturesO j; of

these phases withh  "WO j; and the ideal gas constarnity: 133
$w W g Qw c& v
i r°Y 2t otilp A it — Q0

The Debyetemperatures of the phases need to b&nown for any non-stoichiometry value] . To
obtain these, we first determine the Debye temperatures of the fully oxidized and fully reduced
brownmillerite phases. Usingpymatgen these can be determined from the elait tensors of these
phases, and those can be determined using DFT (ddaterials Projec}. 126. 134 The Materials Project

website contains elastic tensors for many materials, and they are being calculated for all of the
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materials in our study. As this is a very lengthy and computationally expensive process, some of the
materials still lack elastic data. It is graduallypeing added, and in the meantime, the elastic tensors
for the model system SrFe@), are used as an approximatin. As the vibrational entropy change is
usually the smallest contribution and all perovskites show similar crystal structures (i.e., similar
vibrational modes), the error introduced by doing so is negligible for the most part, especially at high
temperatures where all vibrational modes are excitedT >>0 ).

Now that the absolute entropies for the fully oxidized and fully reduced state are known, one can use
this data to get the change in entropy during reduction. For this purpose, it is assumed that the
vibrational entropy and the Debye temperatureg j depend linearly on] . This assumption is very
accurate, as the amount ofibrational modes scales with the amount of atoms in the unit cellThis is

demonstrated below using data for different intermediate phases in the model system SrF20

580 calculated Debye temperatures for SrFeQ,

560+ adj R? (linear fit): 0.99196
5404
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Fig. 2.9. Debye temperatures calculated for diffar&rFeQ.; phases based on elastic tensors
from Materials Projectand pymatgen?® ***The linear fit shows a very good dependence of
the Debye temperature on the reinchiometry (see the adjusted’R Taken from the
supporting information of Vieteet al %

Using this linearcorrelation between the vibrational entropy and| , the change in vibrational entropy

does not depend ofi anymore as the derivative of the vibrational entropy v§. is zero:

¢ti 5 Y I § g'Y G& X

The factor 2 is owing to the fact that two mol of a perovskite with composition AM@are required to
release one mol of monatomic oxygen. It could be omitted if the entropy change would be given per

mol of & instead.
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Finally, the change in configurational entropy (which describes the amount of possible locations in
the lattice where the oxide vacancies can form) is calculate®erovskites typically show lower
changes in redox entropy than ceria, as only half of the ¢ans in the lattice are involved in the
reduction reaction, as opposed to all of the cations being involved in the case of ceria. This decreases
the amount of possible locations of oxygen vacancies, and therefore decreases the configurational
entropy change. Moreover, the electronic structure of cerium favors a high change in electronic
entropy, which contributes to the configurational entropy.135> Despite the typically higher entropy
change of ceria, the thermodynamic properties of perovskites can be tuned much more accurately to
match the specific application. Additionally, it could be possible to increaséé change in entropy for
perovskites by inducing additional disorder due to phase changes between different perovskite
structures using tolerance factor engineering as described before, or by involving the A site species in

the redox reaction.

For an ided solid solution with two individual sub-lattices, the change in configurational entropy for
the solid solution corresponds to the weighted sum of the entropy changes in each of the datiices.
In analogy to nonstoichiometric ceria, a secalled dilute pecies model can be used to describe the

configurational entropy change of a perovskite in general29. 132

=2,

w R gtodtyt I 1= 1 I
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The factor of 2 is used in analogy to Eq. 2.27, atds a dimensionless constant used to describe the
vacancy ordering of the nonstoichiometric phase according to Bulfin et al. If a = 2, a random
distribution of oxygen vacancies is assumed without any defect orderingg® 132 Using this dilute
species model inwith ;  OWO] 5 p OO, 1 ,and Eq. 2.21 for "¥n (g0
with ® 1hA( B M4 derived using Eq. 2.22, one can determine the configurational entropy

change in one suHattice: 129
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In this work, we assumea = 2, i.e., no oxygen vacancy ordering. In any case, the configurational

entropy change @ the perovskite solid solutionis given by:

o JAY o z1h AYEO o f1h AYO & T
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Kinetics

The reduction and oxidation kinetics in redox reactions are closely related to the reaction
mechanism. While the detailed reaction mechanism of perovskite solid solutions may be complex, it

consists of three principal steps:

1. Diffusion of oxygen to /from the perovskite within the reaction medium
The area around the perovskite should be oxygedepleted as soon as the perovskite is
oxidized. It can be expected that a gradient in oxygen concentration exists within the reaction
medium as long as the reactions proceeding. Conversely, for the reduction reaction, the
gradient is reversed and oxygen must diffuse away from the sample in order for the reaction
to proceed. The oxygen gradient has been modelled very accurately by Lagipal.for ceria as
a redox maerial. 137
In any case, the reaction cannot proceed faster than the rate at which oxygen can &hav
within the reaction medium. If this is the slowest of all processes involved, thistep is
referred to as the ratelimiting step. As an alternative to the free diffusion within a closed

reactor, the oxygen movement can also be forced by using a sweep gapumps.

2. | AOT OPOET T 7TAAOT OPOETT 1T &£ T@UCAT 11 OEA DPAOI OOEE
At the interface between the perovskite and its environment, the oxygen is bound to the
surface of the perovskite, or released from it in case of reduction. According to literatufer
other perovskites and similar oxides, the process of oxygen absorption and desorption on the

surface is assumed to take place in the following steps8-140
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Species marked with an asterisk are surface species. The uptake or release of electrons by the
oxygen species corresponds to the oxidation or reduction of transition metal species in the
perovskite. Apart from the species listed in Eq. 2.8, other oxygencontaining species may
occur on the perovskite surface as well, such 4&{ or#/ .140 The carbonate is ubiquitous

on surfaces ofalkali earth (and most likely also alkali) metal based perovskites, as these
metals form very stable carbonates (such as BaG,Qor instance). These carbonates may be
detrimental for the long-term reversibility of these materials as oxygen carriers in
thermochemical CQ splitting. 141 However, not allperovskites show carbonate formation to

the same extent, and it may also be possible to remove carbonates from the surface to restore

the redox activity of these species (see section 4.1).

3. Internal diffusion of oxide ions within the perovskite lattice
The oxide ions diffuse within the perovskite bulk to decrease local gradients in oxide ion
concentration, and from the surface and surfaceear regions to the bulk. Without this
diffusion process, the perovskites could only be oxidized on the surfacdn the case of most
perovskites, the diffusion rates of oxide ions through the lattice are considerably higkt2 143
Moreover, diffusion rates may be anisotropic.144 However, in the simplest case and
considering cubic oxidesthe oxide ion conductivity, is exponentially proportional to the
negative ratio of the activation energy for oxygen migratioO and the thermal energy,
where Q is the Boltzmann constant143
O
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In the case of more complex structures such as orthorhombic perovskite oxides, the situation
becomes more difficult to describe theoretically. Using methods of molecular dynamics
(MD), the oxygendiffusion in these perovskites can be studied4> However, this is beyond
the scope of this work and may be subject of future studies. The kinetic studies in this work
are limited to measuring experimentally determined halflives of the oxidation reaction for

exemplary perovskites and drawing some conckions from this data.

dIn fact, this happensn the case ofsome other mateials such as aluminumwhich is only oxidized on the
surface as diffusion rates for oxide ions in thexide are very low. This effect is also known as passivation.
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If either the adsorption/desorption or the internal diffusion of oxide ions are ratelimiting, the
particle size should influence the reaction speed. Moreover, intrinsic factors such as the material
composition and crystal structurealso have an effect on diffusion and adsorption/desorption rates,
but not on the diffusion within the reaction medium. Moreover, if other atoms besides oxygen are-re
arranged during the redox reaction, the overall reaction rates are also dependent on thate of
diffusion of these atoms. Also, when comparing redox reactions of perovskites to redox reactions
involving a phase change, it is worth noting that some oxides allow only very slow diffusion of
oxygen within their lattice. For these reasons, perovsies and other nonstoichiometric oxides are
some of the fastestreacting oxides when it comes to thermochemical redox reactions. To distinguish
regimes of different ratelimiting steps, one can plot an observable of the reaction, such as the
reaction half-life, vs. 1/T (Arrhenius plot). Regions with different slopes indicate different diffusion
activation energies, and therefore, different ratdimiting steps. By this means, these regimes can be

distinguished qualitatively.

2.6 Energy analysis of thermochemic al cycles

To choose an ideal redox material for a specific thermochemical process, it is necessary to determine
the amount of energy necessary for each different material per redox cycle. The goal of this work is
neither to give details on a specific reaor design, nor to develop an optimal reactor design for
different thermochemical cycles. The interested reader is referred to existing studies on different
reactor designs27. 146158 |nstead of using a specific reactor setup and limiting the applicability of the
model to this design, a generic concept for the operation of the redox cycle is applied to all materials
in order to compare them. By modifying properties such as the heat recovery efficiency or the
pumping energy, different reactor concepts can be mimicked if those properties are known for these
reactor types. By using this generic energetic analysis, we can itef which material is the most
suitable for an existing reactor under known conditions, but we cannot define which kind of reactor

to use in the first place.

First, we start by defining the conditions for the reduction and oxidation reaction. Theeduction
reaction occurs at the temperaturé¢’Y and under the oxygen partial pressurd) . It is assumed
that a constant oxygen partial pressure is reached at the end of the reduction process, and that the
material is in chemical equilibrium with its environment at this point. As the material releases
oxygen upon reduction, the released oxygen must be continuously removed to maintajn . This
can be performed either by using a pump or a sweep gas with lajv . To compare different redox
materials, it does ot matter which method is used as long as the amount of energy required for
maintaining a constant partial pressure is known, but we specifically calculate the energy demand for

pumps only.
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The oxidation reaction occursat the temperature”Y and under the oxygen partial pressure) . For
water splitting and CQ splitting, there is no defined oxygen partial pressure, but a target ratio of
Hz/H ,0o0r CO/CQ partial pressures shall be used instead. These produeduct pressure ratios can
be directly converted to equivalent oxygen partial pressure values. The equivalent oxygen partial
pressure is ther) which would be reached in equilibrium without the presence of water or carbon
dioxide as an oxidant. The equilibrium in the perovskite is theexact samez whether the oxidation

is carried out under this equilibrium partial pressure in a gas mixture or under the presence of this
oxidant does not matter for calculating this equilibrium. In fact, one could also describe solar
thermochemical water splitting as water dissociation at low oxygen partial pressures achieved using
a thermochemical pump. For the calculation to be valid, it is assumed that the steam or.G©
oxygentfree, or at least contains oxygen in such small amounts that it does nobntribute
significantly to the oxidation reaction. This is usually implied in studies on thermochemical water or
CQ splitting z otherwise the observed oxidation of the redox material would have to be attributed to
the oxygen present in the oxidant streaminstead of the splitting reaction. A good indicator as to
whether this assumption is true is to compare the amount of hydrogen produced to the amount of
oxygen released during reduction. If those differ significantly from the expected 2:1 ratio, it means
that there must be another oxygen source apart from water or carbon dioxide molecules, which can
have many reasons such as leakage, a contaminated oxidant stream, or irreversible redox reactions.
Trustworthy and reputable studies therefore are never based my on measurements of the oxygen

produced, but instead on the actual hydrogen or carbon monoxide production.

