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Zusammenfassung

Die Nutzung von Sonnenwarme hat ein grofdes Potenzial im Kontext der Energieversor-
gung. Solare Warme kann eine wesentliche Rolle bei der Bewaltigung der Herausforde-
rungen des industriellen Ubergangs von fossilen Energiequellen hin zur Versorgung mit
erneuerbarer Energiegewinnung spielen. Konzentrierte Sonnenwarme ist vielseitig ein-
setzbar. Sie kann zur Stromerzeugung, sowie zur Bereitstellung von Warmeenergie in
industriellen Prozessen oder zum Antrieb chemischer Reaktionen genutzt werden.
Thermochemische Redoxzyklen, die mit konzentrierter Sonnenwarme betrieben wer-
den, haben in den letzten Jahren vielversprechende Ergebnisse in einer Reihe von Pro-
zessen gezeigt, nicht nur im Zusammenhang mit der Wasser- und Kohlendioxidspal-
tung fiir die Synthesegaserzeugung, sondern auch fiir die (thermische) Energiespei-
cherung, das Pumpen von Sauerstoff und die Luftzerlegung. Perowskite in Form von
ABO3-Mischmetalloxiden sind eine vielseitige Materialklasse fiir solch thermochemi-
sche Redoxkreislaufe. Die grof3e Anzahl moglicher Zusammensetzungen, die durch Bil-
dung von festen Losungen mit verschiedenen A- und B-Stellen-Kationen verfiligbar sind,
ermoglichen eine Feinabstimmung der thermodynamischen Eigenschaften des Materi-
als auf die Anforderungen eines Prozesses. Dariiber hinaus kdnnen Perowskite nicht-
stochiometrisch reduziert und oxidiert werden, was bedeutet, dass sie bei der Reduktion
und Oxidation keine substantiellen Verdnderungen ihrer Kristallstruktur erfahren.
Insbesondere bei Anwendungen, welche dreidimensionale Strukturen nutzen, ist die
strukturelle Stabilitdt von grofder Bedeutung. Perovskite konnen dabei im Vergleich zu
konkurrierenden Redoxsystemen, wie z. B. Mn,05;/Mn;0, und Fe,05/Fe;0,, aufgrund
ihrer thermodynamischen, kinetischen und thermomechanischen Eigenschaften vorteil-
haft sein.

Die vorliegende Arbeit konzentriert sich auf sogenannte Downstream-Prozesse, wie die
thermische bzw. thermochemische Speicherung von Energie und das thermochemische
Pumpen von Sauerstoff. Solche Prozesse finden abseits eines Solarreceivers statt und er-
fordern Temperaturen bis zu 1100 °C. Diese Arbeit deckt die gesamte Entwicklungskette
vom Screening geeigneter Perowskit-Zusammensetzungen in kleinmafistablichen Ver-
suchsaufbauten und Analysetechniken, iiber die Herstellung stabiler, offenporiger, mono-
lithischer Strukturen identifizierter Zusammensetzungen, die Charakterisierung solcher
Strukturen und die Demonstration ihrer Nutzung in einem Reaktor im Labormaf3stab ab.
Die Ergebnisse zeigen, dass CaMnO; und seine A-Stellen Sr-substituierten Varianten ein
grofdes Potenzial fiir die thermochemische Energiespeicherung und das thermochemi-
sche Pumpen von Sauerstoff aufweisen. In diesem Kontext, zeigte sich Ca;4Sr,;MnO;_;
aufgrund der Ergebnisse als besonders vielversprechendes Material.






Abstract

The utilization of solar heat offers great potential in the context of energy supply. Solar
heat can play an essential role overcoming challenges of the industrial transfer away from
fossil energy sources. Concentrated solar heat is versatile and can be used to produce
electricity, supply thermal energy in industrial processes or to drive chemical reactions.
Thermochemical redox cycles, powered by concentrated solar heat, have shown promis-
ing results in a variety of processes within the past years. They can be utilized in the
context of water and carbondioxide splitting for syngas production, energy storage, oxy-
gen pumping and air separation. Perovskites in the form of ABO; mixed metal oxides
are a versatile material class for such thermochemical redox cycles. The large number of
possible compositions, available through the formation of solid solutions with various A-
and B-site cations, allow fine tuning of thermodynamic characteristics of the material in
order to fit the requirements of a desired process. Furthermore, perovskites can be re-
duced and oxidized non-stoichiometrically, meaning they do not undergo severe changes
in their crystal structure upon reduction and oxidation. Especially in applications where
threedimensional structures are utilized, structural stability is of utter importance. In
this context, perovskites can be beneficial in comparison to competing redox systems,
such as Mn,0,/Mn;0, and Fe,05/Fe;0,, due to their favorable thermodynamic, kinetic
and thermomechanic characteristics.

The presented work focuses on so-called down-stream processes, such as thermal and
thermochemical energy storage and thermochemical oxygen pumping. These processes
are performed away from a solar receiver and require temperatures up to 1100 °C. This
work covers the complete chain of development from screening of suitable perovskite
compositions in small-scale test-setups and analysis techniques, over the production of
stable, open porous, monolithic structures of identified compositions, the characteriza-
tion of such structures and the demonstration of their utilization in a lab-scale reactor.
The results showed that open porous structures made from CaMnO; and its A-site Sr-
substituted variants offer great potential for thermochemical energy storage and ther-
mochemical oxygen pumping. In this context, Ca,,Sr,;MnO; ;s was shown to be a par-
ticularly promising material composition for the utilization of monolithic open porous
strucures.
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1. Introduction

In a world of growing energy demand, reliable supply of sustainable energy is among
the biggest challenges of the 21°* century. In order to reach the global goal of a net-zero
greenhouse gas emission economy, rapid expansion of sustainable energy technologies
is required. Researchers across scientific disciplines have relentlessly tried to further
advance technology to provide solutions in order to overcome this challenge of sustain-
able energy supply. If captured and converted with todays technologies and even with
only economically viable production sites considered, globally available wind and solar
energy alone could meet the worlds energy demand by a factor of over 50 already to-
day and a prospected factor of 100 by the year 2030.! However, one major drawback of
renewable energy sources is their fluctuating nature. While solar and wind energy fluc-
tuate in their availability influenced by daytime and season, a steel production factory
is typically operated 24 hours on 7 days a week. The commonly used technique of con-
tinuous casting with yearly operating hours of 7000 and more siginificantly loses out on
economic potential when interrupted by down-times.? The lack of widespread cost and
energy efficient ways to store the energy from renewable sources and make them avail-
able on-demand is one of the biggest obstacles that keep renewable energy sources from
dominating the market already. Fossil fuels like oil or gas can be shipped in large tanks or
can be pumped through a pipelines in huge quantities and over long distances. That not
only makes it easier to transport the energy carrier from its source to its point of demand,
but also makes it easier to be traded on a global or interregional market.

Solar radiation is by far the biggest renewable energy source. Multiple ways exist to
harvest this energy and make it available for use out of which photovoltaics (PV), concen-
trated solar power (CSP) and photocatalysis are most prominent. PV can directly convert
solar radiation to electricity. It can utilize scattered radiation, but only makes use of cer-
tain wavelengths and not the full spectrum of solar radiation. CSP facilities, i.e. movable
mirror assemblies that track the sun and reflect and concentrate its radiation, are able
to provide high temperature heat even beyond 1000 °C, which can be used to drive a
power generation cycle similar to conventional power plants to produce electricity. The
generated heat can also be used to drive (thermo-)chemical processes. These processes
require high temperatures to produce gaseous energy carriers like hydrogen or syngas,
a mixture of hydrogen and carbon monoxide. Syngas can be further refined to produce
synthetic fuels, like kerosine.*® If the required carbondioxide is captured from the at-
mosphere, these synthetic fuels are practically carbon neutral. Especially the transport
sector, more specific the aviation and shipping industry, will largely depend on carbon
neutral synthetic fuels as electrification is only hardly realizable in these sectors. More-

over, converting the harvested solar energy to a gas like hydrogen or liquid synthetic hy-
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drocarbon fuels makes transportation of the actual energy carrier more accessible. Lastly
there is photocatalysis, which is able to produce hydrogen at temperatures close to am-
bient from a catalytic reaction aided by non-concentrated solar radiation, but has not yet
seen wide spread practical use.®

The two most advanced solar power generation technologies are PV and CSP, which
operate most efficiently in regions with a sunny and generally dry climate. While CSP
is non-feasible during cloudy or rainy days and requires high direct normal irradiation
(DNI), PV is only affected by comparably small losses and can still operate under such
non-optimal conditions. Countries with high DNI are located in southern Europe and
around the mediterranean sea in northern Afrika as well as the middle east. To cover
for the energy intensive industry of central european countries, energy will have to be
imported from countries with high DNI. Between the two main approaches to produce
electricity at utility-scale levels from solar radiation, PV and CSP, the former has rapidly
decreased in costs in the last decade due to technological advances and the benefits of
mass production and reached grid-parity in many electricity markets. The strong de-
ployment and related technological development of PV have led to a technological shift
from CSP to PV. However, simply adding PV (or wind) capacity to the grid without cover-
ing for invariance will increase the chances of grid instability and high levels of marginal
curtailment. That means electricity generation has to be tuned down and installed plants
do not operate at their full capacity in order to stabilize the electric grid.

CSP power plants with their straightforward, prolonged and cost-effective storage ca-
pabilities can supply green electricity around the clock at a constant level. They can cover
the baseload demand and serve as a buffer in time of invariance of other green electricity
sources. In this way, fossil power plants can be replaced by CSP and greenhouse gases can
be reduced cost-effectively. The specific electricity production costs for CSP plants can be
reduced considerably if such plants are combined with PV fields. PV modules can serve
the peak loads in the grid more cost-effectively than CSP, which can cover the baseload.
PV and CSP can also share the general utilities and infrastructure that a solar farm needs.
Such hybrid co-located CSP and PV plants are already reaching levelised cost of electricity
(LCOE) lower than that of natural gas plants.’

A comprehensive study, carried out by the German Aerospace Center (DLR) in the con-
text of the ambitious DESERTEC project, layed out a scenario how energy demand in eu-
rope could be met by 2050.8 The map in fig. 1.1 shows the distribution of wind parks
along the coastlines and CSP facilities in southern Europe, north Africa and the middle

east. Hydro- and geothermal power plants and spread out PV were considered as support
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Fig. 1.1.: Outline of a possible infrastructure for sustainable power supply in Europe, the
Middle East and North Africa (EU-MENA). Squares indicate required area for
solar collectors to meet the energy demand as of 2005. The "TRANS-CSP Mix
EUMENA 2050” is the prospected area (120x120km) to realize DESERTEC by
2050 according to the TRANS-CSP scenario developed by DLR, covering 17% of
european electricity demand. Source: DESERTEC Foundation. CC BY-SA 2.5

The inherent intermittency of renewable energy sources like wind and solar still pre-
vents even stronger market penetration. Still, renewable energy sources become more
and more economically viable with LCOE ranging from 0.039 to 0.108 USD/kWh,® which
are comparable to that of natural gas power plants.” CSP is one of the technologies with
great potential to overcome this intermittency by employing thermal storage systems
that are charged during times of high radiation during the day, and can be discharged
during the night and morning hours when there is no sun light. The NOOR III CSP-plant
in Morocco operates with a thermal storage, allowing to supply 150 MW for 7.5 hours

after sunset.!®

Most such thermal storage systems operate with molten salts or thermal
oils, which are also used as heat transfer fluid (HTF) and are currently limited to temper-

atures below 600 °C due to decomposition or corrosivity. These salts and oils mainly find
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use in parabolic through CSP plants. In contrast, tower plants can utilize higher concen-
tration ratios, reach higher temperatures and require thermal storage systems that can
operate at such temperatures as well. Although research is ongoing for open absorber
systems that facilitate air as the HTF, existing commercial solar tower plants, such as the
PS10 in Spain and Ivanpah in USA, use steam at temperatures in the range of 250 °C and
elevated pressures.

State-of-the-art thermal storage units for high temperatures beyond 600 °C are typi-
cally sensible thermal storage units, consisting of concrete or non-reactive ceramics.!!
Such storage units can operate with a variety of HTF and are not only considered for
thermal storage of solar tower plants,!! but also for industrial waste heat recovery!? and
electrically heated storage systems!? in order to store energy of renewable power sources
like PV or wind.

Due to the achievable high concentration ratios, tower plants such as the research fa-
cility Plataforma Solar de Almeria (PSA) depicted in fig. 1.2 are also utilized for high
temperature applications beyond 700 °C. At such tower plants a field of mirrors, called
heliostats, is located around a tower. The heliostats concentrate the solar radiation to a
focal point at the top of the tower onto a receiver, thereby creating temperatures that can
reach up to 1400 °C.1*

Fig. 1.2.: Solar tower facility at the Plataforma Solar de Almeria, owned and operated by
CIEMAT. Heliostats concentrate sunlight on a receiver, reaching high tempera-
tures to drive a power cycle or thermochemical reactions. Source: DLR/Ernst-
ing.



Such high temperatures can not only be utilized to run a turbine and produce elec-
tricity, but also to drive various chemical reactions. Among such reactions are two-step
redox (reduction-oxidation) pair reactions based on metal oxides operating on the tran-
sition between the oxidized and the reduced state of an oxide. Most prominent is the
production of hydrogen through water-splitting, but also nitrogen or carbon monoxide
can be products of employed thermochemical processes. These processes are carried
out in two steps. In a first step, a metal oxide is reduced, thereby releasing oxygen. In
a second step, the metal oxide is re-oxized, absorbing oxygen again. Since the reduced
metal oxide has a higher energy level than its oxidized counterpart, energy is stored in
the reduction-oxidation, short redox, material in step one and can be utilized in step two.
Depending on the source of oxygen during re-oxidation, different products are produced.
Re-oxidation in step two can be performed with water (H,0) to produce hydrogen (H,),
with carbon dioxide (CO, to produce carbon monoxide (CO) or atmospheric air to pro-
duce heat. The latter process can be used in thermal storage devices to increase thermal
storage capacity and can also be utilized to separate oxygen and nitrogen from atmo-
spheric air. A detailed overview of possible reactions that can be driven in solar thermal
receiver reactor is provided in chapter 2.1 of this work.

For each of the described processes, materials need to meet certain criteria in order to
be deemed suitable. Some of these criteria are rather fundamental chemical or physical
properties, e.g. material need to have a certain reaction enthalpy to be able to split wa-
ter or carbon dioxide, others are related economic and ecological factors, e.g. cost and
health risks (toxicity). Additionally, also geopolitical considerations and market avail-
ability come into play when new materials are developed. In fig. 1.3 a periodic table of
elements is depicted, indicating the abundance as well as the Herfindahl-Hirschmann-
Index (HHI), an economic index representing market concentration. A high HHI thereby
indicates that the market is heavily concentrated on only a few producers. Speaking in
color schemes, new materials that are developed for large industrial processes across the
globe in significant quantities should consist of elements in the blue, light blue or green

range in fig. 1.3 with respect to abundance and market availability.
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Fig. 1.3.: Periodic table indicating elemental scarcity and HHI indices for most elements
(2011 data). Reprinted with permission from Gaultois et al..!> Copyright 2013
American Chemical Society.

In this context, materials that consist of alkaline earth elements like Mg, Ca and Sr or
transition metals like Ti, Cr, Mn, Fe, Ni become very attractive from an economic and,
with some exceptions like Cr and Ni, ecological perspective. This factor should not be
underestimated. Material compositions from the perovskite class in the form of ABO;
with A = [Mg, Ca, Sr...] and B = [Ti, Cr, Mn, Fe, Ni...] are not only widely regarded as
potent materials for thermochemical applications because they have suitable chemical
and physical properties, but also because they can be made from abundant, low-cost and
non-toxic elements.

In this work, perovskite compositions based on the Ca-Mn-O system are explored as
reactive materials in thermochemical applications with a focus on thermochemical en-
ergy storage and oxygen gas atmosphere control, which includes thermochemical oxygen
pumping and air separation processes. First of their kind reticulated porous structures,
made entirely from reactive perovskite material, are produced and tested in lab-scale

demonstration setups.



2. Theory and Background

In this chapter the theoretical foundation and technological background required to put
the results of this work into context are introduced.It covers metal oxide redox reactions
and their utilisation in solar powered thermochemical cycles, reactor concepts to harvest
concetrated solar energy, an energetic analysis of redox thermochemical cycles, produc-

tion routes of open porous ceramics and an introduction to the perovskite material class.

2.1. Solar Powered Thermochemical Cycles with Redox
Oxides

Redox-oxide based two-step thermochemical cycles typically exist of a reduction reac-
tion at higher temperatures and an oxidation reaction at lower temperatures. Combined,
this pair of reactions is also referred to as a redox reaction and involves the release of
oxygen during the reduction step and the incorporation of oxygen during the oxidation.
In general, a multitude of thermally powered reactions can be run in this fashion. So-
lar applications, powered by means of CSE, include fuel production like water splitting
(WS) and carbon dioxide splitting (CDS), thermochemical energy storage (TCES), ther-
mochemical oxygen pumping (TCOP) and air separation. While industrial waste heat
recovery is an option to supply the necessary energy, it typically delivers process heat in
the lower temperature region <500 °C, favorable for TCES with hydroxides like Mg(OH),
and Ca(OH),.2! However, CSE has the potential to deliver process heat up to >1400 °C,
making metal oxides the predominant candidates for the above mentioned applications
in the context of CSE.

The reduction of the metal oxide can occur either stoichiometric and in one single step,
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or non-stoichiometric and continously. Stoichiometric redox reactions are characterized
by an uptake and release of a well-defined amount of oxygen and complete transition
from one crystal phase to another throughout reduction and oxidation. An example is
given for the reduction of cobalt(ILIII)-oxide to cobalt(Il)-oxide and its reverse reaction

the oxidation in eq. 2.1 and eq. 2.2.

2 Co,0, 2% 600 + 0, (Reduction) (2.1)
6 Co0 + 0, == 2Co,0, (Oxidation) (2.2)

At a given temperature and oxygen partial pressure, resulting in a Gibbs free energy
below zero, the reaction takes place spontaneously until its completion. When the oxy-
gen partial pressure is held constant (e.g. through continuous fresh air supply), reduc-
tion and oxidation take place in a small temperature window, making it ideal for TCES.
Since the reduction is endothermal, thermal energy can be stored in the reduced oxide
and be released again in the exothermal oxidation. For cobalt oxide, this has already been
demonstrated in a 74 KW h reactor, containing 90 kg of Co;0,.227%* Other examples of sto-
ichiometric oxides in solar-thermochemical applications are copper oxide,?> barium ox-

ide,?® manganese oxide?’ and lead oxide?® considered for TCES, as well as zinc oxide,??31

32-3% or tin oxide3® that have been tested for thermochemical fuel production

iron oxide
(WS/CDS).

Stoichiometric oxides undergo a complete change of the crystal structure throughout
the conversion from their reduced to their oxidized state and vice versa. These crystal
structures can be severely different. That is the case for cobalt(IL1III)-oxide, which crys-
tallizes in a spinell structure (F'd3m) and converts to a cubic structure (£m3m) upon
conversion to cobalt(Il)-oxide. This change in the crystal structure leads to large ex-
pansion and contraction effects upon cycling,!° increasing the chance of cracking and
ultimately reducing the cyclic stability of solid oxide objects employed in solar reactor
systems, like particles or granules. This cyclic expansion and contraction becomes even
more important when reactor systems with non-moving monolithic solids, like honey-
combs or foams, are utilized. Furthermore, this phase change results in slow reaction
kinetics, as much more time is needed to reach equilibrium.3°

Non-stoichiometric redox oxides on the other hand are characterized by the gradual
generation of oxygen vacancies upon reduction without drastically altering the crystal
structure. Quickly after being proposed as a potential candidate for thermochemical wa-
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ter and carbon dioxide splitting,3” Ceria (Ce0,) and its doped variants evolved to be rec-
ognized as the state-of-the-art material in the field.3® Perovskites, named after the min-
eral CaTiO;, of the general formula ABO; represent a whole group of non-stoichiometric
redox materials. Therein A and B can be replaced by a multitude of metal cations. The
perovskite material class, being in the focus of this work, is discussed more detailed in
section 2.5. Both, Ceria and Perovskites can release a substantial amount of oxygen upon
reduction and retake the oxygen upon oxidation, without drastic alteration of the crystal
lattice. An indicator for the amount of existing oxygen vacancies, and therefore the re-
duction extent, in the material is J, which ranges from 0 - fully oxidized - to 0.5 - fully
reduced. The fully reduced perovskite in the form of ABO, . (also described as A,B,0:)
is a known as brownmillerite, named after the mineral Ca,(Alze),0.. However, many
perovskites destabilize at large values of 9 and decompose or dissociate before reach-
ing complete reduction to the brownmillerite. The general redox reactions for Ceria and
Perovskites are given in eq. 2.3 - 2.6.

5
Ce0, 2% Ce0, , + 502 (Reduction) (2.3)
5
Ce0,_; + 502 RELR CeO, (Ozxidation) (2.4)

The redox reactions of Perovskites are given in eq. 2.5 and eq. 2.6.

)
ABO, 2 ABO, ; + 502 (Reduction) (2.5)
0 —AH L
ABO; 5+ 502 —— ABO;, (Oxidation) (2.6)

Perovskites are extremely versatile as their A-site and B-site cations can be chosen
from a vast amount of different combinations. That includes multi-cation perovskites
such as La, 4Ca, ,Mn, zAl, ,05 ;3% and even double perovskites such as Sr,CoNb, 5 Tij ;0 5*°
that are considered for WS. The versatility makes perovskites a very interesting material
class for various thermochemical applications, which are introduced in the following
sections.
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Fuel Production via Thermochemical Water and Carbon Dioxide

Splitting

In order to split water or carbon dioxide, the oxidation of the reduced oxide is not done
with oxygen but with H,0 or CO, resulting in eq. 2.7 and eq. 2.8 and in the production of
H, and CO in the overall process.

Ce0,_; + 0H,0 — CeO, + dH,0 (Ozxidation, WS) (2.7)
Ce0,_; +0CO, — Ce0, + 6CO (Oxidation, CDS) (2.8)

These reactions only take place when the Gibbs free energy AG of the oxidation reac-
tion is below zero, typically requiring high enthalpy changes and resulting in the fact that
suitable oxides are hard to reduce in the first place. While the solar thermal aided H, and
CO production route offers high theoretical efficiency, it suffers from obvious drawbacks
that could not be overcome so far. High temperatures above 1300 °C are needed to suf-
ficiently reduce the oxides, creating huge challenges with respect to reactor design and
cyclic stability. Although being scaled up and put into operation up to 750 kW;;,1**! the
process suffers from thermal losses and low conversion rates, limiting its economic via-
bility so far. Besides ceria and perovskites, ferrites and aluminates have been considered,
some of which show promising results in isothermal process conditions.*?

Hydrogen may already serve as a fuel to power fuel cell vehicles*? or in the steel in-
dustries,** but together with carbon monoxide it becomes appealing to produce alkanes

through the Fischer-Tropsch process:*>4

nCO + 2nH, — (CH,), + nH,0 (2.9)

With rapidly shrinking fossil resources and an increasing demand of green house gas
reduction, the synthetic petrochemical production of alkanes from green H, and CO ap-
pears to be a viable option. Especially in sectors like aviation, where alternatives like fully
electric aviation are not yet competitive,*”*® this source of practically zero-emission fu-
els can be crucial to reduce green house gas emissions. Naturally, the zero-emission ar-
gument only holds true if all energy throughout the production process is provided by
renewable sources and the CO is produced from air-captured CO,.
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Thermochemical Energy Storage

Reliable and high energy density thermal energy storage (TES) is a crucial factor to im-
plement CSP-plants as suppliers for electricity baseload, as it allows the plant to oper-
ate over night on a continuous 24h-scale. Until today, commercial deployment of high-
temperature TES in CSP plants has been limited to steam accumulators and molten ni-
trate salts.*” Steam accumulators are lacking in energy density for large scale thermal
power plants and nitrate salts are limited by chemical stability to temperatures below

51,52

550 °C.>° While inert oxide particles, like natural rocks, sand or minerals as well as

5354 offer a low cost alternative and have

manufactured particles of alumina and silica
been tested as storage media, they are still limited to sensible heat only. Utilizing a re-
versible chemical reaction with large heat effects offer a great possibility to increase the
energy storage density significantly.

In accordance to eq. 2.1 and eq. 2.2, as well as eq. 2.5 and eq. 2.6, redox oxide ther-
mochemical cycles can be utilized to store energy in addition to the sensible heat. The
total energy storage capacity hereby is the sum of sensible heat and the chemical energy
released as heat during the oxidation. A detailed look at energy analyis of such stor-
age media is provided in section 2.3 later on. As stoichiometric materials, besides sin-

23,25-27.5556 3150 mixed (Fe,Mn)-oxides®’~> have been considered. Stoi-

gle cation oxides,
chiometric and non-stoichiometric oxides differ, above all, by the temperature window
in which chemical energy is released. While stoichiometric oxides have a distinct equi-
librium temperature at which the oxidation is completed, non-stoichiometric oxides are
reduced and oxidized gradually and continuously over a wide temperature range. The
stored chemical energy is released in the very same fashion, which is why stoichiomet-
ric TCES-devices are only able to provide heat at 7., in addition to their sensible heat.
In contrast, non-stoichiometric oxides are viable to be operated (meaning reduced and
re-oxidized) at various, especially lower, temperatures, and over a wide range starting
as low as 400 °C for Lal_XSrXCo1_},(ane)y03_5.60 This makes them particularly viable for
CSP-plants that operate with air as a HTF.

Cobalt oxide has long been regarded as the leading candidate with theoretical stor-
age densities of approx. 844 Z—‘g’, but fell out of favor due to its toxicity and poor cyclic
stability.%? Perovskites may prove to be superior, utilizing non-toxic, earth-abundant and
thereby low-cost elements and materials that overcome the drawback of lower storage
densities. Moreover, they provide additional degrees of freedom when it comes to ma-
terial design,3® which can be utilized to adjust TCES-systems to particular power cycles
like supercritical or air Brayton cycles.
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Thermochemical Oxygen Pumping and Air Separation

Especially in WS and CDS processes, it is important to reach low partial pressures of oxy-
gen (p(02)) in order to sufficiently reduce the metal oxide at reasonable temperatures
and increase conversion efficiency per cycle. The two common ways to achieve low p(0s)
are inert gas purging and vacuum pumping. The provision of highly pure inert gas in vast
amounts and subsequent regeneration/recycling is a challenge, as it can add up to a sig-
nificant energy penalty and negatively effect the overall process efficiency.5?-%* Sufficient
vacuum can in most cases only be reached by turbo pumps, which not only have a high
energy demand, but are also very costly. Brendelberger et al. have shown in a theoretical
study that thermochemical oxygen pumping can be energetically beneficial compared to
turbo pumps reaching low p(0,).%> The study has also revealed that cheap mechanical
pumps are superior to non-selectively remove gases down to a total pressure of approx.
100 Pa to 1000 Pa with subsequent selective reduction of the p(02) by a thermochemical
pump. A comparison of pumping options is given in fig. 2.5 in section 2.3.

A lab-scale demonstration of such process has been done with SrFeO;_; particles as
the oxygen pumping material.®® Another recently proposed approach is thermally driven
adsorption/desorption cycles, utilizing high surface area materials.®’ Although thermo-
chemical air separation serves the cause of producing highly pure N,, the process is very
much comparable to TCOP, as both processes thrive to reach very low p(0,) in a gas
stream or chamber atmosphere. In ammonia production processes using the Haber-
Bosch process, even minor oxygen contents can lead to poisoning of the catalyst mate-
rial.®#%® Ammonia is not only used in vast amounts in fertilizer production, but could
also be used directly as fuel, e.g. in the shipping sector.”®’! Producing H, and N, from
solar-powered thermochemical processes can reduce green house gas emissions ammo-
nia production significantly. In 2008 presumably 1% of the world wide primary energy
demand was consumed by ammonia production alone.”? This process chain for solar-
aided ammonia and fertilizer production is schematically shown in fig. 2.1.

Due to their versatility and fast reaction kinetics, perovskites are drawing attention
as potential materials for TCOP and air separation. Theoretical and experimental stud-
ies have been carried out to evaluate and identify suitable compositions.”*’” A rather
sophisticated approach to define materials design principles for perovskites in such ap-
plications has been done by ]. Vieten.”®

An overview of relevant CSE-applications utilizing perovskites is given in fig. 2.2.
Therein, partial oxidation of methane and hybridized electrolysis can also be found.

The former, also known as methan reforming, can be performed with steam (steam re-
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Fig. 2.1.: Schematic visualization of ammonia (Haber-Bosch process) and fertilizer (Ost-
wald process) production via solar-powered thermochemical production of H,
and N,. Taken with permission from Guban et al..”?

forming), carbondioxide (dry reforming) or a mixture of both (mixed reforming). The
reforming of methane is considered to be a bridge technology towards a hydrogen based
energy supply and is, in general, a well known industrial process. If methane feedstock
in this process is not supplied from natural gas, but from biogas it has the potential to
contribute to the production of net-carbon-zero carbohydrate fuels for industrial sectors
that still rely on such fuels, like the aviation sector. Hybridized electrolysis is a novel
innovative process that has been developed at DLR’s Institute of Future Fuels and com-
bines high-temperature electrolysis with cyclic redox reactions as elucidated by Pein et

al.’® and the related filed patent.”®



14 2. Theory and Background

Solar fuel production g
ABO, 5+H,0/ CO, 2 H, /CO + ABO, a
[=]
g
<
o
Partial oxidation of methane
ABO; s+ CH, + H,0/CO, 2 H, /CO + ABO,
Hybridized electrolysis
ABO; 5+H,0/CO, 2 H, /CO + ABO, =
4
Energy storage §
ABO, 5 + 0, 2 ABO, + Heat i
=
o
Oxygen pumping 2
ABO; 5 + 0, 2 ABO; + p(0,) 4
Air separation
ABO, ; + Air 2 ABO;+ N, / p(0,)

Fig. 2.2.: Potential thermochemical processes in a CSE-plant. Processes below the
dashed red line can be powered down-stream with waste or excess heat from
a main process above. Main processes include fuel production and power gen-
eration, but down-stream processes can also be run independent from a main
process.

2.2. Reactor Concepts for Concentrated Solar Energy

Harvesting

In principle the receiver of a CSE-plant is a heat exchanger, which is placed in the focal
point of the heliostats. It captures high temperature heat from the concentrated solar
irradiation. The resulting heat can be utilized in two ways. The heat is used within the
receiver to drive a chemical reaction, like H,0- or CO,-splitting, or it is transferred by
a HTF to power any reaction or process outside of the receiver. Utilising the heat in-
side the receiver is typically done in cavity receivers.?®-8% Transferring the heat away
from the receiver through a HTF to a downstream-application is virtually independent
of the receiver concept. However, the required temperature level of the desired appli-
cation largely influences the choice of receiver, which has to be carefully adjusted to the
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reached temperatures, heat amounts and the used HTF.

Although this work focuses on the actual downstream-applications, for now neglect-
ing the way heat is exchanged with the solar receiver, a small overview on common re-
ceiver concepts is given in the following and a schematic depiction of commonly used

receiver/reactor systems is shown at the end of this section in fig. 2.3.

Cavity Receivers and Reactors

In cavity receivers the absorber material is directly irradiated through a small aperture
in a well-insulated enclosure. It is designed to reduce reradiation losses by allowing the
absorber material to also absorb reflected sunlight and reradiated thermal radiation, ide-
ally resulting in a blackbody-behavior. Additionally, cavity receivers allow to be operated
in a fully clontrolled atmosphere by closing the aperture with a transparent, gas-tight
window. That allows the receiver to be operated under pure inert-gas atmosphere or
under vacuum during the reduction and under a defined steam-/CO,-atmosphere dur-
ing the oxidation. In addition to the very high temperatures that are possible, cavity
receivers are a preferred choice for H,0- and CO,-splitting reactors. Cavity receivers

8485 or the Centrec receiver®®®” typically involve moving particles

such as rotatary kilns
as absorbers, while other concepts do not include any moving solid parts. Only gases
are transported in and out of the cavity either as HTF or reactants. Open porous struc-
tures like foams or honeycombs are often used inside cavity receivers to further decrease
reradiation losses, increase reactive surface area and control the gas-flow through the
receiver. Such a cavity receiver-reactor concept that utilises open porous Ceria struc-
tures for WS/CDS has been developed, studied and optimised by a consortium lead by
research groups from APTL and DLR in a series of projects developing a 750kW};,-solar

reactor,1481.:88-91

Particle Receivers

Directly irradiated particle receivers in its simplest form are free-falling particle re-
ceivers, where a curtain of falling particles is irradiated by concentrated sunlight through
an aperture. Since its inception in the 1980’s a multitude of studies have been per-
formed.”?-%° However, free-falling particle receivers are not capable of reaching suffi-
ciently high temperatures for H,0- and CO,-splitting and can only be operated in direct
contact to atmospheric air. Novel design concepts have been investigated that include a
dome or window to enclose the receiver and exlude contact to the outside atmosphere.?®
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Obstructed particle flow receivers, where particles are moved, for example with a cylin-
drical conveyor, ensure alonger residence time and are able tp reach higher temperatures
and increased thermal efficiency, but cause issues with obstruction or blocking of the
conveyor and discontinouos mass flow.

For thermochemical applications, the most promising particle receiver concept is that
of the fluidized bed.”” Therein, very small particles are fluidized by an external gas stream
while being irradiated through an aperture. Temperatures over 1000 °C can be reached
and operation can be done in enclosed atmospheres.’®-1%1 Additionally, particle receivers
offer the possibility to use the particles not only as the absorber material, but also as the
HTF and direct thermal storage medium. Naturally this requires additional engineering
effort as hot particles need to be moved and handled. Attrition, cyclic stability, thermal

insulation and heat transfer during discharge become even more relevant in that case.

Open Volumetric Receiver

Open volumetric receivers consist of solid, open porous shapes (honeycombs, foams,
knit-wire packs etc.) that allow concentrated radiation to penetrate deep into the struc-
ture and therefore enable absorption in the depth of the receiver.1%2 The concept of open
volumetric receivers has been investigated and developed since the 1980’s, mostly under
the lead and involvement of DLR.193-107 On that regard open volumetric receivers tech-
nically are cavity receivers and share some of their benefits as well. The irradiation and
heat transfer approach however is much more straight-forward. Open volumetric re-
ceivers are often shaped in simple forms like rectangles and are open to atmosphere air.
In fact open volumetric receivers use air as the working HTF, which is sucked into the
receiver and heated up by forced convection through the receiver. Absorber materials
may consist of metals or ceramics. Despite their relatively high costs, SiC-based ceramics
are prevalent in open volumetric receivers due to their adequate absorptivity, high melt-
ing point, mechanical robustness and good thermal shock resistance. Additionally, high
temperatures in the range of 1000 °C to 1500 °C are possible.

While commercial CSP-plants for electricity production are mainly equipped with
tubular external receiver systems, utilizing steam of molten salts as HTF, the open vol-
umetric receiver concept has been investigated not only for electricity production, but
also to supply heat for industrial processes.!®11? Given the high temperatures and air
as the HTF, thermal storage units of such plants typically consist of low-cost inert solids
like concrete or sand. Through heat exchangers the heat is used to power a steam-power
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cycle for electricity generation. Allowing direct contact of the thermal storage medium
to the HTF reduces the plants complexity and simplifies the handling of the storage unit.
A similar receiver approach is the so-called external receiver, which typically exists of a
tubular arrangement of non-moving absorber material. External receivers are irradiated
from 360° and therefore find use almost exclusively in solar tower plants that operate
with a circular heliostat field around the central receiver, which is irradiated from all
sides.
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Fig. 2.3.: Schematic depiction of common receiver/reactor concepts in CSE. a) Open vol-
umetric receiver/reactor; b) Direct particle receiver/reactor; c) Indirect parti-
cle receiver/reactor; d) Indirect receiver with separated reactor. Adapted from
Lu et al.,*® Copyright 2019, with permission from Elsevier.
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2.3. Energy Analysis of Redox Cycles

In order to evaluate and compare different material compositions with respect to their

energy demand to drive the redox reaction, it is crucial to implement a common basis for
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energy analysis of such cyclicredox reactions. Since this work focuses on downstream ap-
plications, any reactions that involve fuel production (H,0- and CO,-splitting) are omit-
ted here. Additionally any parasitic energy consumption, e.g. from pumping sweep gases,
are neglected in the following as they are dependent on the exact receiver/reactor setup
that is used and are not directly related to material properties. As long as identical con-
ditions are assumed for every material composition, it is reasonable to exclude such non-
material related factors from the analysis for comparison. In terms of concentrated solar
energy plants, the total amount of energy needed to drive the redox reaction, and there-
fore has to be supplied by CSE, can be defined as:

QCS’E = Qchem + Qsens(+Qlosses) (210)

Qcsk - Total energy supplied by CSE
Qchem - Chemical energy to reduce the material
Qsens : Sensible energy needed to heat the redox material from 7, to T;..q

Qiosses : Thermal losses

For stoichiometric oxides 7, and 7,.., represent the lower and upper limit of the tem-
perature range the material is cycled within. In the case of stoichiometric oxides the oxi-
dation and reduction temperatures are only separated by a small hysteresis considering
otherwise stable conditions. The thermal losses );,sscs are not considered any further
as they are independent of material composition. It becomes clear that in the context of
thermal energy storage, TCES can add additional storage capacity compared to sensible-
only thermal energy storage systems through the chemical energy Q.;e,. In the case
of H,0- and CO,-splitting, (.., represents additional demand for the splitting reaction.