To calculate the equivalent oxygen partial pressurg for splitting reactions, we first consider the

equilibrium constants. For water, we have:

WO Y
D | AdD —— & o
U p (%] Y'Y

WO “Yrefers to the formation enthalpy of water at the temperatur€’Y It can be found in
standard textbooks such aBarin z Thermochemical Data of Pure Substanc&8.To get a function
of WO of the temperature, the tabulated values in the rangedm 298.15 K to 2000 K are fitted

linearly. e The resulting function is:

WO Y T8IV ¢ TtY we 1810 dbp e 1T @t

eDr. Nicole Knoblauch, Instituteof Materials Research (DLR)personal communication (2018).
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The equivalent oxygen partial pressure for the water splitting reaction as a function of the

temperature and the partial pressureratio between hydrogen and steam is then given agt3. 160

P 0§ Y
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n

This data is only valid for gaseous water (steam). Analogously, for £litting we can define:

w0 Y
) : )
U j A (4FD) YUY C ()
; vz L g Y
Nk “h N C® X
n

In this casewO is the Gibbs free energy change of the reaction

41 P #/ g/ &

It can be calculated from the Gibbs free energies of formation for g@nd CO (the Gibbs free

energy of formation for Q is zero by definition):

WO Y 5O Y @O Y & ©
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Fig. 2.10. Equivalent oxygen partial pressures for water and carbon dioxide splitting at a
partial pressure ratip(H,)/p(H2.0O) of 0.1 (above) and for watsplitting at different partial
pressure ratios (below). The g8&plitting reaction is favored over the water splitting reaction
at high temperatures

The formation energies can again be taken froBarin at T = 298.15¢ 2000 K using the following

fit functions:

WO Y B tpmitY mhmnogpYowdcotpruren 11 c8 m
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Using this data and the beforanentioned equations, the equivalent oxygen partial pressures can
be defined for different partial pressure ratios of product vs. educt (seEig.2.10). For the overall
process, we consider only the usable energy at the material. This means that the reactor efficiency,
the solar field efficiency, and heat losses due to #mdiation, conduction, and convection are not
investigated. The only heat flow rate considered in our process scheme is the heat used by the

thermochemical process itself, denoted b 5; sLosses have to be added to this value in order to get

the heat flow of total thermal energy from concentrated slar power used (L ). Under these

assumptions, we can formulate an energy balance (ség.2.11): 113
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Fig. 2.11. Process scheme for the operation of a-step thermochemical redox cycle. Solar
energy is captured using heliostats and brought to a receiver in a solar tower, which transports
heat into a cycle. The heat stream reaching the redox material is dendted b@ghemical,
sensible, and pumping energy penalties contribute to the total energy demand of the cycle,
and part of the heat required for reduction can be restored duroxidagion. Water splitting
requires steam generation energy additiondifgndrn are assumed to change gradually
(solid arrows), but could also be changed one after another (dashed arrows). Taken from
Vietenet. al.**?
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The pumping energy is not directly supplied as heat in the case of mechanical pumps, but usually
as electrical energy, which can be generated from thermal energy via turbines and generators.
All contributions to the total amount of energy according to Eq2.42 are addressed in the
following. For the upcoming considerations, we use the amount of total energy required to drive
the process instead of the heat flows, so the thermal energyinstead of0 . As mentioned before,
thermal losses are not further cosidered, and we focus in the following on getting values for

each of the contributions toD

The energy required to drive the chemical reaction is defined by the heat effect of the reaction,
which is again defined by the redox enthalpy. It is referred to a€hemical Energy in the
following, or O . The amount of energy which needs to be supplieduring the reduction
reaction to partially reduce the perovskite can be calculated as the integral 807 RY over the

change in nonstoichiometry and the change in temperature (compare Eq. 2.173

0 w0 RY Q] g8 o

In the case of norstoichiometric phasesthe reduction reaction takes placeover the entire

temperature range, meaning that oxygeris released as soon as the temperature is larger
than ™Y . This also implies that theoretically, the reduction reaction is already completed as soon
as”Y andr are reached. In practice, it will take some time until the equilibrium is reached,
but for all purposes in this section, it is irrelevant how long this takes, as we are considering the
total energy required and not the heat flow rates. As the change in redox enthalpy is
temperature-dependent, we must define how the redox cycle is operated -tmetween "Y

and”Y . The result of Eq. 2.43 is slightly different depending on whether

a) the pressure is first changed isothermally fronty to n , then the temperature is

changed from"Y to Y (lower-left dashed arrow inFig.2.11), or

b) the reverse of (a), i.e. the temperature is changed froflY to”Y , the pressure is then

changed fromny to 1 (upper-right dashed arrow inFig.2.11), or

c) both temperature and pressure are changed simultaneously (solid diagonal arrows in
Fig.2.11).

Within this work, only case (c) is considered as the thermal energy is supplied steadily in this
case, instead of the intermittent heat supply necessary in cases (a) or (b). This shoulaallthe

most efficient use of the solar energy supplied by the solar field, which usually does not vary
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significantly within these relatively short cycle times.To calculate Eq. 2.43 we assume a linear
change of'Yanda &) and define sets ofYandy between”Y 71 and”Y 71 . Using Eqgn.
2.10, 2.23, and 2.24, one can find for which values]othe Gibbs free energy is zero at each given
set of"Yandny . The resulting] can then be used along with the temperaturéYto

calculate5O71 RY, which canthen be integrated overQ].

The amount of Chemical Energy released during theoxidation reaction is equivalent to the
chemical energy supplied during reduction in the case of air separation, as it is the exact reverse
process. However, ifthe chemical energy is partially stored in a fuel, this fraction of the total
energy is not released as heat. Therefore, the chemical energy released during the oxidation

reaction is given asi13

(VR w0 ARYQ] «O Y 81

Interestingly, this amount of energy does not depend on the redox entropy change, &iOdoes.
Therefore, two materials with the samez“Ocan show a different amount of oxygen release under
the same reduction conditions, but require the same amount of chemical energy. Naturally, it is
beneficial to choose the material with highesg"Yif two materials with equal 3"Oare available to

increase the overall process efficiency.

w0 “Y refers to the redox enthalpy of water splitting(ws) or carbon dioxide splitting (cs)

as a function of the temperature, and is zero for air separationiO “Yis equal to the
formation enthalpy of water. It can be calculated using the respective Shomate equation and the
constants published in the NISTJIANAF thermochemical tableg30. 131 As definedhere, "Ychanges
linearly during the whole reduction process, so asa good approximation we can use
Y m® Y Y |, ie., we are using the mean temperature of the procedsor carbon dioxide
spitting, WO “Y can be calculated as the difference of the formation enthalpies of £&and CO
AAAT OAET ¢ O1 (AOGOGBO 1 Ax8 4EAOA /mtadbgdiDkeifdundAT OEAI
using the NISTJANAF thermochemical tables and withYas the mean temperature of te
process. The chemical energy released during oxidation can partially be used to drive the
reduction reaction by using a heat exchanger. The transport medium can be the heated product
gases as well as solid inert particles as heat exchange mediuf,162 or just adjacent reduction
and oxidation chambers albwing heat transfer. The heat recovery efficiency (or heat recovery
rate) of the transfer of chemical and/or latent heat from the oxidation to the reduction cycle is in
the following denoted simply by— j  to indicate that the heat originates from reactions of

the solid redox material. It is important to note that the real heat recovery efficiency will depend
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on the temperature,163 put in our case we are using- as an average valuéAccording to
literature data,— j T seems realistic 163 but the real value has to be determined for
each reactor concept individually. Taking into account heat recevy, the total chemical energy

required to drive a full redox cycle per mol of redox material can be written a$3

0 p - § WOl AiYQ O Y - 8 p cg v

¢

As the heat recovery efficiency influences all materials to the same extent in our model, the
relative differences between different materials are independent of | 7 the heat

recovery efficiencyonly affects the absolute mount of energy consumed by the redox cycle.

The anount of Sensible Energy OA AZA OO O1  épechic héatc@phdnEAAyYi miatérial requires
some energy to be heated from a lowerota higher temperaturelevel, and it stores this amount of
heat as long as it rests at this high temperature level (latent heat storage). The amount of sensible
energy required is initially completely independent of the chemical energy, and would have teb
supplied even if no chemical reaction occwd. The heat capacity of perovskites may be determined
using the Debye model. Second order phase tratiens are ignored in this case, but the Debye model
still offers a good method to get the heat capacitiesifa large amount of different phases without any
further knowledge about these second order phase transitions such as magnetic ordalisorder
transitions. These transitions also often occur at temperatures below those relevant for
thermochemical cycles136 As explained before in the section on the vibrational entropy, the Debye
temperatures O j, of the involved materials arecalculated based on DFT data using their elastic
tensors. As we are using solid oxides only, we assume © and only use the valu& in the
following to denote the heat capacity.With @ “"WO and the ideal gas constan, the heat

capacity per nol of redox material can be calculated:!3. 133, 164

60 06 0 oYttt ——Qd it & o
Q p
The amount of atoms per formula unit is represented by . Although we are using large unit cells

with up to 144 atoms, we normalize the composition to AME&, or, for solid
solutions, ! ! - - / with n = 3, 4, or 5 as explained before and
1 1 1. It follows thatl T® 1. The Debye temperaturesOp andOp g can be

determined indirectly via DFT from the elastic tensors as explained in section 2.5. At high

temperatures (Y>>0 ), the heat capacity only depends ort . By using the Debye model, we
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assume that all perovskites with the same crystal structure have the same amount of excitable
phonon modes, and their composition only influences at which temperature which fraction of them is
excited. As mentioned before, the Debye temperature as a function of the nstoichiometry| can be
estimated accurately using a linear interpolation betweeh  mandj T@®. After substituting w by
“WO j, we can therefore use the following expression for the heat capacity as a function of the

temperature “Yand the nonstoichiometry :

™
™

6 6"H miop i 6% o, ot c& X

The specific molar heat capacity as a function of temperature according to the Debye model is
exemplarily shown in Fig. 2.12 for different intermediate phases fromMaterials Projectin the

SrFeQ@, phase space. The values are in good agreement with literature data, but second order phase
transitions are not accounted for165
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Fig. 2.12. Specific molar heat capacity of different Srke@hases according to the Debye
model using Debye temperatures generated indirectly via DFT using elastic tensors as present
in Materials Projectdatabase. Taken from Vieteh al.(supporting information):*®

The change in heat capacity between the fully oxidized and the fully reduced phase is rather small,
and usually the perovskite is not evercyclized between]  mand] 1@, but the change iff is
smaller. As the change ihis small, the total change in heat capacity can be approximated by
assuming a linear correlation betweefi and”Y The specific molar heat capacity then only depends
on”Y] ,and . The sensilte heat input from the reduction reaction may be partially recovered
during oxidation using solid-solid heat recovery, which lowers the total demand in sensible energy

by a factor of- | . Both the chemical and the sensible energy are recoveredthe same process
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step with the same method, so it is reasonable to couple the heat recovery efficiency for both

contributions.

The demand in sensible energy per mol of redox material can then be determined by integratioh o

the heat capacityover the tempeature between”™Y and”Y ;113
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As mentioned before, the amount of sensible energy requirgaer mol of redox materials completely
independent of the chemical reaction. However, the amount of sensible energgr mol of product gas
is not. As the molar amount of product gas (oxygen, hydgen, carbon monoxide) produced depends
IT OEA AEAT CA EIT -st@dhidmedybeiendidatddandredudiidn, the amount of
sensible energy per mol of product gas will also depend on the change in rstwichiometry under
the conditions applied. Therefore, the sensible heat energy input per mol of product gas is indirectly
dependent on the thermodynamic properties of the material. For perovskites, the sensible heat input
often is even the largest fraction of all contributions to the total enggy demand of the cycle seen per
mol of product gas. This is owing to the fact that the amount of oxygen stored in one mol of
perovskite is rather small compared to stoichiometric phase change redox reactions. For this reason,
all perovskites showing a verysmall change in norstoichiometry under given conditions are not a
good option as a redox material, although the amount of chemical energy necessary for reduction
may be low. The advantage of a low chemical energy input is more than compensated by th¢ tiaat

a very large amount of material would be necessary to produce an appreciable amount of product

gas, leading to a very large input in sensible energy.