For stoichiometric redox oxides Q) .xen, is quite simply given by the reaction enthalpy A H:

Qechem = AHR (2.11)
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In contrast, non-stoichiometric redox oxides like perovskites are continously reduced
and oxidized over a range of . Therefore exploitable )., depends on the reduction
extent 9. Additionally, A Hy is frequently not independent from J. The chemical energy
Q) chem Of the perovskite can then be calculated by integrating AHgr(d) in the borders of

the minimum and maximum reduction extents ¢,, and ,.4:

67'5(1
Qchemz/ AHg(6)do (2.12)
6030

In fact AHp can also be dependent on the temperature. There are no reports pointing
out that this is the case for perovskite materials, which is why temperature dependence
of AHpy, is neglected within this work. When fully oxidized and reduced states are con-
sidered, given at Ad = d,cq — 0o, = 0.5, €q. 2.12 and eq. 2.11 are equivalent. At Ay = 0.5
the material is technically no longer considered a perovskite, but a brownmillerite with
the chemical formula ABO, ; (or A,B,0:) that crystallises in an orthorhombic structure
(space group: Ibm2). Many perovskites however will dissociate or decompose before
reaching a A9 = 0.5. Exact limitations are unique to each composition and need to be
considered accordingly.

As described previously, some perovskite undergo phase transitions from the ideal
cubic to distorted hexagonal, tetragonal or orthorhombic structures and vice versa de-
pending on the temperature and the reduction extent. For Ca-Mn-based perovskites and
its doped variants, such (reversible) phase transitions from orthorhombic to cubic have
already been reported and linked to endo- and exothermal heat effects.!”19111-113 The
intercorrelation of structure and heat effects, and how this can be exploited through ma-
terials design, will be discussed in the later chapters of this work. The exploitable amount
of chemical energy from the redox reaction ..., needs to be extended by the possible
contribution of a reversible phase transition in the crystal structure of the perovskite.
Extending eq. 2.12 by the heat effect of a phase transition A H,, results in:

Ored

Qchem = AHRg(0) + AH,(0,T)dd (2.13)
601

Depending on the range of temperature and 9, there might even be more than one re-
versible phase transition with significant heat effects resulting in multiple contributions
(AHp 1, AH, o etc.). This property is not exclusive for perovskites, but can also be found

in stoichiometric oxides and does not strictly have to involve changes in crystal structure.
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For example, Co**-cations in Co;0, have been reported to reversibly transition from a
low-spin to a high-spin electronic state with considerable heat effects involved.3¢:11%115
The sensible energy (,.,.s originates from the materials heat capacity C. The heat ca-
pacity of a material represents the amount of thermal energy that is needed to raise its
temperature by 1 K. Vice versa it is the amount of thermal energy released when cooling
down the material by 1 K. Itis typically given either for constant pressure, C,, or constant
volume, C,,. Since we are only considering solids, itis reasonable to assume C, ~ C, = C.
Therefore, the value C'is used in the following.

This sensible energy always has to be supplied to heat a material, and represents a
main source of recuperated heat, especially in cyclic processes where redox material is
heated and cooled repeatedly in a cyclic fashion. For perovskites, the Debye model can

be used to determine heat capacities. The heat capacity C' can then be described in de-

pendency on the temperature 7' and the Debye temperature ©:116117
©p
T\® [T 2
C(T)=9R | — ———dz - n, 2.14
m=0r(g;) [ womten (219

n, represents the amount of atoms per formula unit. For perovskites n, varies between
5 for the fully oxidized state and 4.5 for the fully reduced brownmillerite. It has to be men-
tioned that the Debye temperature O}, is in fact also dependent on the reduction extent 9,
represented by ©p ;. Only few experimental values of Debye temperatures of perovskites
are available and available theoretical values only cover fully reduced (6 = 0.5) and fully
oxidized (6 = 0) formulas. For values of 0 < 0 < 0.5, ©p s can be estimated by linear
interpolaration between ©p ;o5 and ©p ;—o. Thereby, linear interpolation between the

extreme values of C'(7, ©p s for 6 = 0 and § = 0.5 is used, resulting in:”®

C(T,8) = C(T,6 =0,0p4-0) - (1 —26) + C(T,5 = 0.5,0p.4-05) - 26 (2.15)

This model to calculate heat capacities of perovskites has been successfully utilized
by Vieten et al..””78 At T >> Op 5, we can describe the heat capacity of a perovskite in

relation to the reduction extent 9, according to the Dulong-Petit law, as:

C6)=3-R-n,=3-R-(5—96) (2.16)

While this assumption is reasonable for some perovskites that show Debye temper-

atures below 600 K like LaCoO, and LaFeO,,''®1%% it may not be correct for every per-
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ovskite. However, if second-order phase transitions, such as magnetic order-disorder
transitions, are ruled out or neglected, eq. 2.16 can serve as an upper threshold and
good approximation of heat capacity values at 7' > ©p s for all perovskites. Using eq.
2.16 instead of eq. 2.15, may lead to less accurate values, but rather overestimates the
energy demand with respect to the sensible heat of a perovskite, making it still a viable
option to quickly compare perovskites to one another or to other competitors qualita-
tively. As demonstrated in fig. 2.4, eq. 2.16 exhibits close proximity to calculated values
from eq. 2.14 in the case of CaMnO;_; with only 2.6% and 4.8% deviation at 873 K for

the reduced and oxidized state respectively. In first approximation, eq. 2.16 results in

values between ~ 112—— and ~ 124—7—, which fits values reported for SrFe0; from

theoretical calculations’’ and experiments.'2°

_J
mol-K

using different approaches such as the Neumann-Kopp rule,

121122 for La-Mn-based compounds,
123

Other research groups reported values > 150
which estimates the heat
capacity of mixed oxides by the stoichiometric mixing of its compounds heat capacity. For
stoichiometric oxides, like Co;0, and Mn,0,, literature values are available by Barin!?*
and are plotted together with values for CaMnO;, which have been calculated via eq. 2.15,
in fig. 2.4. Values of ©p ;s were derived from available Data on Materials Project’”*?*> and
are given as Op 5—o = 847.3K and Op 5—o5 = 632.8K.
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Fig. 2.4.: Heat capacities of CaMnO;, CaMnO, ¢, Co;0, and Mn;0,. a) Heat capacity per
mol of oxide; b) Specific heat capacity per gram of oxide. Values of CaMnO,
are calculated theoretically according to eq. 2.15. Values for Co;0, and Mn;0,
are taken from Barin..!?* Approximations for heat capacities of the perovskite
according to eq. 2.16 are given in black (6 = 0) and grey (6 = 0.5) dashed lines.
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The stoichiometric redox oxides Co;0, and Mn;0, have substantially higher heat ca-
pacities per mol oxide compared to CaMnO,_s; but using values per mole is rather uncom-
mon in technical evaluation of such energy storage systems. Materials on the world mar-
ket are typically traded in units of weight. Additionally, weight and volume are the most
important factors to determine the costs of a storage unit. Therefore, the specific heat

capacity Cjpe,, given in Q.LK, is used in the scope of this work. Notably, CaMnO,_; has the

lowest density of the three compared materials (pcamno, , = 4.35.%3 vs. pco,0, = 6.117

5 cm cm3

VS. pun,0, = 4.86-%5) and thereby the smallest volume atidentical weight amounts of ma-
terial. As can be seen in fig. 2.4b, all three materials show comparable values for C,.,
especially in the temperature range of interest (873 K to 1273 K), which is in accordance
to values reported in literature.!?®

In contrast to TCES units, which are typically designed to be operated with air as the
HTF, additional care has to be taken if water or carbon dioxide are to be splitted in a ther-
mochemical reactor. For a redox material to split H,O during oxidation for example, its
reaction enthalpy has to match at least that of the formation enthalpy of H,0. The same
applies for CO,-splitting. In order to account for losses, reaction rates and conversion
efficiency, A Hg of considered materials are required to be even higher. The reaction en-
thalpy of Ceria, widely considered as state-of-the-art for thermochemical water splitting,
ranges from ~475% to ~400#{0 depending on 6.12-13% In comparison, the formation
enthalpy of H,0 is substanially smaller with 241 k- 131

The high enthalpy of materials that are able to split water during oxidation comes at the
price of less reducibility, meaning high temperatures in the range of 1300 °C to 1600 °C
are needed to reach reduction extents that produce sufficient conversion rates in a cyclic
redox process. In addition to the high temperatures, low p(0,) are needed, in accordance
to eq. 2.21, to further increase the reduction extent §. In order to achieve sufficiently low
p(02) the two main options that have been applied so far are inert gas sweeping and vac-
uum pumping. The utilization of sweep gas to reach low p(0,) has been shown to have
lower overall process efficiences compared to mechanical vacuum pumping.32 On top
of that, recent studies by the same group revealed that thermochemical oxygen pump-
ing has the potential to outperform mechanical pumping, especially at pressures below
100 Pa.®>%¢ Fig. 2.5 depicts the comparison of a various mechanical pumping options, a
mechanical envelope function and thermochemical oxygen pumping based on the Co;0,
redox cycle.®® The underlying models of this study, have been reported by Brendelberger

et al..6>66
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Fig. 2.5.: Comparison of different pumping systems based on a study of Brendelberger
et al.,, showing thermochemical oxygen pumping may outperform mechanical
vacuum pumping at low p(0,). Calculations for thermochemcial oxygen pump
are based on Co;0,-redox cycle. Reprinted from Brendelberger et al.,%> Copy-
right 2017, with permission from Elsevier.

In order to maximize system efficiency in any of the described thermochemical pro-
cesses utilizing cyclic reduction and oxidation of a metal oxide, powered by concentrated
solar irradiation, not only the material choice needs to be considered, but also the des-
ignated receiver/reactor design as well as the peripheral system has to be taken into ac-
count. This requires interdisciplinary collaboration in the fields of engineering, chem-
istry, physics and material science. It might be that a certain material would theoret-
ically exhibit extraordinary performance, but cannot be implementend in the foreseen
reactor concept due to practical limitations. Furthermore, the best performing reactor
system might never find its use, because no material fulfills the necessary requirements
for operation. Therefore, it is commong to either develop better performing materials
for certain processes and build a reactor and operation concept around it or start from
the reactor side and then try to identify materials that could work under the given op-
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eration principles. Either way, both efforts need to be combined to further develop the
technology as a whole.

In this work a generic approach from the perspective of materials development is cho-
sen, which is designed to be flexibly implemented into existing reactor concepts. In order
to reduce complexity of the framework wherein materials and components are investi-
gated, reasonable limitations, e.g. only gaseous HTF and downstream/indirectly heated
reactors, have been made.

2.4. Open Porous Ceramics for Thermochemical Cycles

Due to their beneficial characteristics like high thermal shock resistance, low density high
permeability, mechanical rigidity and chemical resistance, open porous ceramic struc-
tures are widely used in various technical applications in the fields of engine exhaust
filters, molten metal processing and catalyst support.'33-135

Predominantly, SiC and SiSiC ceramics are also employed as absorber materials in re-
ceivers for CSP,198136 where typically air is used as HTF, reaching temperatures above
1000 °C to drive a downstream power cycle for electricity generation. If receiver materi-
als are not only used as absorber material, but also as an active reactant in thermochem-
ical applications, a lot more requirements, when it comes to material choice, have to be
met. Specifically ensuring mechanical stability, cyclability, thermal shock resistance and
stable conversion rates are challenging, due to increased thermal expansion during re-
duction and oxidation, sintering effects, thermal stresses and loss of reactivity. These re-
quirements have sparked research to improve compositions and structures used in such
applications.82137-139 [n order to overcome some the above mentioned restraints, efforts
have been made to coat reactive redox materials onto inert ceramic support structures.
Commercially available open porous ceramic structures, like honeycombs or foams made
from cordierite, can be dipped into a slurry mixture, containing fine powders of the redox
material and subsequently dried and sintered. For TCES with Mn-, and Co-oxides, this has
been extensively investigated in a series of research work by Agrafiotis et al.>>>6140-143
after originally being considered for H,0- and CO,-splitting with Fe-based oxides!** and
La-Mn-based perovskites.!#>146

However, coating active material onto inert ceramic supports does come at the draw-
back of a limited load of active material. The support material has to be heated without
taking part or contributing to the thermochemical reaction, resulting in major energy
penalties, especially when temperature swings are employed. Monolithic structures, en-
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tirely made from redox material, raise interest due to the much higher load of active ma-
terial per unit where all the bulk material, in theory, takes part in the reaction.

Addressing this issue, researchers from ETH Zurich have successfully produced mono-
lithic structures from the state-of-the-art H,0-splitting material Ceria and have tested
them in lab-scale tests and small scale solar reactors.*!3%147-151 The predominant tech-
nique to produce such monolithic open porous ceramic structures, also called reticulated
porous ceramics (RPC), is the so-called replica-method, originally proposed by Schwar-
walder and Somers.'>? Therein a previously manufactured polymeric sponge with a de-
fined porosize-distribution is immersed in a viscous slurry that contains the redox ma-
terial and an organic binder. The slurry sticks to the sponges surface, even after dry-
ing, resulting in the RPC green body. In a subsequent firing step the polymeric support
structure and the organic binder are burned off and the ceramic particles are sintered,
resulting in a ceramic replica of the original polymeric sponge.

The replica-method is a presumably easy process, but a lot of factors, like the ceramic
powders particle size distribution, dispersant, type of binder, pH and rheological behav-
ior of the slurry, drying and firing procedure, need to be considered to produce rigid
and stable structures. Nonetheless, once a suitable recipe is defined, the replica method
provides a reliable way to produce monolithic open porous ceramics, which is a desir-
able option for thermochemical applications. In addition to having higher loads of redox
active material in the absorber/reactor compared to coated support structures, mono-
lithic foams still offer all the benefits of rigid, stable and durable open porous structures.
Compared to flow-through ceramic honeycombs usually made by extrusion, the foams’
extremely high, yet interconnected porosity provides for a very low pressure drop, a fea-
ture that renders them suitable for use with pressurized gaseous HTFs. Foams also ex-
hibit enhanced mass and heat transfer due to high convection in the winding open flow
channel network and a considerable degree of radial mixing, which is advantageous in
potentially heat transfer-limited processes.'>® Such foams can also be used in a modular
fashion in non-moving systems utilizing pressurized gaseous HTF, while only exhibiting

minor pressure changes.!3°

2.5. Perovskites

In the following, the chemical and structural characteristics of perovskite metal oxide
material class are outlined. Thermodynamic and kinetic considerations are described
and the suitability of perovskites for thermochemical redox processes is set forth.
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Perovskite Chemistry

The material class of perovskites is named after a mineral containing CaTiO;, which was
first described by Gustav Rose in the early 19th century'®* and was named "Perowskit” in
honor of the mineralogist Lew Perowski. Although the eponymous composition CaTiO,
crystallizes in a distorted orthorhombic structure, perovskites of the general formula
ABO;, with A and B representing metal cations, are characterized by an ideal cubic crys-
tal structure in space group Pm3m. In alignment with CaTiO,, distorted variants of the
ideal cubic structure are generally described as perovskites as well. Additonally there ex-

ist hybrid mixed organic-metal-halide perovskites, which contain organic molecules and
155,156 157

and lasers.

are used in solar cells

Fig. 2.6.: The ideal cubic perovskite structure. A and B represent metal cations in the
composition ABO;. Drawing of crystal structure made with VESTA3.158

A thorough description of perovskites and their crystal structure has been made by
Goldschmidt in 1926.1%° From geometrical considerations, Goldschmidt defined a toler-
ance factor, that indicates if an ABO; oxide with a given combination of A- and B-site
cations will crystallize in the perovskite crystal structure (see eq.2.17). The ionic radii r 4
and 3 need to be within a certain ratio to be densely packed in the cubic structure. The
Goldschmidt tolerance factor ¢ equals exactly 1 if this condition is met.>® Additionally,
A- and B-sites can be occupied by more than one cation species if the ionic radii do not
differ too much.

t = _Tratro (2.17)

\/§<7‘B + To)
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r 4 : lonic radius of A-site cation
rp : lonic radius of B-site cation

ro : lonic radius of Oxygen-ion

If the tolerance factor diverts from 1, the ideal cubic crystal structure is distorted
to accomodate the ions. If it is greater than 1, hexagonal and rhombehedral distorted
structures form, while values below 1 result in tetragonal and orthorhombic structures.
However, the range of possible distortion is limited. If the deviation becomes too large,
other structures can become more stable and lead to the formation of non-perovskite
phases. Since reality is often much more complex than this simple geometric factor, it
can only be considered as an indicator and no hard limits concerning phase stability
can be derived. Other characteristics such as electronegativity and polarizability of in-
volved species, bond strength and temperature influence the perovskite phase stability
as well.1®%-162 Various research groups have modified and expanded the definition of
the tolerance factor to improve the precision of made predictions,'%3-1%> but the orig-
inal Goldschmidt tolerance factor is still accurate for many perovskites and remains a
valuable metric.

orthorhombic
+ tetragonal

0.95 1.00 1.05

Fig. 2.7.: Tolerance factor ranges for stable perovskite phases. 0.95 and 1.05 are only soft
boundaries and the transitions are fluid as illustrated by the color gradient.

In order to calculate the tolerance factor, the ionic radii of the involved species have to
be known. The work of Shannon, published in 1976, contains an extensive list of ionic
radii from many ionic species in various oxidation states and coordinations and has been
cited over 50000 times since.'®® Values given by Shannon serve as a basis for tolerance
factor calculations in this work. Within the scope of this work an adjusted coordination
number (CN) of the A-site ion is used. The work of Vieten et al. has shown empirically for
SrMn, Fe, O, s that assuming a mixture of coordination states with 80% CN 12 and 20%
CN 10 of the A-site ion improves the crystal structure predictions made, based on the
tolerance factor.”””® B-Site and Oxygen ions are coordinated in CN 6 forming octahedrals.

It has to be kept in mind that calculated values are primarily valid at OK. The tempera-
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ture increase however has a significant influence on the tolerance factor in two different
ways. Firstly itleads to a reduction of the perovskite, resulting in the formation of oxygen
vacancies and a reduced B-site ion species. These oxygen vacancies have a representative
ionic radii of 131 pm as reported by Chatzichristodoulou et al.,'®” which is smaller than
the nominal ionic radii of 0?7, which is 140 pm for CN 6 as given by Shannon.'®® How-
ever, the ionic radii of the reduced B-site species typically increase by a greater value
(e.g. r(MntV) = 53pm vs. r(Mn™!1) = 64.5pm), ultimately resulting in a decrease of
the tolerance factor. Especially when multiple B-site species are present and take part in
the reduction reaction, this correlation becomes significantly more complex. Secondly,
increasing temperatures result in an expansion of the crystal lattice. Dabrowski et al. re-
ported that the <A-O> and <B-0> atomic bonds do not increase in similar fashion, but
the <A-O> bond increases by a greater margin than the <B-0> bond.'®? This leads to an
increase of the tolerance factor with increasing temperature.

In fact the rise in temperature drives two counteracting mechanisms, one leading to a
decrease, the other one leading to an increase of the tolerance factor. Additionally, as it
is explained in section 2.5, temperature is not the only driving factor for the oxide’s re-
duction. The reaction enthalpy as well as the surrounding atmosphere, more specifically
the p(O,), have to be accounted for. In general, the magnitude of both effects is strictly
related to the involved atomic species and therefore dependent on the exact composition
of the perovskite.

Thermodynamics

A common thermodynamic function to describe the behavior of a closed system is the
Gibbs free energy G,'®® which is given in eq. 2.18:

G=H-TS (2.18)

G : Gibbs free Energy
H : Enthalpy
S : Entropy
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For a chemical reaction at constant temperature and pressure the differential of eq.2.18

results in eq. 2.19:
AG =AH —TAS (2.19)

The system thrives to minimize G. Thereby, a chemical reaction proceeds sponta-
neously if AG is below zero. The change in enthalpy AH of a reaction can also be con-
sidered as the reaction enthalpy AHg. In the case of the redox reaction of perovskites
(seeeq. 2.5and 2.6) AHg can also be interpretated as the heat the reaction consumes or
releases. The entropy S is a measure for the extent of disorder in a system and A S for the
reduction reaction of perovskites is exclusively positive, due to the fact that gaseous prod-
uct is released from a solid reactant. The Gibbs free energy is temperature dependent,
which means for the endothermal reduction reaction in air that the oxide is reduced at
elevated temperatures. Reaction enthalpies of reversible oxide redox reactions are typ-
ically given in positive values, representing the change in enthalpy of the reduction re-
action. Positive values hereby account for endothermal reactions, while negative values
account for exothermal reactions. If fully reversible, the oxidation has identical values of
A H with a negative sign.

Since the redox reaction releases and consumes oxygen, AG is also dependent on the
partial pressure of oxygen. AG can be calculated at any given p(0,) with AG?, the change

in Gibbs free energy at standard conditions:

|
AG = AG + SRT - ln(%) (2.20)

When combined with eq. 2.19, eq. 2.20 results in:

AG = AHy — TAS, + %RT : ln(%) (2.21)

Herein the standard pressure p° is set to 1 bar and R is the ideal gas constant. The
factor % originates from the fact that values for AG, AH and AS are given per mol O,
while the partial pressure is given per mol O, (originally the factor is an exponent inside
the natural logarithm). Additionally, AH can also be dependent on the reduction extent
0. This correlation is especially true for perovskites containing multiple B-site elements,
e.g. SrFe,sMn,;0; but is considered negligible for single element B-site perovskites
like CaMnO,_;.1%° Based on a model derived for ceria,**17? the work of Vieten”””® pro-



32 2. Theory and Background

vides an approach to model the /-dependency of AH in multi-cation B-site substituted
perovskites as a numerical derivative of p(0,) with respect to temperature. Within the
scope of this work it is reasonable, for perovskite compositions with only one B-site ele-
ment, to approximate AH as constant over the considered J-range.

The change in entropy AS of the redox reaction can be described as the sum of the
partial molar entropy of Oxygen S¢, (T'), the change in vibrational entropy As,;(T") and

the change of configurational entropy As,,, (8, T'):”7130.169

AS(3,T) = 5 - S8,(T) + A (T) + Sseans (A, ) (222)

The reduction reaction involves the release of oxygen into the gas phase from a bound

state in the crystal lattice, resulting in large entropic contributions. In fact the molec-
ular entropy of oxygen gas S, (T) is by far the biggest contributor to entropic changes
for most perovskite compositions. ng (T') can be calculated using the Shomate equation
and listed data from NIST-JANAF thermochemistry tables.!3117! The change in vibrational
entropy As,;(T") originates from excitation of vibrational phonon modes in the crystal
lattice. With rising temperature, more phonon modes are excited, resulting in an increase
of entropy, and is therefore closely related to the heat capacity of a solid, which is pre-
dominantly determined by the extent of phonon mode excitation. s,;(7") is accessible

1 116

through the Debye mode If the Debye temperature Op s, the temperature where all

phonon modes of a crystalline solid are occupied, for phases at given § is known, s,,;,(7")

can be calculated by:!1°

A
Ops

Itbecomes clear that the Debye temperature of all phases at any given non-stoichiometry

sos(T) = R-[=3-In(1 — ¢ ®3)] 4 4. D( (2.23)

4 has to be known in order to properly calculate s, (7). Experimentally these values are
very difficult to obtain. While theoretical calculations offer a pathway to obtain Debye
temperatures, they require calculated elastic tensors of these phases. That can be done
via density functional theory (DFT),”2173 but is a lengthy and computationally expensive
process. Some materials databases such as Materials Project'?® contain elastic tensors
for some perovskite materials, but they are not complete and data therein is only added
slowly.

For perovskites it has been shown that not only does the vibrational entropy repre-
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sent only a small fraction of the overall change in entropy, but also only varies slightly
in between perovskite compositions, making it possible to approximate As,;,(7") by cal-
culated values for a representative composition (e.g. SrFeO, ;).”””8 This approach has
been followed within the scope of this work. Additionally, the materials discussed herein
are designated to operate at high temperatures. At 7" >> O, all vibrational modes are
excited and the error introduced by this approach is becoming negligible for the most
part.

The change in configurational entropy derives from possible locations in the crystal
lattice, where oxygen vacancies can form. Compared to ceria, less possibilites are ac-
counted for in perovskites, as only B-site atoms are actively reduced during the formation
of oxygen vacancies, limiting the possible oxygen sites that can be vacated. While configu-
rational entropy contributions are smaller compared to single cation non-stoichiometric
redox oxides like ceria, perovskites offer great tunability of configurational entropy by in-
troducing multiple B-site cations or inducing phase transitions and order-disorder tran-
sitions. Based on a dilute species model derived from previous work on ceria,'3? the
change in configurational entropy with respect to the reduction extent ¢ can be described

as: 199

ASeonf =2-a-R- [ln(% — ) — Ind] (2.24)

The factor 2 in eq. 2.24 accounts for the fact that 2 mol of perovskite are needed per 1 mol

of monoatomic oxygen. The vacancy ordering is accounted for with the dimensionless
constant a. A random distribution without any vacancy ordering is considered if a = 2

130,169 which is assumed throughout this work. If multiple B-

according to Bulfin et al,,
site cations are present and the perovskite can be described as a combination of sub-
lattices within the solid solution, As,,,  consists of the weighted sums of each sub-lattice

(described by the index 1 and 2):78130
Aseons(0,T) = Aseons1 (0,01, T, AH1) + Aseons 2(6, 02, T, AH,) (2.25)
This model is very accurate to predict entropy changes in perovskite solid solutions and

has been utilized for DFT-based material calculations previously.”””8
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Kinetics

While thermodynamics deals with the direction in which a reaction or process takes
place, it does not provide any information on the reaction on a timescale. Kinetics in-
troduce time as a factor to evaluate chemical reactions, dealing with measurement and
parametrization of reaction rates. In general the kinetics of solid state redox reactions
can be parametrized by three major values: Temperature, 7’; extent of conversion, «;

pressure, p resulting in a generic equation for the reaction rate:'7*

do
o = M(T)f()h(p) (2.26)

Classic solid-state kinetic models do not include a term for the pressure dependence!”®
and the majority of kinetic models in the field of thermal analysis and thermochemical
reactions omit the pressure dependency h(p) as well. This is reasonable if the condi-
tion h(p) = const. holds true throughout the reaction. For redox reactions involving
gaseous components, this is usually established by using sweep gases to either remove

any gaseous reaction products or provide excessive amounts of gaseous reactants.

Instead of a generic pressure dependent function, the concentration of the gaseous re-

actants can be used as well. This was successfully done by Bulfin et al., who found the

concentration dependence to follow a power law % o cp, with a value of n = 0.695 for

SrFe0,.17 Additionally, they have shown that only little variation exists in values for n
and that its impact on the determined activation energies were marginal.}’® The concen-
tration cp, can be calculated from the partial pressure of oxygen p(O-) via the ideal gas

law:

- p(Os)
=nT (2.27)

=I=

602
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In order to describe the temperature dependence of the reaction rate, typically an Arrhe-

nius equation is used:

k(T) = A-exp <_E) (2.28)

Therein, A is a preexpotential factor and F, the activation energy. This activation energy
is often referred to as an apparent activation energy since it only describes the effect of
temperature on the overall kinetic process and not the intermediate steps involved in the
reaction. The function f(«), describing the dependence of the reaction rate on the extent
of conversion «, can be represented by a multitude of functions. Regularly f(«) needs to
be defined empirically, especially if the reaction model has not been defined in details. In

its simple and most common form, f(«) takes the form of a reaction-order model:'”*

fl@)=(1-a) (229)

by:

o _aymdy A eap (‘Ea> (2.30)

The initial rate at ¢ = 0 is defined as:

da )
) ooy, —La 2.31
(@), =4 (77) @31
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Taking the logarithm of eq. 2.30 results in:

do do
) =m- 1 — — 2.32
log(dt) m - log ( oz)+log((dt>tzo) (2.32)
lotting % be d ined from the i 1 d log ( (e
Plotting — S (1 — @), m can be determined from the linear slope and log ((%¥),_,)

n (d_a
2 \dt
activation energy FE, as the slope and the pre-exponential factor log(A) as the intercept.

from the y-axis intercept. Using these intercepts, plotting c, ) 1o VS }{—(gi gives the
This kinetic model is closely following the work of Bulfin et al.'’® and has been applied
in the kinetic analysis within this work. Although the actual reaction mechanism can be
more complex, the reduction and oxidation of perovskites can be broken down into three

major steps, which are depicted schematically in Fig. 2.8:

 Diffusion of gaseous reactants (e.g. oxygen) in the surrounding atmosphere
e Adsorption/Desorption of gaseous reactants on the perovskite surface

 Diffusion of oxygen ions, oxygen vacancies and electrons within the perovskite

crystal lattice

Typically one of these 3 steps is substantially slower, and thus considered the rate limiting
factor. During the reaction a concentration gradient forms in the reactant atmosphere
causing diffusion either away or towards the redox oxide. For a fast reaction it must be
ensured that during the reduction, evolved oxygen is removed quickly, and during the
oxidation a constant supply of oxidants (e.g. O,, H,0 or CO,) is given. A limitation by the
diffusion of gaseous reactants can be ruled out by excessive sweep gas supply. During
reduction, alternatively vacuum can be provided to ensure a sufficient mean free path

and constant removal of gaseous products from the atmosphere.
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Fig. 2.8.: Schematic illustration of the 3 major steps of the perovskite redox reaction.
M?3* and M** represent the reduced and oxidized B-site species respectively.

The adsorption and desorption of gaseous oxygen on the perovskite surface is also
summarized as the surface exchange reaction, or simply surface reaction. During oxida-
tion oxygen from the gas phase has to be adsorbed at the surface and incorporated into
the crystal lattice. The reverse reaction is occuring during reduction. Literature suggests
that this surface exchange reaction involves multiple intermediate oxygen species,'’’-17
which are accounted for in the schematic depiction of the reaction mechanism in fig. 2.8.
The electrons that are released or consumed during the conversion of O 445 to O?% -ions
are related to the reduction and oxidation of transition metal species in the perovskite.
Typically only the B-site species is changing its redox state. Some perovskites can form

carbonates on the surface, especially when oxidized by CO,.18% It has been shown that
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perovskites can be cured from such passivating surface phase by heating in oxygen rich

atmospheres.’®169

Diffusion of oxygen ions and electrons also follows concentration gradients. It occurs
from the surface into the bulk, from bulk to surface and within the bulk. Perovskites
are considered as mixed ionic-electronic conductors, showing considerably high diffu-

sion rates for both, electrons and oxygen ions.181-184

185

That also renders them as possible
candidates for anodes in fuel cells!®® and cathodes in Li-Air-batteries.!83

The internal diffusion is influenced by the morphology of the perovskite as well. Par-
ticle and grain sizes, grain boundaries, crystal structure, secondary phases and phase
transitions can all either enhance or hinder the diffusion of oxygen ions and electrons
through the bulk. Additionally the surface exchange reaction is also influenced by the
perovskite morphology, mainly by the available surface area. Different sample morpholo-
gies, such as powder, particle, pellets or monolithic structures can significantly vary in
their kinetic properties. Exploring these properties theoretically proves to be difficult.
However, utilizing experimental techniques like thermal analysis and the kinetic reac-
tion model described in this section, activation energies can be determined. Different
activation energies in certain regions of temperature and p(0-) indicate different rate-
limiting factors for these regions. By closely observing the activation energies, regimes
of dominant rate-limiting factors can be distinguished, and sample morphologies can be
compared qualitatively.
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Within this work, multi-cation perovskites with varying compositions are synthesized
and characterized. A solid state synthesis approach has been utilized and a procedure to
produce monolithic open porous structures from perovskites has been established. Char-
acterization has been done by means of x-ray diffraction (XRD), SEM, TGA, DSC, dilatom-
etry, N, gas-adsorption by Brunauer-Emmett-Teller model (BET), mercury porosimetry
and mechanical force tests. An experimental test-rig has been used for the initial screen-
ing of perovskite compositions with respect to their oxygen pumping performance and
the best performing composition has been chosen to produce monolithic RPC foams. An
adjusted and expanded version of this test-rig has been rebuilt in a later stage to test
produced RPC foams.
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3.1. Synthesis of Perovskite Solid Solutions

All perovskite compositions investigated within this work have been synthesized by
solid-state-synthesis. Therein, two procedures have been used. While at first, a rather
simplistic synthesis approach, in the following referred to as "simple synthesis”, has been
used to synthesize the compositions for the material screening (chapter 4), this proce-
dure has been continuously refined and adjusted, ultimately leading to an "advanced
synthesis” procedure, which has been utilized to synthesize perovskite compositions in
larger quantities for foam and granule production in the later stages of this work (chapter
7.

However, identical precursor materials were used in both procedures. Stoichiomet-
ric oxides were used as-purchased: Co;0, (Materion Advanced Chemicals, Milwaukee,
WI, USA), (0.75)(Mn,05)*(0.25)(Fe,0,) prepared as dry-mixture of Mn, 0, (Materion Ad-
vanced Chemicals, Milwaukee, W1, USA) and Fe,0; (Alfa Aesar, Karlsruhe, Germany). All
precursors were technical grade materials with a purity of >98%. Used presursors for A-
and B-site elements, including their sources are listed in table 3.1.

Main reasons to choose solid state synthesis for this work are: it utilizes comparably
cheap raw materials; easily scalable; easy to reproduce. All of these factors are enabling
fast transfer from lab scale to industrial scale.

Table 3.1.: Used precursors for perovskite solid state synthesis and their sources.

Precursor, Source

A-Site B-Site
e CaCO;, Merck (Darmstadt, Ger- e Mn;0,, ERACHEM (Saint-
many) Ghislain, Belgium)
e SrCO;, Alfa Aesar (Karlsruhe, Ger- e TiO,, Evonik (Hanau, Germany)

many)
e a-Al,0;, SCFa-5, SASOL (Ham-

burg, Germany)

e Cr,0;, Merck (Darmstadt, Ger-
many)
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Simple Synthesis

The stoichiometric amounts of metal oxides and carbonates were dry mixed and thor-
oughly grinded with mortar and pestle before firing in a Carbolite® RHF 14/35 muffle
furnace. The firing schedule consisted of a 6-h isothermal step at 800 °C and a 10-h step
at 1300 °C with heating rates of 10 °Cmin™! in-between the steps. Grinding and firing
has been repeated once, for each sample to ensure complete reaction and phase purity,
which could not be achieved for all samples (see tab. 3.2). All compositions were ground

once more after the final firing procedure.

Advanced Synthesis

In order to obtain single phase perovskites without firing and grinding the material mul-
tiple times, the simple synthesis procedure described above has been adjusted. Inho-
mogeneous mixing, resulting concentration gradients of the used A- and B-site ions, was
identified as the main reason for the formation of non-perovskite side phases. Therefore,
stoichiometric amounts of the precursors were mixed in a 1:2 wt.-ratio in isopropanol
and vigorously stirred for 2 hours. The solids were filtered and dried of any residue lig-
uid for 24h at room temperature and 24h at 80 °C. The dried powder mixture was then
transferred to alumina crucibles and fired in a Carbolite RHF 14/35 muffle furnace for
24h at 1200 °C and heating rates of 5°Cmin!. In principal, drying could also be done
directly in the furnace, further reducing manual labor involved in the synthesis process.
This advanced synthesis resulted in single phase perovskites after the first and only firing
procedure.

An overview of all synthesized compositions, sorted by synthesis method, is provided

in tab. 3.2 together with their respective tolerance factor.
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Table 3.2.: Overview of all synthesized perovskite compositions.

Simple Synthesis

Composition Structure Side Phases to

CaTiy,Mn; 4045 orthorhombic 0.9881
CaAl,,Mn, 305 5 orthorhombic 0.9952
CaCry;Mn; 404 orthorhombic 0.9948
CaCrjysMn; ;055 orthorhombic 0.9953
CaMnO, g orthorhombic CaCO,, CaMn, 0, 0.9958
CaggsSrg9sMn0O; s  orthorhombic 0.9978
Cay¢Sry;MnO; 4 orthorhombic CaMn,0, 0.9997
CaygSry,Mn0, 5 orthorhombic CaMn,0, 1.0036
SrFeO, ; cubic unidentified 1.0060
SrFe,,Mn; 45,055  cubic 1.0153
SrFe;,Mn; .05 ; cubic 1.0201
SrMnO, 5 hexagonal 1.0346

Advanced Synthesis

Composition Structure Side Phases to

CaMnO,_; orthorhombic 0.9958
Cayg5SryosMn0O, s  orthorhombic 0.9978
CaygoSry10Mn0O5 s  orthorhombic 0.9997
Cay gSry,MnO; s orthorhombic 1.0036
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3.2. Perovskite Monolithic Structures

Within this work, four types of monolithic structures have been prepared for further anal-
ysis: Foams, granules, bars and pellets. Foams, granules and pellets have been solemnly
produced from perovskites obtained by the described advanced synthesis method, while
bars have been produced from perovskites obtained by both synthesis methods. By
which method the used perovskite has been synthesized is indicated in the respective
result sections.