Another contribution to the total energy demand of such redox cycles is thtumping Energy . It is
only relevant for the reduction step, and we assume that it cannot be recovered. The amount of
pumping energy required strongly depends on the type of pump used and the individual setup of the
whole process. Nevertheless, one can distinguish two primary t@s of pumps. Firstly, mechanical
pumps are the state of the art pump used to create low oxygen (partial) pressures. The energy
demand of these pumps per mol of gas pumped increases significantly with decreasing pressure of
the gas. While each pump will hae a different energy demand, it is possible to define an empirical
envelope function using data for some mechanical pumps describing their lower limit in terms of
energy demand. This has been done by Brendelberget al, and we rely on the data gatheredyb

these authors in the following.24 The envelope function is defined as follows and only valid in the
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pressure rangep ™ N T bar, and the pressures are converted using p Tand
nof tn e
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A temperature of T = 473 K is assumed as operating temperature of the pump (the temperature of
the gas while it is pumped)effis an empirical function for the efficiency of the pump and) refers

to the work of isothermal compression of an ideal gag.he factor 0.4 refers to an assumed conversion
efficiency from thermal to electrical energy of 40 %, as the pumping energy is always considered as
thermal energy in our case?4 The factor 2000 is needed to convert J/mek to kJ/molo. The resulting
value of Eq. 2.55 in kdJ/ma} is converted to kJ/mol of material by multiplying it with the amount of
oxygen released per mol of redox material, which is known according to the netoichiometry
change between oxidation and reduction. Please note that the pumping energy is not zer@aatbient
pressure, as pumping is required to remove the oxygen produced during the reduction reaction in

order to maintain a constant oxygen partial pressure.

Another appealing option for maintaining a low oxygen partial pressure is thermochemical pumping.
This idea is relatively new, and it may be promising for application at low oxygen partial pressures in
water splitting or carbon dioxide splitting, as the energy demand per mol of oxygen pumped is
significantly lower than when using a mechanical pumg#4 166 The principle of such thermochemical
pumps is based upon a secontedox cycle with a material that is reduced at lower temperatures.
This material serves as an oxygen absorber during the reduction process in the splitting cycle, and
requires a lower amount of energy to be reduced than the material used for water or carbalioxide
splitting itself. Moreover, due to the direct use of heat in both cycles, no conversion losses in
electricity generation occur, and by coupling both processes, the heat released in one process can
partially be re-used in the other process. The pgential of such thermochemical pumps can be
roughly estimated by using constant redox enthalpies for some exemplary oxygen carrier materials
based on DFT calculations iMaterials Project(SrFeQ: 84.6 kJ/molo, SrMnQ: 170.3 kJ/mob, and

fDr. Stefan Brendelberger|nstitute of Solar Research (DLR}personal communication (2018).
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EuFeQ: 282.5 kJ/molc) and assuming a temperatureindependent heat capacity o = 120 J/molK
(per mol of redox material).116. 117, 165, 166Thjs means that the vibrational entropy change is zero, and
the sensible energy demand is simply gen byd t3"Y Assuming no heat recovery, a dilute species
model for the configurational entropy change, and using the GibH3elmholtz equation (see section
2.5) to calculate the state of the chemical equilibrium, one can determine the amount of energy

required to pump one mol of oxygen for different types of pumps (sefeig.2.13).

Tox = 400.0 °C, Treq = 800.0 °C (air)
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Fig. 2.13. Energy demand to pump one mol of oxygen for mechanical pumps (magenta, only
defined atp m 1 ) ) and thermochemical pumps based on different redox
materials. The dashed black line refers to a cascade of reactors using all three materials.
Thermochemical pumps are more efficient than the best mechanical pumps at pressures
oxygen partial pressures balp T 1 p Tt bar. Adapted from Vieteat. al.*®®

The mechanical envelope function as previously defined describes the lower limit of energgmand

of mechanical pumps, taking into account conversion losses from thermal to electrical energy. SrkeO
and SrMnQ appear to beideal as redox materials for such applications, and the energiemand of a
pump based on such materials is lower than the energyemand of mechanical pumps if the oxygen
partial pressure is belowp 1 z p 1 bar. Nevertheless, if comes close to 0.5 during reduction of
these materials, a high amount of redox material would be needed to generate a significant amount of
oxygen and tre energy demand of pumping increases significantly. Due to its high redox enthalpy
change, the reduction extent of EuFefds negligible in air, which leads to a very high energy demand
per mol of oxygen16é However, if all three materials are combined in a cascade of reactors, each of
them can be operated in the ideal pressure range. This means that Srg&Cused to initially lower
the oxygen partial pressure, and then SrMn{Jurther lowers the partial pressure level from there to
the next lowest level, and so on. As mentioned before, the energy demand of thermochemical pumps
is calculated without considering heat recovery in our brief estimation. Using solidolid heat

recovery, these pumps could be even more efficientt® In summary, thermochemical pumps seem to
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be a viable option for vacuum pumping in thermochemical processes, and should be ddesed
whenever reduction pressures in the submillibar range are required. Within this work, we do not
consider the option of using a sweep gas to lower the oxygen partial pressure. It has been shown that
sweep gas operation leads to even lower overall pcess efficiencies than mechanical vacuum
pumping. 150 However, if the sweep gas is recovered using a redox material, the process could be
calculated the same way as the thermochemical pump, with the added penalty of sweep gas pumping.

Only in the case of thermochmical water splitting, we neeal to consider a fourth contribution to the
total energy demand of the redox cycle: The energy penalty 8feam Generation. The steam used as
an oxidant needs to be preheated in order to maintain the oxidation tenperature of the redox
material. Moreover, water at ambient temperature first has to be evaporated to generate steam. The
energy necessary for steam generation is reverse proportional to the target ratio of hydrogen vs.
water. In other words, this means that if the steans only converted to a small extent in theeactor, a
large amount of steam needs to be generated in order to create a given amount of hydrogen. When
considering the whole process efficiency, this contribution must not be neglected. Many materials
apparertly offer the possibility to save energy with respect to the state of the art as they can be
reduced at lower temperatures or higher oxygen partial pressures, but at the expense of low
conversion rates. It is difficult to reach a low steam generation eneygdemand and a low chemical,
thermal, and pumping energy demand at the same time, therefore, the overall energgmand must

be considered and minimized. The energy for steam generation can be directly supplied as thermal
energy using stateof-the-art technology, as solaithermal power plants rely on evaporating steam to

drive turbines and generators.

To calculate the steam generation energy , we start by defining the mean temperature of the
oxidation process’Y T® Y Y . This is thetemperature the steam needs to be heated to on
average, which can be used as a good approximation, similar to the calculationoi® Y.

Moreover, the water feed temperature’Y is defined as a starting point. The heat capacities of
liguid water (6 ) and steam ¢ ) are calculated by using the Shomate equations with
constants from the NISTJANAF thermochemical tabled30 131 The heat of vaporization,JO of

water at 100 °C is 40.79 kJ/moké? Please note that all values are considering water at ambient

pressure. The steam generation energy can then be given as:

1 ® #q A4 3 # 5 Adtp s ¢ ¢

If 4 o X K, Eq. 2.2 must be replaced byi13
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This energy demand is given per mol of water. To obtain the energy demand per mol of hydrogen

produced, it needs to be divided by the target partial pressure ratio of hydrogen vs. water:

- 0
v A (7 B T

The resulting value can be converted to a value per mol of redox material using the Ron
stoichiometry change of the redox material. The energy demand can be lowered if the heat necessary
to generate steam is (partially) recovered from the steam leang the reactor. In this work, this heat

recovery efficiency is denoted by

This concludes the contributions to the total energy demand of the redox cycle. On the previous
pages, equations have been stated to calculate the energy demand per mol of redox material or per
mol of product gas. For water splitting, one can also calcutatthe heatto-fuel efficiency of the
process, considering hydrogen as a fuel. This efficieney 5 is given as the quotient of the
heating value of hydrogen and total demand in thermal energy per mol of hydrogen @s

(consisting of the contributions mentioned before):

((6

0

Cd v

For the heating value of hydrogen, we can use the higher heating value (HHV), considering that heat
is regenerated from the product gases after combustioA¢® It is important to point out that this
efficiency value is the upper limit for the efficiency of the real process, and does not correspond to
the solar-to-fuel efficiency. This value is typically significantly lower than our calculated value, as the
solar field efficiency, the receiver efficiency, and thermal losses are not further csidered. Especially

at the high temperatures necessary for thermochemical water splitting, these losses become

substantial.

Besides the heat to fuel efficiency and the energy demand per mol of redox material, the total energy
demand can also be given in ber units. The conversion between those is given ifiable 2.3. Using
the theoretical description of the perovskite chemistry, the redox thermodynamicsand the

energetics of redox cycles described in this chapter, new perovskite materials are prepared and
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analyzed within this work. The experimental methods necessary to prepare these materials and

gather experimental and theoretical data are summarized ithe following chapter.

Table 2.3. Conversion of energy values in different units for analysis of different redox
cycles. Taken from the supporting information of Viet¢ml.'*?
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Energy in kJ/mol of redox material

Oxygen nonstoichiometry of the perovskite in the oxidized state

Oxygen nonstoichiometry of the perovskite in the reduced state

Change in oxygen nosstoichiometry during the redox cycle operation;
can also be interpreted as m@ molredox material

Molar mass of the redox material in its oxidized state (at ) in g/mol



3. Methods and Materials
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Fig.3.1. lllustrative representation of some of the methods used within this work. Perovskites are synthesized-a@dcitric
autocombustion and their mass change is analyzed using thermogravimetry. Theoretical data is gathered via pymatgen and
Materials Projectising Computational Chemistry. Adapted from Vieterl **°

Perovskite solid solutions with different composition are synthesized and characterized within
this work. Methods of characterization include thermogravimetrRa¥X diffraction, and
X-Ray spectroscopy. In parallel, theoretical data is gathered Msitegials Projectpymatgen

and density functional theory. The data is used for modelling in a custom PYirogram,

which can be used to predict the redox properties of over 200 petessknder different
conditions, and rank the materials by enedgynandin different thermochemical processes.

The methods used for experimental synthesis and computational chemistry are explained in
this section. As the methods are generically applied albrsamples with only minor
compositiondependent changes, they allow screening a large set of different perovskite
materials with different redox properties.

This chapter is partially based upon the following perviewed publications authored ando-authored by the author of
this work:

Vieten, J.; Bulfin, BHuck, P.Horton, M.;Guban, D.; Zhu, L.; Youjun, L.; Persson, K.; Roeb, M.; Sattler, C., Materials design of
perovskite solid solutions for thermochemical appplicatiBnergy & Environmental Science 2019, 13691384.

Vieten, J.; Bulfin, BSenholdt, M, Roeb, M.; Sattler, CSchmicker, M., Redox thermodynamics and phase composition in the
system SrFe-SrMnQ. . Solid State lonicz017, 308,149-155.