Open Porous Perovskite Foams

The foams have been manufactured via the polyurethane (PU) foam replica method,
which involves impregnation of sacrificial PU foam templates with slurries of the pow-
der and subsequent drying and firing of the green body. Given this approach, the final
particle size of the redox powder has to be sufficient to facilitate its formulation in stable
slurries that do not settle under gravity. Therefore, the sintered powder was dry-milled
in a Pulverisette 6 planetary ball mill (Fritsch, Germany) with zirconia spheres as the
grinding media. Various milling conditions have been explored. The powders’ particle
size distribution (PSD) after milling was measured with a Mastersizer 2000 Low Angle
Laser Light Scattering Analyzer (Malvern Panalytical, UK) and their specific surface area
was determined with a Surfer Micro nitrogen porosimeter (ThermoFischer, Germany).
An average particle size of 5 pm was targeted for slurry production. PSD and the cho-
sen milling parameters of the powder used to manufacture foams within this work are
shown in fig. 3.1. A synthetic polyelectrolyte with the commercial name DOLAPIX CE64
(supplied by Zschimmer & Schwarz GmbH & Co, Lahnstein, Germany) was employed as a
dispersant to induce slurry stabilization. Slurries of the CaMnO;_; powder with 80%-wt.
solid content, 17%-wt. water and 3%-wt. dispersing agent were prepared. Perovskite
foam samples used in the oxygen pumping demonstration experiments were prepared
with an adjusted slurry formula with the addition of 6.6%-wt. of polyvinylpyrrolidone
(PVP) as a polymeric binder and a total solid wt.-ratio of 65.4%. PU foam specimens of
30 and 60 ppi were sectioned from larger samples with the commercial name Regicell
30 (FoamPartner GmbH, Leverkusen, Germany). Under stirring, the selected amount
of powder was slowly added in the corresponding amount of deionized water, followed
by the dispersant. After approximately ten minutes the temperature of the slurry was
raised to 60 °C. Stirring at this temperature was continued for ten more minutes. If
foaming occurred, several drops of the anti-foaming agent Kontraspum KWE (supplied
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by Zschimmer & Schwarz GmbH & Co, Lahnstein, Germany) were added. Then, the PU
specimens were impregnated in the slurries. The loaded specimens were withdrawn and
excess slurry was removed by compression and a compressed air jet. The resulting green
bodies were dried at ambient temperature overnight, placed on alumina tiles and fired at
1350 °C in a single-stage sintering schedule for 3 hours with a heating rate of 1 °C min™!

and subsequent cooling to ambient temperature with a cooling rate of 2 °C min™..
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12 Milling Parameter Value
104
8] Time 15 minutes
61 Rotation Speed 450 rpm
z Wet or dry dry
0 , , , , , , , wt.-ratio sample:mil. balls 1:2
0 2 4 6 8 10 12 14 11:
Partcle size ] Type of milling balls Zr, 25 mm
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Fig. 3.1.: a) Particle size distribution of CaMnO;_; powder after milling with parameters
shown in b).

Perovskite Granules

Desired perovskite powders were granuled in an EL1 lab-mixer (Gustav Eirich GmbH &
Co KG, Germany). Therefore, finely milled powder, identical to the foam production pre-
cursors in the prior section, was used. 100 g of powder was mixed with microcrystalline
cellulose (MCC) in a 10:3 ratio (Perovskite:MCC) in the Eirich-mixer and initially mixed
dry at 1500 rpm for about 10 min. Any residues of the mixture that stick to the mixer
walls were scraped off manually with a spatula and the mixing was repeated for about
5 min.

Subsequently the mixing speed was set to 800 rpm and about 40 mL H,0 was added
slowly. Mixing was continued for 10 min, residues on the wall were again scraped off
manually before mixing for additional 10 min. At this second mixing step at 800 rpm,
more H,0 was added very slowly (drop by drop) until particles of the desired shape and
size form. At this step more H,0 added to the mixture will result in bigger particles,
while the desired shape is always spherical. After finishing the granulation the particles
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were transferred to an alumina crucible and sintered at 1300 °C for 24 h with interme-
diate isotherms during heat-up at 280 °C and 500 °C for 2 h each. A slow heating rate of
1°Cmin™! and a slightly faster cooling rate of 2 °C min™! were employed during this sin-
tering process. Sintered particles were then sieved through a metal mesh sieve stack with
variable mesh sizes to further narrow down the particle size to the desired range. Uti-
lizing the above described procedure, granules of CaMnO;_sand Ca; 45Sr ;s MnO; s with a
particle size (diameter) range of 1 mm to 5 mm were produced and used for experimental

tests on the oxygen pumping performance later on in chapter 7.

Perovskite Bars and Pellets

As-synthesized powders were used to prepare 50 cm long, rectangular (5x5 mm) bar-
specimens of each sample. Bar-specimens were prepared by cold pressing the composite
powders in a mold with a laboratory PERKIN-ELMER hydraulic press. A force of 9 - 10* N
was applied and the green bodies were subsequently sintered at 1350 °C for 20 h under
air with a heating rate of 5°Cmin!. This process was used for powders obtained from
simple synthesis and advanced synthesis alike. Additionally, pellets, using CaMnO,_s ob-
tained by advanced synthesis, were prepared with the respective mold and identical fir-
ing parameters as described above. Exemplary photographs of all produced structured

perovskite specimens are shown in fig. 3.2.
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Fig. 3.2.: Photographs of all structured specimen. a) bar; b) foams, c) granules d) pellet.
a) and b) taken from Pein et al..'® CC-BY
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3.3. Phase Analysis and Microscopy

Analysis of crystal structure and phases of prepared samples was performed by XRD and
with three different instruments. Employed parameters were kept constant throughout
measurements in each of the instruments. Samples were prepared as powders and were
measured either as volumetric sample in a polymer mold or on an Si single crystal sample
holder. The different setups are described in the following.

D-5000: The Siemens Kristalloflex D-5000 X-ray powder diffractometer is equipped
with a Cu-K,-radiation source. Scans were performed in a § — 260-setup with diffraction
angles (260) of 10° to 80°, a step size of 0.015° and 6 s per step.

D8-Co: This D8-Advance X-ray diffractometer by Bruker is equipped with a Co-X-ray
radiation source and a Lynxe-EyeXET-Detector. Scans were performed in a # — 26-setup
with diffraction angles (20) of 10° to 100°, a step size of 0.02° and two seconds per step.

D8-Cu: A similar D8-Advance X-ray diffractometer by Bruker, equipped with a Cu-X-
ray radiation source and a Lynxe-Eye XET detector, was employed for in-situ HT-XRD ex-
periments, utilizing a high temperature chamber HTK 1200N by Anton-Paar and a Gobel
Mirror. The samples were heated from ambient temperature to 1300 °C and cooled again
to ambient temperature under air with a ramp rate of 5 °C min~!. XRD spectra were ob-
tained at 25,500,870,900,930 and 1100 °C during heat-up and cool-down in §—26-scans
with a diffraction angle (26) range of 22° to 85°. A step size of 0.02° with one second per
step was applied. Heating and cooling took place with 5°Cmin™! and isothermal steps
were included while performing the scans.

XRD spectra shown in later sections are labeled with D-5000, D8-Co and D8-Cu respec-
tively to indicate which instrument has been used to obtain the spectrum. Microstruc-
tural observations of the specimens by SEM were performed with two instruments. On
the one hand a ZEISS ULTRA 55 FEG instrument coupled with an INCA Pentafet x3 EDS
X-ray microanalysis system from Oxford Instruments was used, for which samples have
been sputtered with Pt to increase the electric conductivity of the surface. On the other
hand a Hitachi SU3900 coupled with a Ulim Max 40 EDS X-ray analysis system from Ox-
ford Instruments was utilized for SEM analysis.

3.4. Mechanical Strength Tests of Perovskite Foams

Mechanical strength tests of produced foam structures were carried out with a Dy-
namometer PCE-DFG N 50K (PCE, Meschede, Germany). The device is able to measure
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tensile as well as compressive forces. Within this work, the dynamometer was used to
determine the maximum compressive force that foam samples withstand without crack-
ing or breaking, which marks the point of failure. Samples were place inbetween two
aluminum plates, each weighing 49 g, to enhance uniform force entry on the topside area
of the sample. Force was applied manually by moving the dynamometer in a fixed vertical
plane by a screw handle. The force of 0.48 N added by the weight of the topside alumina
plate was then added to the force measured by the dynamometer in the calculation of
the applied pressure following eq. 3.1. Measuring accuracy of the dynamometer is 0.1N.

An exemplary depiction of a foam sample before a strength test is shown in fig. 3.3.

~ F.+048N
==t

(3.1)
pa : Pressure applied to foam
F. : Compressive force applied by dynamometer

Ay : Topside area of the foam; calculated as the circular base with diameterdsym,

Fig. 3.3.: Example of a 30 ppi CaMnO,_s-foam just before the mechanical strength test.
Samples were placed between two alumina plates. Compressive force was ap-
plied from the top via the indenter of the dynamometer.
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3.5. Thermal Analysis by TGA and DSC

In order to obtain information on the thermodynamic characteristics, as well as en-
dothermal and exothermal effects of the redox reaction and phase transitions under
various temperature and atmosphere conditions, TGA and DSC have been used. All TGA
and DSC experiments were buoyancy corrected by means of blank measurements run
under identical conditions.

Initial analysis of perovskite powder compositions were done with a SETARAM SETSYS
Evolution 18 Analyzer obtaining thermogravimetric and calorimetric data simultane-
ously. 50 mg to 90 mg of sample were used for each composition and put in alumina
crucibles. Measurements were cycled 5 times in the range of 300 °C to 1100 °C with
5°Cmin~! heating rate under synthetic air (Linde, 5.5) with ambient pressure and a
purge gas flow rate of 16 mL min~!. The final cooling step was performed at a rate of
50 °C min~! Furthermore all DSC-data shown in this work was obtained with this device.
DSC calibration was performed under argon atmosphere by using melting temperatures
and enthalpies of a series of metals as references in the range of 120 °C to 1500 °C: Ni
(1455°C),Au (1064.18°C), Ag (961.78 °C), Al (660.32 °C), Zn (419.53 °C), Pb (327.46 °C),
Sn (231.93 °C) and In (156.6 °C), including the temperature range in which perovskites’
redox reactions take place.

The cyclic redox behavior of the CaMnO; s-foam specimens was examined by TGA ex-
periments, performed under air flow using the Netzsch STA 449 F3 Jupiter instrument.
The experimental protocol adopted did not involve any dwell at specific temperature
plateaus. All samples were cycled under synthetic air (Linde, 5.5) atmosphere, between
an upper and a lower temperature limit of 1100 °C to 300 °C respectively, with 5 °C min™*

heating/cooling rate.

Extracting Enthalpy and Entropy of Reaction by the Van’t Hoff
Method

A common procedure to extract thermodynamic properties from thermogravimetric ex-

8,169

periments is the Van’t Hoff method,”””16° which is based on the Van’'t Hoff equation (eq.

3.2):186
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AT | AS

11’1 (Keq) = —ﬁ + R (32)

The equilibrium constant K., at AG = 0 can also be described by the partial pressure of
oxygen at constant AJ:

PO, AH AS

0.5- l?’L( po )Aézconst. = _ﬁ + R

(3.3)

This allows to extract AH as the slope and AS' as the y-axis intercept when plotting

1

0.5In(po, )vs. 5 in a Van't Hoff plot. However, weight loss and gain determined by TGA

first need to be transposed into Aj-values:

- Am - MOm‘de
n m - MO

m : Mass of oxide sample

AS (3.4)

My : Molar mass of oxygen

Mogzide : Molar mass of oxide

With an oxygen sensor (Setnag, France) at the outlet of the sample chamber the p(0,)
is determined. The p(0,) is set to 0.8, 0.2, 0.1, 0.01, 0.05 and 0.002 by means of mixing
appropriate amounts of purge gases from N,, O, and synthetic air (80/20 N,/0,) with a
total gas flow of 120 mL min~!. The 20 mL min™! Ar protective gas flow around the mi-
croscale was taken into account.

Samples were then cycled between 400 °C and 1200 °C with isothermal plateaus at
various temperatures in between to establish equilibrium and extract data points to be
fitted according to eq. 3.2. These measurements allow determination of AH and AS

according to the described Van’t Hoff method. Exemplary data is shown in fig. 3.4.
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Fig. 3.4.: a) Van't Hoff plot for extracting AH and AS. Each color represents a different
value of Aj with linear fits through data points from experimental data. b) Ex-
tracted values of AH(J) and AS(0). Uncertainties are given by the covariance
matrices of the linear fits from the Van’t Hoff plot.
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Identification of Phase Transitions by DSC

In most cases, phase transitions are accompanied by the release (exothermal) or con-
sumption (endothermal) of energy in the form of heat, without changing the materials
temperature. This heat, called latent heat or heat of transformation, is typically derived
from a first-order phase transition and is most prominent in transitions that include a
change in the state of aggregation, e.g. during the evaporation and condensation of wa-
ter transitioning from liquid to gas.

While structural transitions of a crystal rarely get any attention with respect to their
latent heat, these structural phase transitions can exhibit a unique heat signature, which
enables DSC to detect and interpret occurring crystal phase transitions in metal oxides,
such as the perovskites investigated in this work. Within the scope of this work, DSC is
mainly used to determine temperature and atmosphere conditions at which phase tran-
sitions occur, as well as their reversibility over multiple cycles.

Phase transitions become evident in the DSC experiments by recognisable peaks in the
heat signal, indicating a sudden uptake or release of heat. Experiments were carried out
as described above with the SETARAM SETSYS Evolution 18 Analyzer, but in a temper-
ature range of 400 °C to 1200 °C (heating/cooling rate of 5°Cmin™!) and with varying
oxygen partial pressures, using mixed gas flows of oxygen (Linde, 5.0) and argon (Linde,
5.0) to create atmospheres with 20% O,, 1% O, and pure Ar (=0.01% O,). A final cycle
at 20% O, was carried out to test reversibility and reoxidize the samples. Using an si-
multaneous thermal analysis (STA)-device, the weight signal is captured simultaneously
and can be used for further analysis as well. The temperature was cycled twice for each
atmosphere, resulting in 6 cycles total. The full measurement procedure is depicted in
fig. 3.5.
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Fig. 3.5.: Exemplary measurement procedure of DSC experiments to determine phase
transitions in perovskites. Three different regimes of p(0;) are indicated by
dashed lines.

Kinetic Analysis

The reduction reaction of non-stoichiometric perovskites, such as CaMnO; ;and the
Ca,,Sr,MnO,_; system investigated in this work, is considered very fast at elevated tem-
peratures compared to the oxidation reaction as recently shown by Klaas et al..!®’ The
oxidation reaction is likely to be a limiting factor when it comes to thermal cycling and re-
peated reduction and oxidation. In this work, a straight forward measurement technique
was employed, utilizing a TGA, wherein the samples were consecutively heated to a fixed
reduction temperature and re-oxidation at varying selected temperatures. Reduction
was performed at low p(0,), realized by pure Ar gas flow. Oxidation was carried out at
20% 0O, in a 0,/Ar gas mixture. The reduction temperature was fixed at 900 °C, whereas
the oxidation temperature varied between 300 °C and 800 °C, using small temperature
steps of 20 °C in the lower temperature region that were increased to 50 °C per step at
higher temperatures. During cool-down between reduction and oxidation, Ar-flow was
kept constant to prevent oxidation until the oxidation temperature is reached.
Subsequently, the gas flow was switched to an oxygen rich stream. Throughout the
experiment the total gas flow was kept at a constant 120 mL min~!. Before starting the
measurement, each sample went through one cycle of heating and cooling in 20% O,
atmosphere in order to getrid of any possible surface moisture, check for thermodynamic
conformity of the samples and ensure identical starting points in each measurement. As
previously described, the reduction extent A¢ can be calculated from the weight signal.
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The extent of conversion, or re-oxidation, X is defined as the fraction of oxidation that

occurs during time t:

Abou(t) = Ady — AS(t) (3.5)

AbpRed = Ay — Ad (3.6)
 Ado(t)

X = AonRed (3.7)

A, represents the reduction extent at t = 0 and Ad, is the value Aj(t) is converging
upon. If X = 0 the sample is fully reduced. If X = 1 the sample is fully re-oxidized and in
chemical equilibrium. A quick check of reaction speed can be carried out by examining

the time needed to complete 50% of the reaction, which is the halflife ¢, , defined as:

Closely following an approach reported by Bulfin et al.,}”®

apparent activation energies
can be calculated from the gained data. Therein it is assumed that the rate of reaction
can be parametrized in terms of temperature 7, the conversion extent X and the oxygen

gas concentration COy-

dX
© = K0, (39)

dd—)t( thereby depends on the rate constant k(7"), a generic function of the conversion ex-
tent f(.X') and the oxygen concentration ¢, including the order of oxygen concentration
dependence n. Bulfin et al. have found that n does not vary significantly between per-
ovskite compositions and determined an average value of n = 0.695, which was used in

this study as well. k£(7") takes an Arrhenius form:

k(T) = koexp (;f;) (3.10)
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Therein, £, represents the apparent activation energy and kj is a pre-exponential factor.
The activation energy in eq. 3.10 is only apparent, because this approach merely shows
the effect of temperature on the overall kinetic processes It does not allow to distinguish
between single steps within the process. With a fixed value of X, eq. 3.9 can be formu-
lated as:

053 <dd_)t() = k(T)f(X)X:const. (311)
X=const.

Taking the logarithm of eq. 3.11 into account results in:

dX —-F
l o | — = —2 4+ log(kof(X) x—cons 3.12
Og (COQ (dt )Xconst.) RT + Og( 0f( )X_ t.) ( )
From eq. 3.12 a logarithmic plot of ¢, (%)X:CW% vs.}% gives the apparent activa-

tion energy as the slope and log(ko f (X)) x=const.) @s the y-axis intercept. Without further
knowledge on f(X), only E, can be extracted.

3.6. Thermal Expansion and Dilatometry

Determination of the thermal expansion of the various sample materials within this work
was performed by dilatometry. Two different instruments, a contact dilatometer and a
contactless optical dilatometer were used within this work. A depiction of exemplary
samples are shown in fig. 3.6.
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(a) (b)

Fig. 3.6.: Exemplary depiction of dilatometry samples. a) Sample setup in the optical
dilatometer with the white curundum reference sample. b) Original bar spec-
imen. c) Pellet that has been used to prepare the Mn,0,; sample. Taken from
Pein et al..!? CC-BY.

Contact dilatometer: For the initial material screening, a horizontal contact dilatome-
ter DIL 803 (TA Instruments, USA) was used. As samples, the approx. 5 cm long bar speci-
men, described in section 3.2, were placed onto the alumina sample holder and contacted
by a pushing rod with minimal force. Over a sliding rail the tube furnace can be placed
around the sample. A sapphire rod of similar length and shape was measured together
with each sample to correct the systematic error of the instrument. Such systematic er-
rors originate from thermal expansion of instrument parts. Measurements were carried
out in air. Samples were heated up to 1200 °C with a subsequent isotherm for 1 h and
cooled down to 200 °C with a heating rate of 5 °C min™'.

Optical dilatometer: In order to additionally investigate the influence of the sur-
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rounding atmosphere, namely the p(0O2) on the thermal expansion, an optical dilatome-
ter L74/HS/1600 (Linseis, Germany) was used. Out of the prepared 5 cm long bar spec-
imens, a 1 cm long piece, with a diagonally tapering end on one side, was cut out with
a wire saw. For Mn,05 and Co;0, samples, pellets that were sintered at 1450 °C and
1000 °C respectively were taken to cut out appropriate pieces. Mn,0, and Co;0, sam-
ples were chosen for better comparison with previously reported results on Mn,0, and
C030,.!*3 The instrument uses a high resolution camera to measure the expansion of the
sample. In order to correct the systematic error a reference sample of identical shape
made from corundum was placed next to the sample and measured simultaneously. The
temperature program involved five cycles between 300 °C to 1100 °C with a heating rate
of 5°Cmin~! and was carried out twice. Once under air and once in 1% O, in N,. The
temperature vs. time profile resembled that of the TGA experiments, described in sec-
tion 3.5.

The thermal expansion coefficient o can be obtained by linear fit from the relative

length change
AL

Lo

vs. the temperature:

(3.13)

3.7. Oxygen Pumping Setup

For the initial material screening, an experimental setup based on an operating principle
previously reported®® was used. Central to the setup were two tube furnaces. One of the
furnaces was the splitting furnace (SF) (CARBOLITE GERO STF 16/180 with a 301 PID
controller), which contained the SM as a representative for a material that can split H,0
or CO, in a thermochemical cycle. In this work the SM is represented by 5 g of CeO, in
spherical particles of 200 pm to 400 um in diameter. The other furnace is referred to as
the pumping furnace (PF) (GERO REST E230/3), containing the PM, which was tested
with respect to its oxygen pumping capability. PMs are represented by 3 g of either the
synthesized perovskite powders or of Co;0, as a reference material. The two furnaces
were interconnected via a gas-tight ceramic and metal tube system, which was in turn
connected to a gas supply of Ar and O, with mass flow controllers (MKS Instruments)
and a rotary vane vacuum pump (VACUUBRAND, RZ5). At the outlet of the tube system a
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lambda sensor (MESA GmbH, Lprobe with MK) detected the oxygen concentration. The
total mass flow at the outlet of the system was controlled with a calibrator (BIOS, Definer
220L) to be in the desired range of 450-460 sccm.

The experimental procedure, broken down into 5 steps, is given in tab. 3.3. All per-
ovskite compositions tested as PMs were comparatively screened in two temperature
modes, one isothermal case (ISO) and one temperature swing case (TS). For the isother-
mal case the PM was kept at 700 °C at all steps of the experiment. For the temperature
swing case the PM was brought to 800 °C at step 1 and cooled down to 700 °C at step 3
during the heat-up/reduction of the SM. This way the actual process of oxygen removal
did not consume any additional time since it was carried out simultaneously to the heat-
up of the splitting material. Additionally, a high temperature swing case (HTS) was tested
for Co;0, in order to ensure reduction of the material and SrFeO;_; was used in this case
as a representative perovskite for comparison. This high temperature swing case was
carried out between 1000 °C to 800 °C as well as 900 °C to 700 °C for Co;0, and between
1000 °C to 800 °C for SrFeO;_ 5. The SM in all cases was CeO,. The reduction temperature
for the SM in step 3 was 1440 °C and the oxidation temperature was 980 °C at steps 1 and
4 in all experiments. The temperatures inside the PF and SF were measured with type
K and type S thermocouples respectively. Thermocouples were placed between the pro-
tection tube of the furnace and the reaction tube containing the sample. Alumina foil was
used at the openings of each furnace to function as a reflective heat shield and prevent
convection inside the protective tube of the furnace. Leakage of the evacuated setup was
determined to be 6 - 10_5@. All experimental runs have been carried out at least three
times for each setup (ISO / TS) and material, and the results are shown as averaged num-
bers over all runs with the error bars representing the standard deviation. A schematic
drawing and a photograph of the setup are shown in fig. 3.7.
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Fig. 3.7.: Experimental setup for thermochemical oxygen pumping tests, used for the ma-

terial screening campaign. a) Schematic drawing of the testrig. Taken from Pein
et al..!” b) Photograph of the actual test rig.
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The described experimental setup was dismantled after the completion of the mate-
rial screening campaign. In a later stage of this work, the setup was rebuilt to analyze
the thermochemical oxygen pumping performance of fabricated foams and granules. It
was expanded by additional oxygen sensors, capable of measuring p(02) under vacuum
conditions. Due to leakage caused by one of the sensor types, only one sensor, the Nano-S
(Setnag, France) could actually be operated in the evacuated part of the setup. The other
sensors (A19 custom made, Metrotec, Germany) were placed outside the evacuated parts
of the setup to function as additional observation devices to monitor the p(0,) at the out-
let of each furnace. Due to its fast reaction time, the same lambda sensor (MESA GmbH,
L-probe with MK) as in the previous setup was used to determine the oxygen concentra-
tion of the outlet gas. These values were used for further calculation later on. A schematic

drawing is shown in fig. 3.8 and a photograph of the setup is depicted in fig. 3.9.

—><4< Splitting Furnace (SF) \ ><] <] L-_Q
MESA j Gate Rotary Vane

Valve Pump
Mass Flow

Pressure T
Controller

—>—<4< Pumping Furnace (PF) >—N7 / \

= 0,-Sensor (Metrotec)
= 0,-Sensor (Setnag)

0, supply N, supply

Fig. 3.8.: Schematic drawing of the test rig used to analyze structured specimens. Addi-
tional oxygen sensors compared to fig. 3.7 are highlighted. Adapted from Pein
etal.’’
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Fig. 3.9.: Photograph of the actual test rig, used to analyze structured specimen.

In contrast to the material screening campaign, only temperature swing operation was
chosen in these tests and gas mixtures of O, (5.0) and N, (5.0) with mass flow controllers
were used to define the oxygen concentration of the gas stream. Yet, a second operating
principle was tested as well. These operating principles were named "Case 1” and "Case
2” in the following. Leakage of the evacuated setup was determined to be 7.5 - 10‘5@.

Case 1: Both furnaces, the SF and the PF were initially brought to their reduction tem-
perature (71eq) (1500 °C and 800 °C) under a constant gas stream with 4.1% O, (Step 1).
The furnaces were evacuated by a rotary vane pump over 20 min (Step 2). The SF is kept
at Tieq, while the PF is cooled down to its oxidation temperature (75, 700 °C) (Step 3). SF
and PF were disconnected and the SF cooled down to its 7,,(1000 °C) and flushed with
N,; atambient pressure the outlet was opened to purge the gas outlet lines of residual O,
(Step 4). After 5 minutes, a defined gas stream with 4.1% O, is fed into the SF to re-oxidize
the sample.

Case 2: The SF was initially held T,x. The PF was held at T;.q under a constant gas
stream with 4.1% O,(Step 1). Both furnaces were evacuated over 20 min with a rotary
vane pump (Step 2). Subsequently, the SF was heated up to 7i.q and the PF was cooled
to Tox simultaneously (Step 3). SF and PF were disconnected, the SF cooled down to 7o,
and flushed with N,; at ambient pressure, the gas outlet is opened to free the gas outlet
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lines of residual O, (Step 4). After five minutes, a defined gas stream with 4.1% O, was
fed into the SF to re-oxidize the sample.

In both cases, SF and PF stayed connected throughout steps 1 to 3 and were discon-
nected from each other at step 4. The total gas flow of 1748 mL min~! was kept constant
throughout the experiments. Each sample was measured three times for each case. The

two implemented operating principles, broken down into five steps, are given in tab. 3.4.
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Analyzing the Oxygen Pumping Effect from Experimental Data

Switching the gas stream from inert gas to a mixture of inert gas and O, with a defined O,-
concentration results in a near step function like behavior of the oxygen signal at the exit.
With no SM and no PM present, the measurement is referred to as "empty” and served as
abaseline. When an SM is introduced, the absorption of oxygen during oxidation causes a
shift in the oxygen step function depending on the amount of oxygen absorbed by the SM.
In turn, that shift can be used to calculate the reduction extent of the SM before oxidation
in step 5 (compare tab. 3.3 and tab. 3.4). This measurement is referred to as "reference”
and was used to determine the amount of additionally absorbed oxygen by the PM. The
PM absorbs oxygen during the reduction of the SM thereby shifting the equilibrium to-
wards the reduced state of the SM. That ultimately increases the reduction extent of the
SM. As a result, the oxygen step function is further shifted, which is directly correlated to
the reduction extent of the SM. This procedure is illustrated in fig. 3.10 exemplarily with
SrFeO,_;.
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Fig. 3.10.: Illustration of the shift in the oxygen-signal step function during the oxidation
step, caused by the increased reduction extent of the SM. Taken from Pein et
al.”
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In order to calculate the amount of oxygen absorbed by the SM, three general cases

were defined:

e "empty”: experiment carried out with neither SM nor PM present; serves as general

baseline to calculate the absolute amount of oxygen absorbed by an SM.

» "reference”: experiment carried out with only SM present; used to differentiate
the influence of a PM and the systematic influence of the experimental setup and

procedure.

e "pump”: experiment carried out with SM and PM; main experiment reveals influ-

ence of PM on the reduction extent of SM.

The absolute amount of oxygen absorbed by an SM present in the SF was then calcu-
lated by the differences in the total amount of oxygen in the outlet stream during the

re-oxidation phase:

1 .
No,,x = V—/Vox . Cozyxdt (3.14)

m

With V,,,, the molar mass of an ideal gas (used here in approximation for the oxidzer gas
stream), V,, being the total mass flow of the oxidizer gas stream and co,,x (X=empty, ref-
erence, pump) the oxygen concentration at the outlet during the re-oxidation phase as
measured by the oxygen sensor for each of the cases. Using the calculated values from
eq. 3.14 the amount of absorbed oxygen can be determined for the reference and pump

cases:

Reference case:

NOg,abs. = nOg,empty - nOg,reference (315)

Pump case:

N0y ,abs. = NOz,empty — MOy, pump (316)
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Given the molar amount of SM, ng),, the reduction extent Aj can then be calculated by:

A§ = 2 T10sabs (3.17)
nsm
Therein, the factor 2 accounts for the 2 mol O thatare contained in 1 mol O,. Furthermore,
the absolute amount of additionally absorbed O,, solemnly due to the PM, can also be used
as a figure of merit in the comparison of oxygen pumping efficiency of each PM-material,
excluding any systematic effects of the experimental procedure:

NOy,add. = MOy reference — MOy, pump (318)



4. Material Screening for Thermochemical

Energy Storage and Oxygen Pumping

A pool of 12 different perovskite compositions were synthesized via the simple synthe-
sis described in chapter 3.1, a solid state reaction approach. An overview of synthesized
compositions has been given in tab. 3.2. The rationale to choose suitable compositions to
be investigated followed the desired properties for the 3 main target applications within
this work: Oxygen pumping, energy storage and air separation. Thus, it resembles a
top-down design approach. In order to function in one of the target applications, cho-
sen materials should exhibit significant reduction below 1000 °C and sufficiently high
oxygen affinity at temperatures between 600 °C and 800 °C. Furthermore, compositions
should consist predominantly of earth-abundant, low-cost materials. The synthesis pro-
cess should be straight-forward and easily scalable. Choice of composition must account
for the fact that a high performing material is in many cases not the first choice to realize
such applications in a bigger industrial scale, considering all techno-economic factors
such as costs or availability. A schematic illustration of the materials design approach
applied in this work is given in fig. 4.1.

This chapter is partially based on peer-reviewed publications authored and co-authored by the author of this work:

Christos Agrafiotis, Mathias Pein, Dimitra Giasafaki, Stefania Tescari, Martin Roeb, and Christian Sattler. “Redox Oxides-Based Solar
Thermochemistry and Its Materialization to Reactor/Heat Exchanger Concepts for Efficient Solar Energy Harvesting, Transformation
and Storage”. In: Journal of Solar Energy Engineering 141.2 (2019). por: 10.1115/1.4042226

Mathias Pein, Christos Agrafiotis, Josua Vieten, Dimitra Giasafaki, Stefan Brendelberger, Martin Roeb, and Christian Sattler.
“Redox thermochemistry of Ca-Mn-based perovskites for oxygen atmosphere control in solar-thermochemical processes”. In: Solar
Energy 198 (Mar. 2020), pp. 612-622. DOI: 10.1016/j.solener.2020.01.088


https://doi.org/10.1115/1.4042226
https://doi.org/10.1016/j.solener.2020.01.088
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Fig. 4.1.: Schematicillustration of a top-down materials design approach for perovskites
in thermochemical cycles, broken down into 4 elemental steps: 1) Choice of tar-
get application; 2) Define suitable compositions; 3) Define finite pool of com-
positions to be analyzed; 4) Synthesis and testing of compositions.

After synthesis of the 12 perovskite compositions, all samples were checked for phase
purity by means of XRD. While most samples were identified as single phase, especially
CaMnO, s and its Sr-substituted variants showed very small amounts of residual side
phases (compare tab. 3.2).

4.1. Thermal Analysis of Synthesized Perovskites

Before being tested in an application setup, all perovskite samples, as well as samples of
Co;0, and (0.75)(Mn,04)*(0.25)(Fe,05), were analyzed by TGA and DSC under air. All
samples showed good cyclability with cyclic variation of less than 2% weight loss and
gain per cycle over the applied five cycles. Some samples showed a small initial weight
gain/loss during the first heating between RT and 400 °C, but stabilized after the first cy-
cle. They showed reversible behavior at the downwards or upwards shifted weight level.
While weight loss in this temperature region is likely related to the volatilization of sur-
face adsorbates, e.g. H,0, weight gain in the first heating phase is typically attributed to
oxidation due to a metastable J, which is higher than equilibrium after synthesis. Possible



70 4. Material Screening for Thermochemical Energy Storage and Oxygen Pumping

reasons are fast cooling during synthesis and slow oxidation kinetics of the composition.
Values of weight loss/gain and correlated Aj-values were calculated from the reversible
cycle-to-cycle fraction, which neglects initial weight changes in the first heating phase.
In fig. 4.2, the %-wt. change of the 14 samples as determined by TGA is shown.
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Fig. 4.2.: Weight change ofall 12 perovskite samples and the 2 stoichiometric oxide refer-
ence samples Co;0, and (0.75)(Mn,05)*(0.25)(Fe,05) cycled 5 times between
300°Cand 1100 °C. b) a).
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Fig. 4.3.: Zoomed in 2nd cycle of TGA experiments depicted in fig. 4.2.

Co50, and (0.75)(Mn,05)*(0.25)(Fe,05) show a distinctively different behavior than
perovskites. They are reduced and oxidized stoichiometrically at one specific temper-
ature of 915 °C and 994 °C respectively instead of gradually over a wide temperature
range. This fact is accompanied by significantly higher weight change throughout one
cycle. Excluding SrMnO,, which exhibited exceptionally poor redox-behavior compared
to all other perovskites, the weight loss/gain of the stoichiometric oxides are higher by
a factor of 2.03 % to 3.26 % in the case of (0.75)(Mn,05)*(0.25)(Fe,05) and by a factor
of 4.08 % to 6.54 % in the case of Co;0,. The determined weight changes are close to
the theoretical maximum as per eq. 2.1 and 2.2 as well as the respective reduction and
oxidation reaction of the mixed Fe-Mn-Oxide.

In the magnified section from the second cycle in fig. 4.3 the differences between
the perovskite compositions are easier to distinguish. Besides SrMnO,_y, all tested per-
ovskites show comparable values of maximum reduction Adp., in the range of 0.09
to 0.16. SrMnO, ; is hardest to reduce under the applied conditions and only showed
marginal weight loss and gain compared to the other compositions. It has to be kept in
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Table 4.1.: Maximum reversible weight loss/gain of tested perovskite and stoichiometric
samples. For perovskites corresponding values of A and for stoichiometric
oxides the theoretical weightloss/gain for stoichiometric reduction/oxidation
are given. Obtained from 5 cycle measurement shown in fig. 4.2.

Perovskites
Composition Max. %-wt. loss/gain Admax
CaygSry,MnO; 5 1.52 0.14(5)
Caj STy, MnO, 5 1.62 0.15(0)
Cay 5SryosMnO5 4 1.62 0.14(7)
CaMnO4 g 1.55 0.13(9)
CaCryysMng 4504 5 1.60 0.14(3)
CaCry,;Mn; 4045 1.60 0.14(3)
CaAl,,Mn, 305 5 1.43 0.12(3)
CaTiy,Mn; 055 1.06 0.09(4)
SrMnO, 4 0.13 0.01(5)
SrFe,sMn; .05 5 1.01 0.12(1)
SrFey ¢,Mn 4505 5 1.23 0.14(7)
SrFe0; 5 1.34 0.16(0)
Stoichiometric oxides

Composition Max. %-wt. loss/gain stoichiometric
Co;0, 6.61 6.64
(0.75)(Mn,05)*(0.25)(Fe,05) 3.29 3.37

mind that the weight changes depicted in fig. 4.2 do not directly translate to A of each
composition, but are calculated by eq. 3.4. Determined values of Adp.x, the maximal
reversible Ad reached, and the corresponding weight loss/gain are also summarized in
tab. 4.1.

Increasing Sr-content leads to a decrease of the reduction onset temperature. Higher
Fe content in the SrFe,; ,Mn,O, s system decrease the reduction onset temperature as
well. These compositions start to be reduced at temperatures as low as 400 °C, while
Ca-Mn-based compositions do not exhibit any significant reduction until 700 °C. As Fe
is easier to reduce than Mn, increasing Fe-content leads to a decrease of the overall re-
dox enthalpy, making the reduced state more favorable at lower temperatures. That also
causes higher reduction extents with increasing Fe content in the investigated tempera-
ture window. As has been reported previously, the redox enthalpy may also follow a step
function where one elemental species, e.g. Fe**, is reduced completely before a second
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species, e.g. Mn** starts being reduced.”® Such observations have not been made in this
work. This could either originate from simultaneous reduction and oxidation of both
species, or from the fact that not all available Fe**-ions are reduced in the investigated
Ad-range.

For B-site substituted CaMnO,_ s Ti causes an increase of the reduction onset tempera-
ture originating from an increase in redox enthalpy. In contrast, substituting Mn with Cr
or Al shifts the reduction onset temperature towards lower temperatures with increas-
ing maximum reduction extents per cycle, apparently causing a decrease of the redox
enthalpy. Similar results are obtained when A-site substituting CaMnO,_; with Sr, yet no
significant changes with increasing Sr-content can be observed. Although not taking part
in the redox reaction (Sr does not change its oxidation state) it has a significant influence
on the thermodynamics of the composition. This can be correlated to another feature
that is only observed for Ca-Mn-based compositions within this work: A steep increase
of reduction extent in a narrow temperature window. All A-site and B-site substituted
compositions except the one substituted with Al exhibits this behavior. While the ob-
tained data from the TGA does not offer any more insight into this behavior of the Ca-
Mn-perovskites, the DSC measurements carried out simultaneously can offer additional
insight.