Vieten, J.; Bulfin, B.; Starr, D.E.; Hariki, A.; de Groot, F.M.F.; Azarpira, A.; Zachaus, C.; Havecker, M.; Skoobfeskeh,K\;;Kn
Schmiicker, M.; Roeb, M.; Sattler, C., Redox behavior of solid solutions in thégDkesystem for application in thermochemical
oxygen storage and airgaration. Energy Technology 207 (1), 131139

Vieten, J.; Bulfin, B.; RmeM.; Sattler, C., Citric acid attombustion synthesis of-ontaining perovskites via aqueous precursors.
Solid State lonics 2018, 315;92.
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3.1 Synthesis of perovskite solid solutions

Perovskite solid solutions can be synthesized via different routedt is possible to prepare many
perovskites directly from binary oxides by just mixing these oxides and treating them at high
temperature. This so-called ceramic method has proven to be very useful in many casé&®. 171
However, the temperature necessary to get the target perovskite is compgten -dependent, which
makes it difficult to use one method for all perovskites in a large screening. Moreover, some
perovskites cannot be produced via this method, such as @oped SrFe@. or Ti-containing
perovskites.16. 172 Also, some perovskites require many intermediate powdering anderheating steps

in order to get a phasepure substance using the ceramic method?3 A better option is the use of
precursors for the synthesis. One of the most weknown and versatile precursorbased methods for
perovskite synthesis is known as the citric acid aut@ombustion route or Pechini method, which is
named after Maggio P. Pechini who introduced thiwet-chemical synthesis route in 1966174178 The
different cations are supplied & aqueous solutions of metal nitrates mixed according to the target
composition, and citric acid is added as a complexant and chelating agent. After evaporating most of
the water from the solution, a gel forms, which spontaneously ignites at higher tempertaes. The
AEOOAOGA EIT O OEAOAAE OA Al 61 AAOG AO A OAZAOAI 6h xEEATI
oxidizers. The resulting metal oxide powder contains the metal ions as oxides in homogeneous
dispersion, serving as an excellent precursof the subsequent high temperature treatmenti72 This

method is elaborated in the following, and consists of four principal steps (ségg.3.2).

¢ Preparation of reactant solution

» Evaporation of water, gelation

e Auto-combustion

» Oxide synthesis at high
temperature

Fig. 3.2. Synthesis procedure for perovskites using a citric acid-cartibustion route.
Adapted from publications by Vietest al.?3 172 179
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1. Preparation of reactant solutions (agueous metal citrate/nitrate mixtures)

To prepare perovskites using the citric acid autwombustion route, metal nitrates are dissolved in
water to yield 0.1 M solutions. The used starting materials are listed in the appendix (see sect®i).
Alternatively, metal species can be supplied as carbonates, which readily dissolve in an acidic
environment at elevated temperature. This is done in case of the initial studies using -daped
SrFeQ.. complexes, vhere Sr has been supplied as Sr@@olution. After mixing the metal salt
solutions in the stoichiometric ratios according to the intended perovskite composition, 4 mL of a
2.5M citric acid solution are added (from anhydrous citric acid, 99 %, Merck). Inng case, it is
necessary that enough nitrate species are present as an oxidant, and the fuel (citric acid) is used in
excess. The exact ratio between nitrate and citrate ions varies, but does not have an effect on the
success of the synthesis in our casas all precursor materials are treated at high temperature after
citric acid auto-combustion. However, this ratio affects the reaction speed of the autgnition and

the particle size of the resulting precursor oxidestgo

For most of the metals used within thé work, stable nitrates are available and can easily be dissolved
in water. However, this is not the case for titanium. Chemically stable titanium nitrates do not exist,
which makes it necessary to use different precursor$s? The most common alternative is to use
titanium alkylates such as titanium isepropoxide.182 However, these alkylates are very easily
hydrolyzed in water, which would make it necessary to work in a nomqueous mediumi72
Alternatively, titanium chloride or sulfide could be used as starting materials, but at the disadvantage
of having to remove these ions in a second step. For instance, if chloride ions are not removed, these
ions can be incorporated into the perovskite lattice on the oxygenites and potentially alter the
DAOT OOE E OA §89183pdD ihi® rd=3dd Fakayel synthesis method has been developed as part
of this work. It is based upon preparing the welknown peroxo-citrate complex of titanium via
dissolution of titanium species in alkaline hydrogen peroxidet84 For a residuefree product,
ammonia is used to alkalize the solution. However, the previousknown methods involve the
dissolution of titanium in this mixture, which is either very slow if titanium is supplied as granules or
as a coarse powder, or the reaction has to be performed under protective gas to avoid sgffition of
fine pyrophoric titanium powder. However, it has been found that titanium(ll}oxide dissolves
readily in a mixture of hydrogen peroxide and ammonia at moderate temperatures’2 For this
purpose, an aqueousmixture of hydrogen peroxide and ammonia in the volume ratio of 3:1s
prepared and titanium(ll)-oxide (99.5 %, Alfa Aeasar;325 Mesh powder) is added slowly in the
amount according to the intended perovskite composition. Typically, 30 mL of 3@ H.O, (30 %,
Merck, stabilized) aremixed with 10 mL of 28-30 % NH: (reagent grade, 2830 %, Merck)in a large
beaker to account for the strong gas evolution and foam generation. For perovskites with high
titanium content, it may be necessary to use a larger amount of this mixture to completely dissolve

all of the titanium(ll) -oxide. The beaker should have at least 10 times more volume than the solution
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before the titanium(ll) -oxide is added. Moreover, it is useful to partially close the beaker with a lid.
After adding the titanium monoxide while stirring, the solution is slowly heged until the hydrogen
peroxide notably decomposes, which is indicated by vigorous gas evolution (sEig.3.3) and a color
change to bright yellowshowing the formation of the titanium peroxo complex185 Heating is then
suspended, and the gas evolution stops after a few minutes. If not all the titaniumgdxide is
dissolved at this point, the previous stps are repeated by adding more of the hydrogen
peroxide/ammonia mixture. After dissolving all of the metal oxide, 4nL of a 2.5 M citric acid
solution (from anhydrous citric acid, 99 %, Merck) are added while the solution is still hot, which
leads to a olor change from bright to dark yellow/orange, most likely indicating the formation of the
(ammonium) titanium peroxo complex.172, 184, 186 The other metals are then added as nitrate

solutions as explained above.

R

Fig. 3.3. Left: Titanium(ll)-oxide (grey powder on the bottom of the beaker) is added to a
mixture of hydrogen peroxide and ammonia in the volumetric ratio 3:1. Right: At elevated
temperature, the hydrogen peroxide partially decompasésr vigorous gas evolution while
forming a yellow titanium peroxo complex.

2. Evaporation of water/gelation

The citric acid in the solution enables the formation of chelating metal complexes, which are present
in aqueous solution.177. 187 Most of the water from these solutions is then removed by evaporation of
the reaction mixture in an open glass beaker under continuous stirring. When almost af the water

is removed, the viscosity of the mixture increases significantly and a gel forms. For this reason, this



3.1Synthesis of perovskite solid solutions 60

protocol is also characterized as a soalled saegel synthesis method. This gel contains the metal

nitrates as large polymerlike agglomerates interlinked by chelating citric acid ions.

Fig. 3.4. Patrtially closed reaction vessels with expanding and decomposing gel. In the left
beaker, the gel is still containing a large amount of water and in the liquid state, whereas on
the right side the gel is already dried completely and forms a foamy solid.

3. Auto-combustion

As soon as theyel is formed, the stirring bar is removed from the mixture, and the reaction vessel is
partially closed with a lid (seeFig. 3.4). Partial closure of the reaction vessel has proven to be the
optimal compromise between a too vigorous reaction in air with some of the fine powder being
ejected from the beaker, and a too slow reaction under isolation from the ai 172179 The reaction
mixture is then transferred on anlKA GMAG HP 10 hot plate gccording to the manufacturerthe
maximum temperature of this hot plate is 500 °Q, and further heated. The temperature is first
increased to 130200 °C in steps of 120 °C within one minute, then to 300 °C after -5 min
(according to the thermostat setting). After 2 min, the thermodat is set to 500 °C, which leads to a
temperature of 400°C in the center of the hot plate and 206800 °C in the reaction mixture
(pyrometer readings). 172 The gel decomposes at elevated temperature under volume expansion,
releasing nitrogen oxides and decomposition products of the citrate ion&’2 188 The expansion of the
gel depends on its composition. Ultimately, at 20800 °C, the gel ignites in a spontaneous auto
combustion reaction, in some cases accompanied by a flame of burning organic matter, sometimes in
a less vigorous reactiorwith a glowing reaction front traveling through the reaction mixture within
some seconds (se€ig.3.5). After auto-combustion, an oxide powder remains, showing a dark brown

to black color. The powder is then pestled to yield a uniform fine mixture.
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Fig. 3.5. Citric acid autecombustion reaction to create perovskite precursors. Top row, from
left to right: Reaction of a Calcium strontium iron cobalt oxide mixture. Bottom row, from
left to right: Reaction of a strontium iron ice mixture. The intensity of the reaction and its
speed depend on the composition of the reactive mixture. All images are still frames extracted
from a video and cover a time span of < 5 s. The video used for the lower row has previously
been published asipplementary material in Vieten. al.*

4. Oxide synthesis at high temperature

The fine oxide powder remaining from autecombustion is transferred into alumina crucibles.
Afterwards, the samples are treated at high temperature in a muffle furnace (Carbolt®HF 14/35).
The crucibles are kept open, as synthesis is performed in ambient air. The furnace is initially heated
to 800 °C, and this temperature is maintained for 10 h. An initial heating rate of only 2 K/min is
chosen to slowly decompose potentially remaining carbimaceous species without causing vigorous
reactions. After the treatment at 800 °C, the furnace is turned off for 4 h (reaching 3@@O0 °C at the
end of this period172), and then reheated to 800 °C at 5 K/min. This temperature is again maintained
for 10 h, and the furnace is turned off for 4 h. As the final step, the samples are heated to 1300 °C at 5
K/min, and this temperature is maintained for 20 h.The samples are then cooled down to ambient
temperature at 5 K/min or less (natural cooling at low temperature, as the furnace is not actively
cooled). The synthesis program is summarized iRig.3.6. The temperature steps are chosen to allow
optimal solid-solid diffusion during the reaction. The reaction temperature in a solid state chemical
reaction should be chosen at around 2/3 of the melting poinof the lowestmelting reactant (in our
case manganese oxides)?2 189 Therefore, the first two steps are chosen to be at 800 °C. The final
step is at about 2/3 of the typical melting temperature of perovskites and is chosen to allow crystal
growth, which should yield a purer and more crystalline product. This upper temperatre step is

selected according to reports in the literaturei® Due to the relatively low melting point of cobalt
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containing ferrites, the final step has to be modified to 1100 °C for those samples. Apart from that, all

perovskites are synthested using the same temperature program.

1400
1200
1000 5 K/min :
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800} -
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Fig. 3.6. High temperature synthesis program for perovskite phases. The maximum
temperature in the third step is changed to 1100 °C fecdbtaining samples. Taken from
Vietenet al. %3 172179

This concludes the set of steps necessary for perovskite synthesis using the citric acid auto
combustion route. For comparison, solid state routes are applied as well. An attempt is made to
synthesize CaTdsMno+Os; using a combination of the ceramic method and the citric acid auto
combustion method. Citric acid autecombustion is carried out as mentioned above, lHuvithout a
titanium source. Before the powder resulting from autecombustion is treated at high temperature in
the furnace, the stoichiometric amount of titanium(IV}oxide powder (99.995 %, Alfa Aesar
Puratronic, -22 Mesh) is added and thoroughly mixed wih the precursor oxide powder in a
mortar. 172 The high temperature synthesis is then carried out using the same steps as mentioned

before.

The perowskites synthesized include mostly solid solutions in thé ¢ system (see section 2.3) with
tolerance factors ofo= 0.995 (tolerance factor of CaMngas a reference), 1.006 (reference: SrFe})
and 1.015, in order to study the effect of tolerance factorariations. All synthesized perovskites are

listed in the appendix (see section 8.2).