The isolated TGA and DSC curves from the second cycle of CaMnO, 5 serve as an ex-
ample of the compositions that exhibit such steep increase in Ad and are shown in fig.
4.4.
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Fig. 4.4.: TGA and DSC curves of the CaMnO,_; extracted from the second measurement
cycle.

The heat flow signal obtained from DSC not only reveals that the increase in reduction
extent during heat-up is reversed during cool-down, but also that it coincides with an en-
dothermal reaction during heat-up, which is reversed to exothermal during cool-down as
well. A doublet of peaks can be identified with rather small thermal flows involved. This
points at a phase transition of the crystal structure from orthorhombic to cubic with an
intermediate tetragonal phase. Such phase transition has also been reported in litera-

ture111,188

and appears to strongly influence the thermodynamics of the material. The
presented results lead to the conclusion that Ca-Mn-based perovskites undergo a phase
transition throughout the thermal cycling. Its influence on the compositions thermody-
namics is discussed in chapter 5 within this work.

The rapid release of oxygen during the phase transition from orthorhombic to cubic
leads to the conclusion that the oxygen vacancy formation energy is much lower in the
cubic phase as compared to the orthorhombic phase, causing the material to release oxy-
gen until the new equilibrium is reached. From there on, the speed of reduction with
increasing temperature is slowing down a little, but remaining higher than that of the
orthorhombic phase. It is remarkable that this whole process is fully reversible during

cool-down and mirrors the behavior during heat-up. In order to take a closer look at the



4.1. Thermal Analysis of Synthesized Perovskites

75

on-set and completion temperatures of the observed phase transition, the peaks of the

DSC signal have been isolated by baseline substraction and are shown in fig. 4.5.
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Fig. 4.5.: Isolated peaks from DSC-signal from the second cycle of CaMnO4_;. Isolated via

baseline subtraction.

The isolated and magnified DSC-peaks in fig. 4.5 reveal a small hysteresis of the phase

transition during reduction and oxidation. The phase transition starts and finishes 8 °C

higher during reduction compared to the oxidation. However, the shape and relative

magnitude between the bigger main peak and smaller side peak remains identical. At

this point it cannot be concluded with certainty if the doublet of peaks actually represent

two phase transitions (from orthorhombic to tetragonal to cubic) or if the mechanism of

phase transition may involve multiple steps itself. Yet, all tested Ca-Mn-based perovskite

compositions except CaAl,,Mn, 405 s showed this behavior of a steep increase/decrease

in reduction extent during heat-up/cool-down. Substituting CaMnO,_s with either Sr on
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the A-site or Ti/Cr on the B-site does impact the temperature at which the phase transi-
tion occurs as well as the shape of the peaks. Baseline substracted (isolated) DSC-peaks
of all compositions are shown in fig. 4.6. Therein, all compositions that did not have any

distinct peaks within their DSC-signal, exhibit a flat line after baseline subtraction.
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Fig. 4.6.: Baseline substracted DSC-signals for all 12 tested perovskite compositions. If
present, peaks of the DSC-signal are isolated. a) Reduction (heat-up); b) Oxi-
dation (cool-down). Data extracted from second cycle of 5 cycle measurement
(see fig. 4.2). Taken from Pein et al..'”

A-site substitution shifts the phase transition to lower temperatures and also stretches
the gap between the two peaks until no DSC-peaks are visible at 20%-Sr and presumably
no phase transitions takes place. B-site substitution with Ti shifts the phase transition
to higher temperatures with only one peak visible. B-site substitution with Cr does not
move the temperature of phase transition, but the doublet of peaks shift closer together
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at 5%-Cr and merge to one peak with a small shoulder at 10%-Cr. Comparing the initial
tolerance factor as well as their crystal structure (see tab. 3.2), it can be seen that only
initially orthorhombic compositions exhibit a DSC-sensitive phase transition. All other
compositions remain in their initial crystal structure throughout the measurement. Fur-
thermore, compositions with a lower tolerance factor such as CaTi,,Mn, 405 s undergo
this phase transitions at higher temperatures. In contrast, compositions with higher tol-
erance factor such as Sr-substituted CaMnO;_; undergo the phase transition at lower tem-
peratures. Compositions with a very similar tolerance factor such as the Cr-substituted
CaMnO;_; exhibit the phase transition at temperatures close to CaMnOs, ;.

It can be concluded that the orthorhombic distortion from the ideal cubic phase has a
major influence on the temperature of an occuring phase transition. Strongly distorted
perovskites only transition to the cubic phase at higher temperatures, while the less
distorted perovskites transition already at lower temperatures. The two compositions
CaAly,Mn, 305 s and Ca, 4Sr,,MnO;_; represent special cases. For Ca, 4Sr,,Mn0O4_; it can
be assumed that a transition takes place, but is smeared over a wide temperature range. It
exhibits only marginal exothermal/endothermal effects and is thereby not detectable by
DSC-signal. An exception of that observation is CaAl,,Mn, ;05 _5, which does not show any
DSC-active transition to the cubic structure despite being orthorhombically distorted.
With a tolerance factor between CaTi, ,Mn, 405 ;s and CaCr,,Mn, 404 5, a DSC-active phase
transition would be expected to be visible in the temperature window between those two
compositions.

In order to determine the temperature of phase transition 7} through DSC analysis,
three options are available. 7} can be determined by the start temperature of the first
peakin the DSC-signal, the peak position of one of the peaks or the end temperature of the
last peak (the second peak in the case of duplet peaks). It is debatable as to which option
produces the best results, but within this work the peak temperature of the biggest peak
was chosen as the phase transition temperature and rendered good reproducibility over
the accumulated five cycles. Determined phase transition temperatures are given in tab.
4.2.
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Table 4.2.: Temperatures of phase transition 7}, from heat-up and cool-down of all 12
perovskite compositions. 7,; determined by peak temperature of biggest peak

in DSC.

Composition T, Heat-up (°C) 7T, Cool-down (°C)
Cay¢Sry;MnO; 5 832 823
Cag95Sr) osMnO; 5 867 857
CaMnOg ¢ 896 888
CaCryysMn 4505 5 894 883
CaCry;Mn; 40, 5 896 884
CaTiy,Mn; 055 942 933
SrMnO,_; - -
SrFeg ¢;Mng 3305 - -
SrFe0, 5 - -

All compositions with phase transitions showed a hysteresis between heat-up (reduc-
tion) and cool-down(oxidation). During oxidation the reverse phase transition occurs
between 8 °C and 11 °C lower compared to reduction. As the reduction extent and the
corresponding formation of oxygen vacancies appears to influence the point where the
phase transition occurs, the observed hysteresis supports the idea of slower kinetics of
the oxidation reaction compared to the reduction reaction. At reasonably fast heating
rates of 5°Cmin™?, the ever so slightly retarded oxidation results in a shift of the phase
transition towards lower temperatures during cool-down.

Such observed DSC-active phase transitions can also contribute to the energy storage
density of a TCES-unit. The exo- and endothermal transitions can be exploited for ex-
tra storage capacity within a certain temperature range. Additionally, knowing that the
conditions under which such a transition occurs can be tuned and shifted by A- or B-site
substitution of a base composition such as CaMnO,_; this offers additional benefits of
utilizing perovskites in such devices. In contrast, stoichiometric oxides like Co;0, will
always reduce and oxidize at the same temperature, basically limiting the exploitable
temperature range of a TCES-unit to a window covering this specific temperature. Per-
ovskites provide much more flexibility in this case, allowing to store and extract thermal
energy beyond the sensible heat capacity over a wide temperature range.
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4.2. Oxygen Pumping Performance

As described in chapter 3.7, two different cases with respect to thermochemical oxygen
pumping were tested in the material screening campaign: An isothermal (ISO) case and
a temperature swing (TS) case. A detailed description of the steps involved in the proce-
dures can be found for both cases in tab. 3.3 of chapter 3.7. In the isothermal case the PM
is keptata constant temperature of 700 °C, reduced by pressure reduction and reoxidized
by oxygen released from the SM during its own reduction. In order to analyze the per-
formance of each composition, two values can be considered: The oxygen absorbed by
the SM and the resulting values of Ad. The latter needs to be calculated via eq. 3.17, but
has the advantage to be a commonly used value for the reduction of non-stoichiometric
oxides and therefore easier comparable.

Determined values of AJ for the isothermal case are shown in fig. 4.7. Additionally
also the background case "empty” as well as the reference case "No PM” are shown to
get a better idea of the actual influence of the presence of a PM. The reference case "No
PM” does exhibit small amounts of Ad. This residual reduction extent originates from
the fact that the SF is disconnected from the PF after reduction of the CeO,, used as the
SM here. Oxygen released from CeO, during the reduction is trapped inside the PF and is
not available for re-oxidation, resulting in small amounts of residual AJ. As can be seen
from fig. 4.7, the presence of a PM increases this effect by not only trapping oxygen in the
disconnected volume, but also binding it chemically due to oxidation of the PM.
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Fig. 4.7.: Values of A¢ obtained with different perovskite compositions as oxygen pump-
ing material in the isothermal operation mode. "Empty”-case: no SM, no PM;

"No PM”-case: only SM (CeO,). Y-axis scale fixed for easier comparison with fig.
4.8. Taken from Pein et al..'’

All perovskites, except SrMnO,_5, have a positive impact on the reduction extent of the
used CeO,, increasing the AJ in the isothermal case. Surprisingly, SrtMnO;_; does actu-
ally decrease the Ad. This can be explained by an increased amount of oxygen present
in the evacuated setup, which causes either a shift in equilibrium of CeO, or increases
the amount of available oxygen during cool-down. That basically cancels out the effect of
the disconnected PF and ultimately results in an almost fully re-oxidized CeO, after cool-
down and before the actual re-oxidation step (compare step 4 in tab. 3.3). Since SrMnO; 4
is the only hexagonal composition tested herein, there might be a correlation as hexag-

onal perovskites are known to have higher oxygen vacancy formation energies and are
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harder to reduce compared to other perovskite structures.'®’ This alone however does
not explain the decrease in reduction extent. If the SrMnO,_; is only marginally reduced
or not reduced at all under the applied conditions, it should not influence the process at
all. A retarded reduction of the SrMnO, 5, which takes place very slowly due to hindered
kinetics can cause the release of oxygen in the phase where it is supposed to act as an
oxygen sink.

Best performing compositions were Ca,4Sr,;MnO;_; and CaAl,,Mn, 305, reaching
a Ad of 0.0184 (x0.0010) and 0.0189 (+£0.0009) respectively, compared to 0.0064
(£0.0021) in the reference case. Considering the error margins, the compositions are all
very close. Still, the results demonstrate that a variety of perovskite compositions are
able to function as an effective oxygen pump even under isothermal conditions. Fe-rich
compositions are performing worse compared to Mn-based perovskites and their B-site
doped variants. Beyond that observation no clear trends are visible.

In theory, adding a temperature swing to the operational mode of the oxygen pump will
increase the oxygen affinity of the pumping material, due to a shift of the equilibrium state
towards the oxidized state. The lower limit of the temperature swing, the oxidizing tem-
perature, has been chosen to be 700 °C, identical to the isothermal case. The upper limit
of the temperature swing, the reduction temperature, was chosen to be 800 °C. The ratio-
nale of using these temperatures is related to the reasonable temperature levels of waste
heat from the splitting process, which can be assumed to range somewhere below the
oxidation temperature of the splitting material, which is 1000 °C in this case. All twelve
perovskite compositions as well as the two stoichiometric materials were employed in
oxygen pumping tests following the temperature swing procedure described in tab. 3.3.
Results of perovskite samples in the form of Aé values are shown in fig. 4.8.
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Fig. 4.8.: Values of A¢ obtained with different perovskite compositions as oxygen pump-
ing material in the temperature swing operation mode. "Empty”-case: no SM,
no PM; "No PM"-case: only SM (CeO0,). Taken from Pein et al..}’

The introduction of a temperature swing significantly increased the pumping potential
of most compositions. Considering the error margins, the best performing compositions
can be considered equal. However, CaMnO; 5 can be highlighted here among the best
performing material compositions despite being a rather simple composition containing
only three elements. Employment of CaMnO, s increased the reduction extent on the ref-
erence material from Ad = 0.0056(£0.007) to Ad = 0.0276(£0.009). Thereby, CaMnO5 4
increased the A¢ by almost 400% compared to the reference case without a PM. A clear
trend can be observed, namely that Mn-rich compositions in the orthorhombic struc-
ture perform better than the Fe-rich compositions with cubic structure. The hexagonal
SrMnO;_; causes negative effects on the reduction extent of the CeO,, due to unfavorable
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thermodynamics and kinetics already discussed for the isothermal case. Comparing the
isothermal and temperature swing operation modes, an increase in performance of al-
most 30% is apparent. As intended, the applied temperature swing increased the poten-
tial of the pumping materials to pump oxygen out of the splitting furnace and increased
the reduction extent of the employed CeO,. Therefore, a temperature swing operation
has also been favored for follow-up experiments discussed in chapter 7.

Representative stoichiometric oxides (0.75)(Mn,05)*(0.25)(Fe,05) and Co;0, were
tested in adjusted temperature swing operation with 7}.q/7,x = 1000 °C / 800 °C. Tem-
perature levels were chosen in order to include their respective equilibrium tempera-
tures 0f 994 °Cand 915 °C. An additional run with 7}eq /7o, =900 °C / 700 °C for Co;0, was
performed in order to identify shifts in equillibrium temperature under reduced pres-
sure. Measurements were carried out once and not further pursued, since only marginal
or no positive impact could be identified outside of a marginal improvement of A¢ at
900°C /700 °C for Co;0,. The results are shown in the appendix (fig. A.1).

Furthermore, two of the best performing compositions of the temperature swing case,
CaMnO,_; and CaCr;Mn 405 5, were also tested in the form of sintered rods. The op-
erational mode and experimental procedure was identical to the described temperature
swing case. Results are shown in fig. 4.9. Since the rods of CaMnO;_ s and CaCr,;Mn; 405 4
weighed significantly more than the powders, 4.05 g and 3.76 g respectively, samples are
compared with their powdered counterparts in additionally absorbed oxygen in mol per
gram of pumping material.
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Fig. 4.9.: Comparison of rods and powders of CaMnO,_ s and CaCr,,;Mn,,05 5 as oxygen
pumping materials in a temperature swing case. Taken from Pein et al..}”

The tested rods were significantly underperforming compared to the respective pow-
ders. Taking CaMnO,_; as an example, the additionally absorbed oxygen increased by over
60% when using powders instead of sintered rods. It indicates that the available surface
area and the reaction kinetics play a major role in the oxygen pumping process employed

within this work.

4.3. Thermal and Thermochemical Expansion and

Contraction

Sintered bar specimens of all 12 perovskite compositions were analyzed with a contact
dilatometer as described in chapter 3.6. All samples exhibited a gradual increase in the
thermal expansion coefficient within a temperature window between 700 °C to 900 °C.
Therefore, two temperature regimes were defined to determine the thermal expansion
coefficient « according to eq. 3.13.

300°C to 600°C and 1000 °C to 1200 °C were chosen as the low temperature and high
temperature regimes wherein the thermal expansion occurs quasi-linear. An exemplary
measurement of the heat-up of CaMnO; 5 and the linear fits are shown in fig. 4.10.
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Therein, also the phase-transition temperature, as determined by DSC (see tab. 4.2),
is highlighted. It demonstrates that the visible point of inflection where the thermal
expansion coefficient increases significantly over a small temperature range correlated

well with the temperature of phase transition as determined by DSC.
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Fig. 4.10.: Exemplary depiction of thermal expansion for the two temperature regimes
(300°C to 600°C and 1000 °C to 1200 °C). Phase transition temperature 7}
as determined via DSC indicated by black vertical line.

The analysis shown exemplarily in fig. 4.10 was performed for all 12 perovskite com-
positions for Heat-up and Cool-down. As stated before there was a 1 h isothermal step at
1200 °C between the Heat-up and Cool-down. Results of this analysis are given in tab. 4.3
together with the maximum expansion A L.y, measured after terminating the heat-up
process, and the residual expansion measured by a caliper. Negative values of residual
expansion respresent shrinkage of the sample. The accuracy of the device is given with
0.03 - 107°/ K by the manufacturer.
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Table 4.3.: Length changes and determined thermal expansion coefficients « for all 12
perovskite compositions. «a; for 300°C< T <600°C. «a; for 1000°C<

T <1200°C
Composition a1in107%/K a;in107%/K ALpxin% ALpesin%
Heat-up
Cay STy ,MnO0, 13.4 30.8 2.394 ~0.01
CayoSTyMnO, 4 14.1 31.9 2.395 0
CaposSroosMnO,, 145 31.9 2.440 0
CaMnOg_4 11.1 29.0 2.080 -0.01
CaCrposMngos0s; 144 33.2 2.540 ~0.32
CaCry,Mn, 40, 15.0 36.7 2.701 0.02
CaAly,Mn, 505 11.7 24.0 1.967 0
CaTiy,Mn, 505 4 13.7 29.8 2.211 0
SrMnO;, 13.5 20.8 1.841 -0.34
SrFe, sMn, ;05 s 16.2 28.1 2.459 ~0.02
SrFe, ¢;Mng 55055 14.8 26.8 2.370 0.16
SrFe0, 14.1 22.5 1.895 -0.08
Cool-down

Cay STy ,Mn0, 13.2 30.1 2.394 ~0.01
CayoSry,MnO, 13.8 29.9 2.395 0
CaposSroosMnO,, 139 30.4 2.440 0
CaMnOg_4 7.9 30.0 2.080 -0.01
CaCryosMngos0s; 143 32.3 2.540 ~0.32
CaCry,Mn, 40,5 15.0 34.4 2.701 0.02
CaAl,,Mn, 40, 9.5 27.7 1.967 0
CaTig,Mn, 505 5 13.4 29.7 2.211 0
SrMnO; 13.6 27.1 1.841 -0.34
SrFe,sMn, 0, 16.2 29.0 2.459 -0.02
SrFe, ¢;Mng 55055 11.0 30.2 2.370 0.16

SrFeO_ 5 6.8 23.7 1.895 -0.08
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All 12 perovskite compositions exhibit a significant increase in the thermal expansion
coefficient from low to high temperatures. While below 600 °C « ranges from 7.9 to 16.2
1079/ K, which is approximately in the range of steel. It increases to values of 22.5 to 36.7
1079/K at temperatures above 1000 °C. This effect can be correlated to the formation
of oxygen vacancies at elevated temperatures, which led to an expansion of the crystal
lattice. As can be seen from a comparison of heat-up and cool-down values of « of all
specimens tested (summarized in tab. 4.3), the expansion was followed by a contraction
of similar magnitude. Most samples regained their original length after completion of the
measurement with minor variation of 0.01 to 0.02 %.