63 3.2Phase analysis

3.2 Phase analysis

The composition of the prepared oxides is studied using standard methods of solid state analytical
chemistry. With the help of XRay diffraction (XRD), the crystal structure of the samples can be
studied using the diffraction of XRays on the lattice planes causing angliependent interference
patterns. XRay diffractometers by Siemens (model 3000) and Bruker (model D8 Advance) are
used to study the diffractograms of polycrystalline powdered samples placed on Si single crystals.
Both devices are equipped with XRay tubes producing CtK, radiation. The Siemens diffractometer

is applied to scan samples in aXrange from 10° to 90° in steps of 0.02° with 6 s exposure time per
step. Due to the relatively long measurement times, it is only used to study individual samples within
the initial tests of this work, and for the studies on perovskite phase transitions. Inoatrast, the
Bruker diffractometer allows faster measurements due to its area detector, and is therefore used for
materials screening with shorter exposure times (2 s) and larger step sizes (0.05°), and for the tests
using Cudoped SrFe@, (2.5 s exposure 0.03° step size to achieve higher resolutioné 172 In-situ
X-Ray diffraction experiments are carried out in atmospheric air at temperatures between 400 and
1200 °C in steps of 40 °C using a high temperature chamber HTK 1200N by Anton Paar and the D8
Advance diffractometer using a Gobel mirrorThe phase compositio is studied using the ICDD
PDF2 database in combination with Bruker Diffrac.Suit&4, where the K (signal and the background
are removed electronically. Subsequently, the lattice parameters of some of the samples with high
quality XRD data are refined aawrding to the Rietveld method with the help of reference cif files from
the Crystallography Open Database (COD) for known perovskite phases ansing the software
MAUD 179, 191-193

Furthermore, the composition of some samples is investigated using energlspersive XRay
spectroscopy (EDX). Powdered samples are coated with Pt for -B® s to increase theirsurface
electronic conductivity using Arsputtering. The samples are then placed in a Zeiss UlkEb SEM
microscope equipped with an Oxford INCA X-Ray detector 6 23 where the energy of the photons
emitted by the sample is measured. This energy is characteristic of the composition at the area of the
sample irradiated by the electron beam, and by scanning over the sample, maps of the distribution of
elements overthe sample can be drawn. However, the surface morphology may lead to some errors.
For some more detailed studies, samples are not used as powders but as annealed pellets, which are
prepared using a hydraulic press, treated at 1300 °C for 10h in a muffierhace, and then are cleaved,

polished, and coated with Pt using sputtering as explained befori.
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3.3 In-situ X-Ray photoelectron spectroscopy (XPS)and X-Ray

absorption spectroscopy (XAS)

Fig. 3.7. In-situ synchrotron XPS/XAS setup. TheRay beam is inserted from the right side
through a nozzle. The chamber (clageview on the right) contains the sample in the center
heatedlglzia a tantalum back sheet and an infrared laser from the bacR®(léftpges: B.
Bulfin.

The redox reaction is studiedin-situ using XRay photoelectron spectroscopy (XPS) and-Ray
absorption spectroscopy (XAS). XPS is based on the interaction eR&y photons with the electrons

in the material, which leads to the excitation of electronic states and their subsequent rektion
under the release of photoelectrons with characteristic energies. XAS has a similar working principle,
but is based upon the absorption of Rays by the sample due to electronic excitation. Whereas XPS
uses secondary radiation emitted by the sampleXAS is based upon measuring the intensity of the
primary radiation weakened by the sample to create absorption spectra. Due to their different
electronic energy and occupation of energy bands, different chemical elements can be distinguished
using XxRays nteracting with the samples both in XPS and XAS. Moreover, different oxidation states
of the same element can be distinguished in the same way. Due to the subtle differences in electronic
structure in these cases, and to allow detecting elements in smalbrcentrations, all these
measurements are carried out using synchrotron radiation. The ISISS beamline at the HZB
(Helmholtz-Zentrum Berlin) synchrotron source BESSY Il is used, as it allows studying the samples
under redox conditions using pure oxygen atmgpheres with total pressures of up to 1.0 mbar (see
Fig. 3.7). 16,132,194 Due to the considerably high operation pressure compared to vacuum XPS/XAS,
this setup is also refered to as nearambient pressure XPS/XAS (NARPS, NARXAS). The samples
are studied as compressed pellets prepared using a hydraulic press without further treatment. The
sample holders and the setup are described in the literature in further detait®® To study the

materials properties at elevated temperature, the samples are irradiated using an infrareldser,
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reaching temperatures of up to 700 °C. This temperature is significantly lower than the maximum
temperature achievable in the thermobalance, but the rather low oxygen partial pressures in the XPS
setup nevertheless allow reduction to a substantial x@ent. The temperature is monitored using a
pyrometer and a type K thermocouple in contact with the sample. XAS data is measured as total
electron yield (TEY) and calibrated using the mirror currents. Te&heck for beam damage, the i
XPS signal is mondred. In the case of XPS measurements ono@arn -MnOz., samples, the photon
energies are calibrated using the Car) XPS signals and their respective second order peaks. In the
case of SrFe.CuQs, samples, the S XPS signal is monitored instead to check fasystematic
variations and errors.16.132 The spectra are analyzed using theoftware XPSPeak 4.1 and SpecsLab
Prodigy. A Shirleytype background is subtracted in the case of XPS, and the peaks are fit using
symmetric functions of mixed Lorentzian and Gaussian type (80 % Lorentziari}.

N
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thermogravimetric experiments

The central method used for analysis of the redox behavior of perovskites within this woris
thermogravimetry. The mass change of perovskites is monitored in dependence of the temperature
and oxygen partial pressure, and as this mass change is induced by the release or uptake of oxygen in
the samples, measuring the change in mass allows detemrg the change in norstoichiometry of

the perovskites. The relationship between the mass change in g&) and the change in non

stoichiometry 3} is given as?®2

W] —t— oP

0 refers to the molar mass of oxygeyy is the molar mass of the perovskite, and is the initial
mass of the sampleThermogravimetric analysis is performed using a thermobalance by Netzsch,
model STA 449 F3 Jupiter using a silicon carbide furnace. The balance is continuously kept at
constant temperature with water to maintain a temperature of the weight measurement dewve of

27.0 °C. The oxygen partial pressure is monitored using an integrated oxygen pump/sensor system
containing a lambda probe. The system is manufactured by SETNAG, and also allows small changes in
the oxygen concentration by using an oxygen pump basexh a ceramic membrane. By changing gas
flow rates using mass flow controllers, the oxygen partial pressure can be regulated in a range of
~ 104to 0.9 bar. Ar (Linde, grade 5.0), synthetic air (Linde, 80:20 mol% mixture of;Nind ), and
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O (Linde, grade4.5) are used as purge gases, and the Ar is also used as a protective gas. Ceramic
sample holders covered with Pt foil are used. The samples are placed onto these sample holders as
powders in an amount of ~ 100z 300 mg. The maximum oxygen partial pressar which can be
measured by the lambda probe is 0.25 bar. Some measurements are carried out at 0.9 bar, and in
these cases, the oxygen partial pressure used for further analysis is calculated using the flow rate
ratios of the gases?2 All measurements of redox thermodynamics are intended to be carried out in
equilibrium, meaning thata is zero if3"Yand 3f] are zero. In some cases, especially at lay , the

state of constant mass is reached only slowly, as it takes some time until the target oxygen partial
pressure is reached. For this reason, the sample is ovieeated for a short period of time (70 K above

the intended temperature level) to reach the equilibrum state faster92 132 Further analysis is

performed using a standardized method and a python script developddr this purpose.?

Different programs with different "Yand | steps are used to analyze different samples with
different redox enthalpy. The steps are set to cover a large range3f according to the expected'O

of the perovskites. All measuremerd using different measurement programs typically take about
30-40 h in total. In all cases, an empty measurement (same configuration but with empty sample
holder) is subtracted first to accountfor systematic errors induced by the sample holder itself ands

different buoyanciesin different gases(seeFig.3.8). 23
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Fig. 3.8. Raw data from thermogravimetric analysis of a perovskite sample, mass change in %
vs. time in minutes. Green: original data, blue: enmp&asurement, black: corrected data.

9 Scripts for thermogravimetric analysis developed by Dr. Brendan Bulfin, currently ETH Zurich, and
partially adaptedby the author of this work.

7]
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All measurement programs contain steps aj

=0.18 bar and’Y= 400 °C. These data points are used

as a reference and as the zero point of the data, i®.,is defined as zero at these points. IRig.3.8 it

can be seen that the maxima of the data drift to higher values with each cycle. This is attributed to a

systematic error of the thermobalance, which shows a nedinear drift of the mass tange values

over some hours, which can be positive or negative in different magnitudes. The drift appears to be

dependent on the time of the day and may therefore be attributed to temperature or pressure

changes in the room. Longerm measurements with ower 40 redox cycles using perovskites in the

same thermobalance show that this drift is not induced by irreversible reactions of the samples, as

the mass change between two fixed temperature points at constant oxygen partial pressure remains

constant over dl these cyclesi’™ Therefore, this drift is corrected using the beforementioned

reference points (seeFig.3.9).
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Fig. 3.9. Drift correction of the thermogravimetric data using fixed reference points at

T =400 °C and)
corrected data.

= 0.18 bar. Blue: data before correction, green: correction curve, black:

The resulting data including the oxygen partial pressure value&eeFig.3.10) is then used to extract

sets of3&, 1 , and”Yat the equilibrium points. The mass change is converted 8 using Eq. 3.1 and

the 1 values are adapted forn > 0.25 bar, as mentioed before. Please note that the pressure

data contains some spikes induced by the lambda probe which are not considered for extraction of

the equilibrium data.
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Fig. 3.10. Processed mass change data extracted from a thermogravimetric measurement
containing temperature and oxygen partial pressure values. The mass change values are
extracted at the equilibrium points with constant temperature and oxygen partial pressure.

These datasets are then used to create plots ipf vs.3j at constant temperature (seeFig. 3.11).
Between the measured data points a linear interpolation is used. Parallels to theaxis represent
values with constants} . The experimental datasets contain a large amount of differest values.
Going through this data, a new parallel to the-axis is drawn for each set of consecutivé values at
OEA [T AAT OAI OA T &£ OEA Oxi8 ,A080 AOO®IA018d&d AOA 11
3] = 0.12. The line is then drawn at} = 0.11. This procedure is repeated for every set of
consecutivesj values. By using this method, the amount of parallels to theaxis is proportional to
the density of the experimental data. Additionally, for the systematic materials screening of
perovskite solid solutions these parallels are only drawn under the condition that they intercept the
experimental data at least at five points (and at least at three points in the initial studies? The
intercepts of these lines with the experimental data are then used to generate correlated datasets of
w1, T,andn . Therefore, a set of at least five (or three in case of the initial studieB)f} pairs exists
for each value of} . This means that the redox state denoted by a certain valde, i.e3) 1® pn
our example, can be reached under five different conditiorgit is possible to use a low temperature
level and a low oxygen partial pressre, or a high temperature level at higher oxygen partial pressure

Z or some values inbetween resulting in the same"O
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Fig. 3.11. Plot of experimental data points (solid circles) vs. the change hstoachiometry
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w1 and the oxygen partial pressuye at different temperatures T (in K). The parallels to the

x-axis at constard| are used to exdct”Y 1 datasets with theamew?, which are defined
as the intercept of these parallels of consiginivith the experimental data.

When plotting each dataset at constardf in a diagram of-1000/RT vs. 0.5 (seeFig.3.12), one

can use a version of the Gibbklelmholtz equation to extract the thermodynamic properties of the

material, assuminggOE 11 ET ANOEI EAOEOQOI 8 4 EEO b Off AehddBOA
129,132,196 At constantsj , the enthalpy change’Oand entropy changes“Yper mol of oxygen O are
given as (compare Eq. 2.12¥2

”,

il @O QY L AT 1800 o’
f] Y'Y 'Y ‘

N |0

yT  OEA OA1 6 OFig( 31ZF&actbdatiagdt off conktds values is then fit linearly. The

confidence intervals of these fits are determined using the square roots of the covariance matrices to

determine the experimentd measurement errors.?5 Using Eg. 3.2., we can extract a value f®iOfor
eachvalue 3 , which can be calculated from the slope of the respective linear fit, ardlvat each value
3] is dependent on the yintercept of these fits.Fig.3.13 shows an exemplary plot of the seextracted

values fora'O 31 and3'Y3 per mol of oxygen.

EO OA
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linear fits are then used to determwé@ndw ™4t thisw| value using Eq. 3.2.
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vanodot Hoff plot.
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Please note that although the thermodynamic properties are temperaturdependent, this
temperature dependerce is not considered when extracting data through this method. The
temperature dependence can only be extracted if multiple measurements are carried out within
small temperature windows at many different oxygen partial pressure levels, and this measurement
is then repeated in as many different temperature windows as possible. However, this would
increase the time necessary to characterize one material from days to weeks, which is counteracting
the idea of a fast materials screening. Moreover, we only getetimodynamic data as a function off
relative to a pre-defined reference point wheres} = 0. For most applications, this is the most
relevant value, as only the absolute amount of oxygen released is of interest to the user. However, to
get the absoluté describing the amount of vacancies in the lattice, one has to determine the
absolute] value at3} = 0. This value is derived either by using literature data or from the entropy as
shown in chapter 5.1. In addition to that, it is also necessary to cader that by measuring
thermodynamic data experimentally, the enthalpy and entropy can be interlocked and never be
measured completely independent from each other. This weknown effect is referred to as
enthalpy-entropy compensation in the literature.197 Although there are some limitations when
AOOAAOQET ¢ OEAOI T AUl Al Evethod, Abidh ar® @96 fugher@iEchssed mthé O (T A/
following chapters, this method is still very useful to characterize redox materials and to get

experimental data cefining the chemical equilibrium in these perovskite samples.

3.5 Thermogravimetric kinetic studies

Using the same thermobalance and setup as described before, the samples can also be studied in
terms of their redox kinetics. As chemical reactions typicallproceed faster at higher temperatures,

the oxidation reaction is usually slower than the reduction reaction. To measure composition
dependent oxidation kinetics such as in the case of SHE€uOs., solid solutions, 260.0 mg of the
powdered samples are mced onto the sample holders. The samples are first heated to 860 °C under
pure argon, and then cooled down to different oxidation temperatures® The maximum heating and
cooling rates of the setup (50 K/min) are applied to minimize reoxidation effects before the
measurement. As soon as the samples have reached the oxidation temperature, oxygen gas is added
to reach an oxygen partial pressure 00.9 bar and allow quick reoxidation (total gas flow rate:

100 mL/min). The mass change is observed, and the progress of the reaction over time is monitored.
The oxidation extent of the samples is denoted by, and = O refers to the samples before re
oxidation, whereas = 1 is the limiting value describing a fully reoxidized sample. The reaction haif

life can be determined by finding at which tim¢ = 0.5. By comparing the reaction halfives at

different re-oxidation temperatures and for differentsamples, compositiondependent differences in
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the reaction speed can be shown, and different regimes with different ratémiting steps can be

distinguished.

Reduction kinetics can be determined by using an opposite process where the samples are heated to
the reduction temperature under a high oxygen partial pressure, and the atmosphere is then
switched to argon. However, only very slow reactions can be measured in this way, and other
methods have been developed to study the reduction kinetics of faster ret#ons. 198 However, the
thermogravimetric method is used in this work to verify that the reaction is &ster than what can be
measured in the thermobalance, which means that it is fast enough for all soldrermochemical

applications.
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3.6 Calculations and computational chemistry
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Fig. 3.14. Scheme describing the interaction between the users and the data with the help of
Materials Projectand its user contribution portddPContribs The data contributed within

this work is collected in th&edoxThermoCSPontribution, which is based upon astam
python program called fAsolar _perovskiteo. Tl
this program, and the theoretical data previously contributddat®rials Projectthrough
FireWorksis retrieved with the help gfymatgenTaken from Vietert. al.**

Within a large scale materials screening, both theoretical and experim&l data are made available

to the public (see Fig. 3.14). The contributed theoretical materials data is available through
www.materialsproject.org and the experimental and theoretical thermodynamic data is integrated

through the interface for user contributions MPContribs Data can be used free of charge after
registration. All calculations as described in sections 2, 5, and 6 are carried out in a custom python

I EAOAOU OAZEAOOAA O1I AO OOI 1 AO.  PAOI OOEEOAG8 4EA OAC¢
python2k.0 AOO 1T £ OEA 001 1 AO. b A addéxtnertndCAm@ackayé, which iEe OOAA E
of the user contributions within MPContribs The data inRedoxThermoCSB presented on interactive

html pages using javascript, which are interacting with the python ade in the background using

Django.
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Contribution of theoretical data

The theoretical dataset consists of DFT calculations. As a starting point of these calculations, data on
the perovskite and brownmillerite superstructures is prepared usingpymatgen Pymdgen is an
open-source python software library for materials analysis with an interface to Materials Project26
The initial cif (crystallographic information) files are retrieved from the Crystallography Open
Databasel92 As explained in section 2.4the crystal structures of SrFe@ (space group 2210 iol )

and SrFe;0s (space group 46) | A are expanded with pymatgen using a 2x2x2 scaling matrix to
obtain a supercell. The ions in these supercells are then replaced by other species according to the
intended perovskite compositions without partial occupancies (stoichiometries rounded to multipes

of 1/8). The perovskite compositions are generated so they reach tolerance factor values of stable
perovskites as explained in section 2.3. Far= 3, a tolerance factor ob= 0.945 is used to obtain a
stable orthorhombic structure, as the rather small ionic radii of the lanthanides do not allow the
formation of cubic perovskites with most transition metal species. In the case af = 4,0= 1.000 is
defined to form cubic structures, but to match the theoretical data with different experimental
datasets ans to study the effect of tolerance factor variationd= 0.995, 1.006, and 1.015 are used as
well. Foré = 5,0= 1.015 is used to account for the rather large ionic radius of most alkali metal
species. Additionally, ternary perovskites with jst one metal species on both sites are screened
irrespective of their tolerance factors in order to gather DFT data on solid solution endmembers. A
list of the over 240 perovskitebrownmillerite pairs studied theoretically is included in the appendix
(section 8.3), and the corresponding materials are available through the DQ0.17188/1475589 . 199

The sogenerated structures are orderedby minimizing their Ewald sum using the pymatgen
£O1T A @ilerDisor@eredStructureTransformationdx EOE  OEA OAOOET ¢ Al ClI E ¢
large unit cell size see the pymatgen online documentation; www.pymatgen.oygBy preparing these
supercell dructures as starting points, the composition, occupancy, and initial cell parameters of the
new phases are defined, which is necessary as a starting point for the DFT calculations. These
structures are then submitted toMaterials Projectusing a workflow generated with FireWorksin the
framework of atomate. 200. 201 The development of thisworkflow is not part of this work, as it is used

for most DFT calculations in theframwork of Materials Projectand not changed for this specific
contribution . This work is limited to providing the input structures and using the resulting DFT data,
especially the ground state energies, crystal structures, and elastic tensors. The workflow contains
the DFT calculations using the welknown VASPenvironment and canbines GGA and GGA'Y
calculations, as explained beforgl?. 202, 203 \Wijthin this workflow, the new structures are
automatically added to Materials Project deabase, as long as they are not duplicates of existing
entries. Materials Projectis a repository of data on inorganic materials with currently over 80000
different materials and their crystal structures, and this work contributes some new calculations of

perovskite solid solutions based on their superstructures.
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Using the theoretical data

Using the secalled MPRester a part of pymatgen the contributed data is retrieved from Materials
Project. With pymatgen.analysis.reaction_calculatpthe redox enthalpies for a complete reduction
from perovskite to brownmillerite under the release of oxygen are calculated according to the
ground state energies of the involved species. The solar_perovskite code searchikgerials Project
using the MPReter based on the composition of this perovskite, and if more than one entry exists
with the same composition, it uses the most stable of these entries. For oxygen as a reaction product,
the most stable entry for biatomic oxygen (@ is used. Thermodynamielly, G would be slightly
more stable than @, but it is only stable at very low temperatures, and therefore not consideredt?.

181 Please note that the result of these DFT calculations always yields energies for a temperature of
OK.

The reaction enthalpies retrieved by this means are saved in amternal database, and the values for
wHmin and wHmax are calculated as explained in section 2.4 in order to calculatéO] R'Y. Together
with the theoretical redox entropy changes”Y] RY, the equilibrium thermodynamics can be
calculated for any of the perovskite solid solutions at any temperature and oxygen partial pressure.
This data is used to prepardsographsas explained in section 8.5, and to perform an energy analysis
as explainedin section 2.6. The user is able to define the conditions of any specific redox cycle and
plot graphs showing the resulting equilibrium state and ranking the materials by energy demand. In
order to decrease the response time of this online calculation, thealues forw Qin, W Qax, W Ot
(redox enthalpy for complete reduction), and the Debye temperatures are saved in a database and

not calculated again each time a user requests data.

For the energy analysis section, the thermal energy required to carrout the chemical reaction
(Chemical Energy) and the sensible energy are calculated and saved for over 10000-gefined
parameter sets consisting of different values af ,n ,”Y, and”Y , as well as for different
processes (Air Separation, Watr Splitting, and CQ Spilitting). This is further explained in sections 5.3
and 6.1 of this work. These fixed values for the oxidation and reduction conditions are chosen so they
match the most likely reaction conditions of interest for the user. The intggls for the energy
analysis are solved by approximating the change fromp and "Y tor; and”Y by splitting the
range between’Y /1 and”Y /f into 20 equidistant sections and calculate the resulting
01 HY and C1 RY only once for each of these sections using the average temperature and
pressure between these steps. The integration can then be performed by calculating the sum of
the areas under each of these section3his allows accelerating the calculation without ecreasing
the accuracy of the results notably (which has been verified by using different amounts of
intermediate steps). This data is then loaded from the database and the energy demand of the

process is calculated according to the user inputs for the heeecovery efficiencies (and the water
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feed temperature in case of Water Splitting). Moreover, the Pumping Energy and Steam Generation
energy are calculated live according to the user inputs. Using poalculated data, the response time
to generate a fullenergy analysis of all perovskites included in this work is decreased from several
min to ~ 1 sec. However, it is not possible for the user to perform an energy analysis outside these

pre-defined sets of} ,f ,”Y,and”Y .

Contribution and use of experimental data

The experimental data is contributed as datasets containing values fafOl andwY] as
described in section 3.4.Each of the contributed experimental datasets including the raw data
can be viewed using theRedoxThermoCSBser interface in MPContribs. To use this data for
thermodynamic equilibrium calculations, the experimental values fordO] andwY] are fit
using empirical functions, as explained later in section 5.1.1. This data is then used to calculate
Isographs and perform an Energy Analysisby calculating where3'Ois zero under the given
conditions. For the Energy Analysis, only data for Air Separation is calculated, as most of the
studied perovskites are only applicable for this purpose. As the empirical edilirium
thermodynamic functions for the experimental data are not as complex as for the theoretical
datasets, all of the calculations are performed live without relying on presaved data. However,
the amount of sensible energy used for a redox reaction ohe of these materials cannot be
given using the experimental data, as no heat capacity values are measured. Therefore, the
sensible energy demand is calculated using theoretically calculated Debye temperatures, as

mentioned before.

User interaction with the database

Users can access all thermodynamic data includingographsand the Energy Analysi$or all materials
included in the materials screening presented herein. The data is accessed interactively, meaning
that the process conditions can be changedly the user in order to model a specific thermochemical
redox cycle. Additionally, the structural and DFT data can also be accessed throlgterials Project
website directly. In principle, it is also be possible to include experimental thermodynamic data
on more materials generated by other users. This is indicated by the dashed arrow kig. 3.14.

Such data could be integrated in future versions of thRedoxThermoCSéatabase.

" hitps:/materialsproject.org/mpcontribs _and https://contribs.materialsproject.org/redox_thermo_csp,
source codehttps://github.com/materialsproject/MPContribsUsers/tree/master/redox_thermo_csp
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4. Fundamental understanding of perovskite
solid solutions
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Fig.4.1. The redox reaction in perovskites is studied using methodssitu analysis such ds-situ X-Ray diffraction (top
left) andin-situ X-Ray photoelectron spectroscopy (middE)ndamental properties such as the redox kasedf perovskites
are investigated through relaxation experiments based on thermogravimetric experiments (bottomAdigipted from
Vietenet. aland Bulfiret. al ** 2% 32

After sane perovskites with simple composition are synthesized, it is shown that these
compounds in fact show reversible and rstaichiometric oxygen release and uptake and

that the reoxidation occurs at high reaction rates. It is presented how solid solution
formation and doping influence the properties of the perovskites by using the reference
systems GaShMnGs./CaMnQ., SrFeCuyOs., SIMNQ.-SrFe@.,and CaTiQ-CaMnQ.

The influence of the tolerance factor on phase formation and phase transitions in these
perovskites is investigated and discussed. Based on these results, solid solutions of perovskite
phases can be formed in order to finee their redox properties whlmaintaining control

over their crystal structure.

This chapter is partially based upon the following pesviewed publications authored and cauthored by the author of
this work:

Vieten, J.; Bulfin, B.; Call, F.; Lange, M.; Schmicker, M.; FranckReeb, M.; Sattler, C., Perovskite oxides for application in
thermochemical air separation and oxygen storage. Journal of Materials Chemistry A 2016, 4, (323653652

Bulfin, B.; Vieten, JStarr, D.E.; Azarpira, A.; Zachaus, C.; Havecker,aip$dta, K.; Schmuicker, M.; Roeb, M.; SattleRegiox
chemistry of CaMn£and CasSk.MnO; oxygen storage perovskitedournal of Materials Chemistry A 208, (17), 7912-7919.

Vieten, J.; Bulfin, BSenholdt, M; Roeb, M.; Sattler, CSchmickerM., Redox thermodynamics and phase composition in the
system SrFe-SrMnQ. . Solid State lonic2017, 308,149-155.

Vieten, J.; Bulfin, B.; Starr, D.E.; Hariki, A.; de Groot, F.M.F.; Azarpira, A.; Zachaus, C.; Havecker, M.; Skoobfekeh,K\;;Kn
Schmiicker, M.; Roeb, M.; Sattler, C., Redox behavior of solid solutions in thegkesystem for application in thermochemical
oxygen storage and airgs&ration. Energy Technology 207 (1), 131139.

Vieten, J.; Bulfin, B.; Roeb, MitlBg C., Citric acid autcombustion synthesis of-ontaining perovskites via aqueous precursors.
Solid State lonics 2018, 315;92.
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4.1 Initial studies of the redox process based on manganate systems

Based m a preselection of perovskites in an earlier study! -/ systems containing an alkali
earth metal on the0 site and a Rtransition metal on the site (A2*M3/4+0s,) exhibit excellent
redox properties for application as oxygen carriers in twestep thermochemical cyclesfor air
separation. 179 Manganesecontaining alkali earth metal perovskites are especially appealing due to
their redox enthalpy being in a range which allows reducing them in air at 1000 °C or below. At the
same time, a high oxygen affinity is maintainedni the reduced state, as opposed to (for instance)
cobalt-containing perovskites which often are very easy to reduce but are notfexidized in air to an
appreciable amount3¢ The expected redox enthalpies per mol of O (dataosim Materials Project) for

some alkali &*M3/4+ Oz, systems are shown in Fig 4.2.

Estimated reduction temperature (°C)
0 200 400 600 800 1000 1200

SrCan SrCc:»O3 SrFeO3 SrMnOa
A A A A
CaFeO3 CaMnO3
A A

Reducibility of perovskite

L A 1

0 100 200

AH__ (perovskite) kJ/mol,

Fig. 4.2. Theoretical reduction enthalpies for the complete reductionABM®*'0;
perovskites to thA&2*M***0, s brownmillerite phases per mol of O based on Materials Project
and reduction temperatures approximated by considering only the partial molar entropy of
oxygen. Adapted from Vieteet al.*

Thermogravimetric scansshow a mass change of over 2 % between 400 and 1200 °QGyat= 0.16
bar.23. 179 CasSrMnQCs., showed slightly higher mass changes than CaMgaQ under these
conditions. The full reversibility of the mass change has been confirmed f&€& S .MnOs, by
executing 40 redox cycles, which revealed no significant changesdnd. The microstructure of the
material showed only minor changes in the porosity @ér these 40 redox cycles according to SEM

images, and the particle size remained constarif’®
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Fig. 4.3. In-situ X-Ray diffractograms o€a& sSrp ,MnOs.; recorded in air at 460200 °C. (a)

The shift of the reflections to lower Zangles indicates the lattice expansion. This can also be
observed using a more detailed representation with ¢hsighal removed electronically (b).
Reflections with smaller intensity disappear at higher temperatures in this case. The refined
unit cell parameters indicate the lattice expansion (c), which can be separated into two distinct
regi mes: t her mal expansion only, and a comb
owing to the reduction reactiofhe thermal expansias shownwith a line as auide to the

eye. Room temperature data is added to complement the results. Takaficiemet al. >

In-situ X-Ray diffraction measurements of theCa sSto.2MnQs., perovskite have already been part of
an earlier study.17® The samples are subjected to 46Q200 °C in air, and the change in the-Ray
diffraction signal is observed (see Fig. 4.3). The shift of reflections tower 27 angles indicates an
expansion of the lattice. The calculated cell volume from refined diffraction data shows the volume
expansion, which amounts to about 5% between 400 °C and 1200 °C in air. The onset of the
reduction at about 600 °C in air can €arly be observed due to the stronger change in cell volume at
600-1200 °C w.r.t. lower temperatures and agrees well with thermogravimetric daté@3 17® The
lattice expansion at lower temperatures is attributed to thermal expansion only, whereas at higher
temperatures, the stronger lattice expansion can be explained with increased ionic radii of Ftrions
comparedto M+ET 1 O j OAEAT EAAT 1 AOOEAA A@bAl OEI16Q8 4EEO
non-stoichiometric reduction of any perovskite, and needs to be considered when manufacturing

pellets or any structured materials, as they may not withstand sucthanges in volume.

It is noteworthy that looking at the data in detail (Fig. 4.3 b), reflections with smaller intensity
disappear at higher temperatures. The reason for this may be a (minor) phase change, i.e., a decrease
of the orthorhombic lattice distortion. Another explanation would be the thermal broadening of the
XRD reflections, rendering reflections with small intensities invisible at high temperatures as they
are below the background noise level. The understanding of these features in the XRD can b
facilitated by comparing room temperature XRay diffractograms ofC&.sSf.2MnQs., and CaMi®z,

(see Fig. 4.4). The occurrence of more than one reflection between 34 and 4B°indicates the
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presence of an orthorhombic phase for CaM.,,, as expected amwrding to the literature. 204 The Sr
doped sample exhibits smaller intensities of these small reflections, which may show its lower
degree of distortion. This is in good agreement with the calculated tolerance factors of 0.995 and
1.004 for CaMrD; and CasSrh.MnG; respectively, which indicate that the fully oxidized
Ca.8Sr.2MnQO; phase should exhibit a neasideal cubic perovskite structure (compare Fig. 2.4). It has
been reported in the literature that pure CaM®z,, maintains its orthorhombic structure even during
(moderate) reduction. 204 This is not the case for all perovskites, as the tolerance factor is also a
function of the temperature. From Fig. 6 in Dabrowsket. al 93 one can estimate an increase of the
tolerance factor by 0.01 w.r.t. room temperature at 800 K, and by 0.02 at 1300 K for these perovskite
systems. In some cases, this small increase may be enough to induce a phase transition, but this
cannot be concluded definitively from our data forCa.sSro.2MnQs.,. In most cases, the effect of the
reduction on the tolerance factor counteracts and outweighs the temperature effects. The Sr doping
stabilizes the phase in its reduced state, as the larger ionic radius oBSwith respect to C&+ allows a
larger O site ionic radius (Mn#*/Mn 4*) in a stable cubic perovskite structure. With this information,

we can confirm the effect of the tolerance factor on the perovskite phase formation and stability. By
replacing some of the C& ions by Sé*in Ca.gSth..MnOs,/ CaMr0s,, one can decrease the degree of
distortion in the perovskite structure. One can therefore foresee that tolerance factor engineering as
EO EO EIT OOT AOAAA xEOEET OEEO xI OE i Au AA A OEAAI

structure.
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Fig. 4.4. Room temperature -Ray diffractograms o€a sSt, 2MnOs.; and CaMnQ@.; indexed

in the orthorhombicspace group 620 & & & Not all indices shown in the case of
overlapping reflections (fainstance, 200 and 121). For undistorted cubic perovskite phases,
only one reflection should be present between 34 and #8(c@npare DFIcalculated
materials mgl9201 and md 017467 on Materials Project, DOI: 10.17188/1194051 and
10.17188/1349742, respaely 1*® 2°. Adapted from Bulfin et al. (supplementary
information). **
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For Ca.sSrhoMnGs.,/CaMnQs.,, this can be very well observed in case of strong reduction at elevated
temperatures and low oxygen partial pressures (see thermogravimetric datéig. 45). CaMnQ@, is
known for its reductive disproportionation into Ca,MnQOs, and CaMnOxs, .20 This decomposition
reaction can be suppressed by stabilizing the perovskite structure using Sr, which leads to a higher

oxygen storage potential of the Sdoped perovskite sample (up to 4 o).
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Fig. 4.5. Thermogravimetric data afaMrOs;, and CasSr,MnOs at different temperatures
and oxygen partial pressures. The decompositiddadinG;.; (Dec.) and the recovery of the
perovskite (Pefrec.) can be distinguished from the rsinichiometric redox reaction as the
system is not in equilibrium during the phase change. Taken from Baeffiral.
(supplementary imfrmatior). 32

Thermodynamic properties
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using DFT (see Fig. 4.2), the Sr content only has a small effect on the redox enthalpy chai@ésee

Fig. 4.6). The redox enthalpy change shows no signifitadependence on the norstoichiometry .

The values for the redox enthalpy are in good agreement with DFT data (CaMnCxp.: 161+ 6

kJ/molo, DFT (Materials Project): 173 kJ/mal for the full reduction to the brownmillerite 117). At

least for the case ofCa.sSr.MnQOs,/CaMn0Os,, this confirms our initial assumption for materials

design stating that the choice ob site cations has only little influence on the redox thermodynamics
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of perovskite solid solutions. Furthermore, the change in redox enthalmvis not influenced
significantly by the Sr content. It has to be stated, however, that the redox entropy changer mol of
oxygen for perovskites is typically smaller than for ceria (see Fig. 4.7), as the configurational entropy
change is lower in perovskites due to the redoyassive0 cations and the unique electronic
properties of cerium.135 This means that if a perovskite and ceria had the same redox enthalpy

changes'Oupon reduction, the perovskite would requirea higher reduction temperature than ceria.
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Fig. 4.6. Thermodynamics of th€aMnG;.; and Ca sSih,MnOs.; redox reaction extracted

from equilibrium thermogravimetric data usi
nonstoichiometry . In the case o€aMnG;.;, only data before the phase transition is used.

All values given in terms of per mol of oxygen Aaptedfrom Bulfin etal. **2
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Fig. 4.7. Entropychange given per mol of oxygen O as a function of thestoichiometry

for different redox materials using literature dtd'® 2% 2°2%° compared to measurements

on Cay sSt MnOs.; within this work. Data fit using dilute species modéi: **Ceria and
doped variants typically exhibit higher changes in entropy during the redox reaction. Taken
from Bulfin et. al.*°
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In-situ XPS/XAS studieson the redox process and perovskite composition

CasSn.MnQOs., as a reference system is studieih-situ in order to investigate the redox process
more in detail. As discussed later, this system shows better redox stability with respect to pure
CaMn@Q.,. XAS (MRay absorption spectroscopy) studies performed on pressed pellets at the
synchrotron source BESSY Il show a decrease in the 4 edge absorption along \ith an increase in
the Mn3+ signal correlating with increasing temperatures or decreasing oxygen partial pressures (see

Fig 4.8). This process is fully reversible.

Mn®* | Mn'"| (a) 400 °C
- \ 1.0 mbar O,
) : a (b) 700 °C
: ' X 1.0 mbar O,
- (c) 700 °C

)
7.5e-4 mbar O,

Intensity a.u.

638 640 642 644 646 648 650
Excitation energy [eV]

Fig. 4.8. XAS spectra recorded on the d/edge usingCa ¢St MnOs ; samples showing the
reduction of the perovskite-situ. At increased temperatures and/or lower oxygen partial
pressures (equal to total pressures in this case), tHé digmal increases due to the partial
reduction of MiA* (a-c). Intensities are normalized by peak area. A second set of peaks (not
shown here) occurs at higher energy due to-siit splitting. Taken from Bulfiret. al.**?

The perovskite lattice is terminated by different oxygencontaining species on the surface, which
typically are less electronrich than the bulk oxide/ . According to the literature, the perovskite
oxidation mechanism occurs in several steps in which the oxygen molecules are first absorbed on the
surface andthen reduced before they dffuse into the perovskite bulk (see proposed mechanism in
section 2.5).138-140 The surface oxygen species can be clearly distinguished fraire bulk species in

Ca.sS1oMnG;s., using XPS (3Ray photoelectron spectroscopy, see Fig.9.
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Fig. 4.9. XPS of the O 1 signal for CagSrh MnOsz; measuredin-situ at different
temperatures and oxygen partial pressures. The peaks are fit using three Gaussian functions
corresponding to the bulk oxide species and two distinct surface oxygen species (srf.)
according to the literature. Taken from Bulén al **?

While the signal at low binding energy(B.E.)corresponds to bulk oxideions (/ ), 138-140 the peak at
medium binding energy is attributed to surface oxygen species such &s ,/ , and/ 140, 210
whereas the peak at the highest binding energy corresponds to more easily reducquesies 132 The
distribution of different bulk and surface species changes during reduction, and the amount of
surface species seems to increase with increasing reduction extent compared to the bulk species.
Moreover, the highest B.E.pecies seem to be less prevalent in the most reduced samples, which may
indicate that these species are less stable under reducing conditions. It has been verified using depth
profiling (XPS measurements at different photon energies) that these peaks incfacorrespond to
surface and bulk speciest32 However, the trends in prevalence of the three different species are not

distinct and significant.

It is important to mention that an XPS study of pristine perovskite samples in many casesuld not
reveal the composition of the perovskite bulk accurately. Perovskites, especially those containing
alkali earth metals, are often terminated by carbonate species on their surface due to the ubiquitous
presence of carbon compounds in the environnm. 141 211 Dye to the surface sensitivity of XPS, this
issue affects the observed composition drastically. This effect has been observed @z sSt2MnOs.,,
and the full XPS spectrum of the pristine sample @ey shows a high carbon content (see Fig. 4.10).
However, upon heating the sample in a pure oxygen atmosphere (1 mbar, total pressure equals
oxygen partial pressure), the carbon species disappear completely and do notappear as long as

the sample is ket under vacuum or in an oxygen atmosphere.
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Fig. 4.10. Full XPS scan of a pristine GaSr sMnOs.. sample which has been exposed to the
environment (black) and at 700 °C in 1 mbar of oxygen (red). The carbonaceous species on
the surface of the perovskite completely disappear after heating the sample in pure oxygen.
Taken from Bulfinetal. (supplementary imfrmatior). **?

For comparison: The same effect has been observed for StREuOs., (see Fig. 4.11). Carbon species
are below the detection limit at temperatures above 300 °C when heating the sample in a pure
oxygen atmosphere. The formation of carbonates may be an issue in particular for LCplitting
applications, as the perovskite is partially decomposed into the alkali earth carbonate and transition
metal oxides in the presence of Gt low temperatures.14. 211 According to the literature, this issue
occurs in atmospheres with high C® concentration, 141 211 hut as mentioned above, carbonate
species are present on the sdiace even if perovskites are kept in air. Carbonate formation therefore
appears to be mainly a problem in COsplitting cycles, but we cannot exclude a long term
detrimental effect in air separation. Howsoever, the results presented herein show a potential
remedy of this issue, as we demonstrated that heating the perovskite in pure oxygen leads to the full
recovery of the initial structure. However, this might only be an option if the carbonate content of the
perovskites is low, and further studies are required to clarify the suitability of an oxygen treatment to

remove carbonates in perovskites.
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Fig. 4.11. XPS scans of the Cilsignal of SrFe,CuOs. at different temperatures in 1 mbar
of oxygen (b= 0.05). At high temperatures, carbonaceous species are below the detection
limit. Taken fromVietenetal. (supplementary imfrmation). *®

In summary, studies on manganate perovskites revealed that these materials can in fact be used for
reversible oxygen storage in twoestep thermochemical cycles, and that a reduction from Mhto Mn3+
occurs upon heating, which is accompanied by an expansion of the lattice. This leads to a change in
the tolerance factor, which can be influenced by choosing approjtie 0 site cations. By doing so, the
stability of perovskites can be controlled. In terms of thermodynamics, the studied perovskites
behave as expected, and the entropy change is smaller for perovskites than for ceria. Perovskites may
be terminated by a arbonate layer, which can be removed by heating the samples in pure oxygen.
This has been shown usingn-situ XPS scans o€asSf.2MnOs,, and SrFexCuOsz, samples. In the

next section, the redox properties of the material SrkeCuOz,, are studied in detail.
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4.2 Doping perovskites on the transition metal site: Cu -doped SrFeOs

After the fundamental properties of perovskites as redox materials for twestep thermochemical
processes have been introduced in the previous section and te#fect of a compositional variation on
the 0 site has been studied, it shall now be investigated how their redox properties can be altered by
doping on thel site. As the transition metals on thé) site are involved in the redox reaction (as
opposed too site cations),0 site doping is expected to have more drastic effects on the redox
properties of perovskites. Initially, we demonstrate in the following how the exchange of one
transition metal spAAEAO AU AT T OEAO ET A 1 EIi EOCAA AiT O1 O
although this expression usually refers to smaller concentrations) can be used to modify the
properties of SrFeQ,,. The nonstoichiometric reduction of this material has beerknown for a long
time, and its suitability for thermochemical air separation has been demonstrated3. 61,65, 212, 213]t js
very appealing that by replacing 5 % of the Fe ions by Cu, the redox properties of this material can be
further improved, i.e., its gravimetric oxygen storage capacity is increase#:. 23 This effect is further
discussed in the following, especially with respect to details on the redox mechanism, phase

formation, and the oxidation state of Cu in these solid solutions.

Phase composition and solubility limits

Cu ions show significantly larger ionic radii than Fe ions in all oxidation state® It may therefore be
expected to find a solubility limit of Cuin SrFe.CuOs,, i.e, that there is a maximum valuewabove
which a two-phase mixture is formed instead of a solid solutionThis has in fact already been
observed by Zhanget. al who noticed a phase segregation in Sri#Cw30;. membranes.24 The
phase composition ofsystems with x = 00.33 is studied using XRay diffraction (XRD) and EDX
(energy dispersive XRay spectroscopy). If a single phase is found in the XRD patterns and EDX
indicates an even elemental distribution, this is a strong indicator for the formatiorof a solid
solution without phase segregation. However, one needs to state that all experiments are carried out
using polycrystalline materials, and that using single crystals may improve the accuracy of the

information on phase composition and formationin future studies.

We first focus on the sample with x = 0.05, as it has shown beneficial oxygen storage properties even
at low temperatures.16 23 |t has been found that a side phase is formed in an appreciable amount if
this sample is prepared by mixing the starting materials in the stoichiometric ratio, as revealed by
EDX studies on cleaved and polished samplé3.This issue can be resolved by using an excess of 5%
Sr during preparation of the sample (see the supplementary information in Vieteet. al.16), and
samples with even elemental distribution were érmed successfully. One could assume that this
effect may be induced by a Sr loss due to reaction with the crucible or due to the volatility of-Sr
containing species at high temperatures, and/or that phase formation in the sample prepared with

x =0.05 isespecially susceptible to small variations of the perovskite compositiof¢

i OAA
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The EDX analysis shows no significant differenceetween the A/M sie ratio for different Cu
contents. 16 A potential non-stoichiometry on the A site of the perovskites could not be observed.
This makes it very wlikely that the observed redox behavior is related to the A site composition
However, even a small nosstochiometry on the A site may affect some properties of the
perovskites,215 and we cannot exclude small variations below the accuracy limit of EDX.
Nevertheless, the phase formation could be studied successfully using an EDX study on powders. An
even distribution of all elements is found forw= 0.05 and 0.15 (see Fig. 4.12). €WXRD patterns also
show no known side phases except for the brownmillerite ab= 0z 0.15. Atw= 0 and 0.05, one
additional reflection appears at 2 = 45°, which could not be assigned to any known phase and does
not shift during the reduction reaction according toin-situ XRD on SrFgesClb 050s-. 23 The origin of
this reflection may be clarified in future studies. Looking at samples with higher Cu content, however,
one can observe indications of phase segregation. XRD shows reflections assigned to Cu@- .25
and 0.33, and the EDX maps show the formation of isolated Cu clusters éor 0.25. Moreover,
aluminium has been found in this sample( o at%) , which most likely originates from the alumina
crucible being attacked by Cu species at elevated temperature§.From these considerations, we can

conclude that the solubility limit of Cu in SrFe@), is at or above 15 and below 25 at% w.r.t. Fe.

Fig. 4.12. Top: X-Ray diffraction patterns of SrigCuO3z. samples with the Cu content
(based on the initial stoicho met ry of the reaction mixtur e)
has been prepared with 5% Sr excess. Vertical lines are shown as guide to thkeeye.
reflection marked withe is assigned to the brownmillerite ,6&:0s, reflections assigned to

CuO aredenoted by , while the origin of the reflections marked asemains unclear, as
discussed in the text. Bottom: EDX maps of three different phases show an even elemental
distribution for samples with a Cu content of 15 at% w.r.t. Fe or below, and thetitorrof

Cu clusters at 25 at%. Adapted from Vie&nal.




















































































































































































































































































































































































































































