Exceptions are CaCr; jsMn ;05 5, STtMnO; 5 and SrFeO; 5, which suffered from signif-
icant sintering at the isothermal step at 1200 °C. They exhibited residual shrinkage af-
ter the measurement. Additionally, SrFe, ., Mn, 4505 s exhibited irreversible expansion.
Compositions that transitioned into a stable cubic form at high temperatures appear to
have slightly higher expansion coefficients compared to the compositions that were al-
ready cubic (or hexagonal in the case of SrMnO; ) at room temperature. Beyond that, no
clear trends of a correlation of composition and thermal expansion has been identified.

The formation of oxygen vacancies could lead to an increase of the crystal lattice con-
stants, but comparing the maximum A¢ values of each sample vs. the maximum expan-

sion A L,y in fig. 4.11 do not support this conclusion. No correlation was identified.
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Fig. 4.11.: Reached AJ values from TGA experiments plotted vs. the maximum expan-
sion A L.y, obtained by dilatometry, for all 12 perovskite samples.

While it has to be kept in mind that the TGA measurements only reached maximum
temperatures of 1100 °C compared to the 1200 °C of the dilatometer measurements, it
can be concluded that the formation of oxygen vacancies most likely has an impact on the
expansion. Yet, it was not the only factor determining the overal expansion of a compo-
sition over the whole temperature range up to 1200 °C. Out of all tested perovskite com-
positions CaMnO;_; was chosen to be compared to the stoichiometric oxides Co;0, and
(0.75)(Mn,04)*(0.25)(Fe,05) in multicycle dilatometry experiments under air. Among
the compositions that showed good performance in the oxygen pumping experiments,
CaMnO,_; exhibited the lowest fully reversible thermal expansion in the investigated tem-
perature range.

Since the employed DIL 803 contact dilatometer was not capable of multicycle mea-
surements, the optical dilatometer L74/HS/1600 and pre-cut pieces from bar specimens
(fig. 3.6) were used for multicycle experiments. Five consecutive cycles between 300 °C
and 1100 °C were run under air with heating rates of 5 °C min™!. Results of these 5-cycle

runs are shown in fig. 4.12.
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Fig. 4.12.: Thermal expansion from 5 consecutive cycles between 300 °C to 1100 °C of
CaMnO,_, Co;0, and (0.75)(Mn,04)*(0.25)(Fe,05) under air.

Co;0, exhibits the biggest expansion per cycle and also does not regain its origi-
nal length at the end of a cycle. Co;0, suffers from irreversible expansion in each cy-
cle, adding up to 18.78% expansion after the fifth cycle. The mixed Mn- and Fe-Oxide
(0.75)(Mn,04)*(0.25)(Fe,05) exhibited the smallest maximum expansion per cycle, but
a small, yet significant, residual expansion of 0.05% after 5 cycles. A significant frac-
tion of the expansion is irreversible. CaMnO, ; showed maximum expansion of 2 %,
which is in good agreement with results from the contact dilatometer. This value is
much smaller than the maximum expansion of Co;0,, but almost double than that of
(0.75)(Mn,04)*(0.25)(Fe,05). However, in contrast to both these stoichiometric sys-
tems, expansion and contraction of CaMnO, 5 proved to be fully reversible. Fig. 4.13
shows the isolated 5 cycles of CaMnO;_; and reveals full reversibility of the thermal
expansion and contraction. Also in these experiments the inflection point where the
thermal expansion coefficient increases is visible. This fact is further discussed in the
following chapter 5. Full reversibility of expansion and contraction of the CaMnO,_; per-
ovskite material can be very beneficial for applications where structural integrity of the
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used material is favorable, such as reactor systems that utilize foams, honeycombs or
other monolithic structures of the active material.

CaMnO, bar, 1100-300 °C, under air
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Fig. 4.13.: Thermal expansion of CaMnO, s extracted from fig. 4.12. Horizontal dashed
line represents expansion level at 300 °C.

4.4. Choosing a Material Composition for the

Fabrication of Structured Specimens

The material screening campaign laid out in this chapter pursued the goal to determine
a material composition that is suitable for one or all of the main downstream application
of a solar thermal receiver considered within this work: Thermochemical storage, oxy-
gen pumping and air separation. In total, 12 perovskite compositions were synthesized,
tested and compared to state-of-the-art stoichiometric oxides considered for such appli-
cations. Out of the tested perovskite compositions, SrMnO,_; exhibits the smallest yield

of redox conversion with a Ad of only 0.01 per cycle. Additionally, Fe-rich compositions
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tend to underperform in that regard, compared to the Mn-rich compositions tested. Al-
though the Fe-rich compositions exhibited considerable reduction even at temperatures
as low as 400 °C, they were dismissed for the aimed temperature window of operation,
which is located within the range of 600 °C to 1000 °C.

Out of the Mn-rich compositions the very simple composition of CaMnO;_; was among
the best performing materials. It showed comparable results to their B-site Cr-substituted
variants, closely followed by the A-site Sr-substituted CaMnO;_s-compositions. DSC anal-
ysis revealed a reversible endothermal/exothermal reaction in the temperature range of
~800 °C to 950 °C, which can be correlated to an orthorhombic to cubic phase transition.
This observation was unique to initially orthorhombic compositions only. Such phase
transition not only adds to the energy storage density of such materials as the transition
is endothermal during reduction and exothermal during oxidation, but is also accompa-
nied by significant reduction and oxidation in the temperature range of the transition.
This fact can be exploited if the material is cycled around the temperature range where
the transition occurs to increase the reduction/oxidation yield per temperature swing or
cycle. A-site Sr-substitution was observed to influence the temperature where the phase
transition occurs significantly, without limiting or even increasing the thermodynamic
potential of the compositions.

Furthermore, thermal expansion and contraction was found to be reversible for most
perovskite compositions and the Ca; Sr,MnO, s-system in particular. Over 5 thermal
cycles of CaMnO,_ ;5 only negligibly small amounts of residual expansion were observed
in contrast to small, but significant expansion of the Mn,Fe-Oxide of 0.05% and exten-
sive expansion of 18.78% of Co;0, after 5 cycles. The reversible expansion/contraction
renders perovskites superior over stoichiometric oxides for thermally cycled monolithic
structures, which eventually need to be cycled up to or even beyond a thousand thermal
cycles and need to maintain their structural integrity over the course.

Considering all these findings, it was decided to proceed with the Ca;  Sr,MnO, ;-
system and ultimately produce open porous structures made entirely of such material.
To deepen the understanding of the influence of Sr-content in the Ca,_ Sr,MnO, s-system,
further investigations were conducted and are reported in the following chapter.



5. The Ca-(Sr)-Mn-0O system

In initial DSC and dilatometry experiments addressed in the previous chapter, the Sr-
substituted CaMnO, ; the Ca,,Sr,MnO; s-system revealed a distinct impact of the Sr-
content on the crystal structure and occurring phase transitions at elevated tempera-
tures. In order to better understand how this material system can be tuned by adjust-
ing the Sr-content, further investigation was carried out in the form of DSC, multicycle
dilatometry and HT-XRD of samples from Ca, ,Sr,MnO, ; with z € [0,0.05, 0.1, 0.2]. Addi-
tionally, those experiments were performed under reduced p(0,) - Air, 1% O, and pure
Ar for DSC as well as Air and 1% O, for dilatometry. As was shown in the previous chap-
ter, the observed DSC-active phase transitions exhibit a hysteresis with respect to their
onset and peak temperature between heat-up and cool-down. In order to make the val-
ues determined by different analysis techniques in this chapter easier to compare, phase
transition temperatures and thermal expansion coefficients presented here were solely
determined during the heat-up. This also holds true for multicyclic experiments.

As a first step, HT-XRD was performed for CaMnO;_; under air to confirm that the DSC
active phase transition is indeed a transition from an orthorhombic to cubic crystal struc-
ture. The results in fig. 5.1 confirm the existence of such transition. Characteristic or-
thorhombic peaks vanish above the transition temperature of 896 °C. These peaks reap-
pear when the sample is cooled down and reoxidized again, proving reversibility of this

transition.

This chapter is partially based on peer-reviewed publications authored and co-authored by the author of this work:

Lena Klaas, Mathias Pein, Peter Mechnich, Alexander Francke, Dimitra Giasafaki, Dorottya Kriechbaumer, Christos Agrafiotis,
Martin Roeb, and Christian Sattler. “Controlling thermal expansion and phase transitions in Cal-xSrxMn0O3-8 by Sr-content”. In:
Physical Chemistry Chemical Physics 24 (45 2022), pp. 27976-27988. poI: 10.1039/D2CP04332G
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Fig. 5.1.: HT-XRD of CaMnO;_; in the temperature range from 30 °C to 1100 °C. The inlet
shows an enlarged section of diffraction angles where diffraction peaks of the
orthorhombic structure shrink and disappear at high temperatures and reap-
pear during cool-down. Taken from Pein et al..!? CC-BY

The orthorhombic Pnma structure and the cubic Pm3m structure share almost all
the diffraction peaks since the two crystal structures are very closely related, with the
cubic Pm3m being of higher symmetry. Additionally, a tetragonal intermediate struc-
ture was reported by Leonidova et al.,!'! which can only be observed at a very narrow
window of AJ at elevated temperatures. The DSC results presented in chapter 4 exhibit
a doublet of peaks for some compositions, which hints at an involvement of a tetrago-
nal intermediate phase. However, this intermediate phase could not be identified in the
HT-XRD experiments within this work. Therefore, the phase transition for Ca; ,Sr,MnO;_s
with z € [0, 0.05, 0.1, 0.2] within this work will be labeled as orthorhombic to cubic phase
transitions for simplicity. There is no evidence of the tetragonal phase largely influenc-
ing the characteristics of the tested compositions. Still, there is a chance the transition
will involve at least fractional existence of a tetragonal intermediate phase, which simply
cannot be resolved in the XRD.

The diffraction peaks at ~ 38.5° and ~ 40.5° 20 can be uniquely assigned to the
orthorhombic Pnma structure. Disappearance and reappearance of these diffraction
peaks confirmed the transition from orthorhombic Pnma to cubic Pm3m structure of
the CaMnO;_ ;. The temperature range where this phase transition occured correlated
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well with the phase transition temperature of CaMnO;_; determined via DSC (896 °C).
Furthermore, the shift of diffraction peaks towards smaller diffraction angles, best visi-
ble in the enlarged section of the inlet of fig. 5.1, could be correlated to the expansion of
the crystal lattice.

5.1. Cyclic Thermal Expansion in Air and 1% O,

As observed in previous dilatometry experiments, CaMnO;_; and Sr-substituted samples
exhibited two distinct regions of a quasi-linear thermal expansion coefficient, which were
consistent over the conducted five cycles. In light of the HT-XRD results above, the lower
temperature thermal expansion coefficient between 300 °C and 600 °C coul be attributed
to the orthorhombic phase and the thermal expansion coefficient at higher temperatures
between 900 °C and 1100 °C to the cubic phase. Thereafter, they are labeled a o, and
Qleubic TESpectively.

New sets of dilatometry experiments were performed to investigate the effects of Sr
and p(0,) with specimens of Ca, ,Sr,MnO, s with z € [0,0.05,0.1, 0.2]. These dilatometry
experiments were carried out with 5 cycles in the range 0f 300 °Cto 1100 °C and a heating
rate of 5 °C min~1. Two distinct 5 cycle runs were performed in synthetic air and 1% O,
diluted in N, respectively.

(lortho Was found to be in the range of 12 — 14 - 107K ! and a.upic in the range of 29 —
34 - 107K 1. No clear trends could be identified for arno and cveupic With respect to Sr-

content or p(0,). Results of the 5-cycle runs in air and 1% O, are shown in fig. 5.2.
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Fig. 5.2.: 5 cycle dilatometry of Ca,_Sr,MnO;_; samples in air (black) and 1% O, (grey).
Cycled from 300 °C to 1100 °C. Dashed blue (air) and turquoise (1% O,) lines
highlight reversible and irreversible expansion and contraction in each cycle.
AL and L, represent the length change and the original, as-prepared, length at
room temperature. Reproduced from Klaas and Pein et al.?® with permission
from the Royal Society of Chemistry.

All samples were found to exhibit fully reversible expansion in air between 300 °C and
1100 °C, its magnitude ranging from 1.71% to 1.75%. Reducing the oxygen concentration
to 1% led to residual expansion for all samples. However, minor A-site Sr-substitution
with 5% and 10% reduced this residual expansion from 0.35% for CaMnO,_; to 0.07%
for Ca;o5Sry(sMn0O;_ s and to 0.09% for Ca,4Sry;MnO; 5. The improved reversibility of
thermal expansion led to a significant improvement of cyclability in oxygen depleted at-
mosphere. Larger Sr-contents of 20% caused an increase of the residual expansion after
five cycles to 0.44% and a fluctuation of the reversible fraction of the expansion. Fur-
thermore, CaMnO;_; showed distinctively different behavior at 1% O, compared to mea-
surements in air. After the first heating cycle CaMnO;_; exhibited a sharp increase of the
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expansion slope at temperatures around 450 °C and a decrease around 750 °C, resulting
in a curve that resembles a peak shoulder in this temperature region. This behavior was
reproduced in the following cycles. It was unique to the pure CaMnO,_; and inhibited by
the addition of 5% and 10% Sr to the composition. At 20% Sr however, a shoulder-like
feature reappeared in the lower temperature region.

The addition of Sr to the composition also influenced the overall maximum expansion
of the samples at the upper temperature limit compared to room temperature. This be-
comes evidentin fig. 5.3 where the heat-up phase of the third cycle of each composition is
shown. With increasing Sr-content the expansion shifted to higher values. However, com-
positions with 5% and 10% Sr behaved very similar. This influence of Sr was expected,
since the greater ionic radius of Sr** compared to Ca?* leads to an expansion of the crys-
tal lattice. Furthermore, the step like behavior of CaMnO,_ 5 at 1% O, between 400 °C and
700 °C was prominent. As already discussed, this behavior was reversible and unique
to CaMnO;_; with Cag,Sr,,,Mn0;_; showing similar, but not identical irregularities. A
possible explanation for such behavior could be kinetic limiations of the CaMnO,_ ;5 bar
specimen. As this behavior only occured after the heating phase of the first cycle, incom-
plete re-oxidation, a reversible phase change or disproportionation of CaMnO,_5 could
cause the irregular expansion and contraction. If the kinetics are so slow, the material
is practically frozen in a non-equilibrium state below a certain temperature threshhold
(in the range of 400 °C to 700 °C). This non-equilibrium state relaxes once the adequate
temperature is reached where reaction speed is sufficient.

Room temperature XRD of the CaMnO,_s-sample did not reveal any changes to the crys-
tal structure of the material. DSC-measurements of CaMnO,_; as is shown later in this
chapter, also do not hint at a phase change taking place in this region. As both these
techniques, XRD and DSC, were performed with powder samples, kinetic limitations of a
sintered bar specimen compared to powder samples become likely as a possible expla-
nation. The same conclusion applies for Ca, g,Sr,,,MnO;_s5, which also showed irregular,
but apparently reversible behavior. Further investigation would be required to clarify

the reason for the observed irregular behavior of CaMnO,_; and Ca, 4,Sr;,,MnO;_;.
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Fig. 5.3.: Thermal expansion of Ca, Sr,MnO; s with z € [0,0.05,0.1,0.2]. a) In air. Ex-
tracted from the 3rd cycle of the dilatometry experiments. b) Zoomed in to
temperatures of 600 °C to 1000 °C. c) In 1% O,. Extracted from the 3rd cycle
of each dilatometry experiment. d) In 1% O,. Zoomed in to temperatures of
600 °C to 1000 °C. Reproduced from Klaas and Pein et al.?® with permission
from the Royal Society of Chemistry.

All determined values of expansion coefficient, reversible and residual expansion, un-
der the two different atmospheres applied, are summarized in tab. 5.1.
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Table 5.1.: Thermal expansion coefficients for Ca, ,Sr,MnO; s with = € [0,0.05,0.1,0.2] as
determined by Dilatometry in air and 1% O,. Exp,e, represents the reversible
expansion and is given as the mean value over 5 cycles. Exp,.s represents the
residual, irreversible expansion at the end of 5 cycles compared to the initial
value (determined at 400 °C). Error margins in brackets are given as the stan-
dard deviation.

Atmosphere =z aortho[%] acubic[%] Exprev[%]  EXPres[%]

Air 0 0.00134(1)0.003 10(4) 1.701(6) -
1% 05 0 - 0.00348(5) 1.756(9)  0.352
Air 0.05 0.00138(2)0.00308(6) 1.727(16) -
1% O, 0.05 0.00129(2)0.0029(4) 1.697(11) 0.071
Air 0.1  0.00140(4)0.00309(4) 1.743(6) -
1% 0 0.1  0.00131(6)0.00314(8) 1.797(24) 0.090
Air 0.2  0.00139(4)0.00308(2) 1.753(11) -
1% 0, 0.2 - 0.00309(4) 1.565(29) 0.438

Determination of Phase Transition Temperatures by Cyclic

Dilatometry

Previous one-cycle measurements of thermal expansion of the Ca, Sr,MnO,_; system in
a contact dilatometer already indicated a coherence of the orthorhombic to cubic phase
transitions. At the temperature of phase transition determined via DSC, a distinct macro-
scopic expansion was detected and the materials transitioned from one regime of linear
thermal expansion to the other. In the regime at higher temperatures, now correlated to
the cubic phase, thermal expansion coefficients were higher by a factor of ~2 compared
to the lower temperature regime of the orthorhombic phase.

With the optical dilatometer enabling multicycle measurements under different atmo-
spheres, this feature can be analyzed with respect to its reproducibility and its influ-
enceability by p(0,). Analogously to the peak values of the phase transition temperature
regime, the inflection points of the thermal expansion curves are used here to determine

the phase transition temperature through dilatometry. In order to find the inflection
dAL/Lo
dt

the thermal expansion derivative are shown in fig. 5.4. It can be observed that the ex-

point, the derivative of the expansion is examined for local maxima. Graphs of
pansion fluctuates with time and temperature especially around the turning point from
cooling to heating. Two plateaus and a steep increase with a local maximum can be iden-
tified within each cycle. This maximum sets the temperature of the inflection point in

the original thermal expansion graph and was used here to determine the temperature
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of phase transition.

CaMnO; 5 ALIL,)/B) Cay,65S70,0sMNO; 5 ALY
1200 . . . - - 0.0006 1200 . . T T - 0.0006
1000 1000
800 - 800
600 L 0.0004 600 1 L 0.0004
400 - 400
. 2004 . 200>
o o
E - 0.0002 E I 0.0002
=] . =1 .
- =] - =]
© . © .
g ° g °
g L 0.0000 £ L 0.0000
[} (0}
- =
L -0.0002 L -0.0002
0 — . . — L -0.0004 0 : : : — — L -0.0004
0 20000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000
Time [s] Time [s]
(@) (b)
Cay¢Sro1MNnO4 5 Y Cag gSry ,MNO;4 5 ]
1200 . , ; : - 0.0006 1200 . . : - - 0.0006
1000 1000
800" "A - 800 -
600 L 0.0004 600 L 0.0004
400 400
. 2005 . 200>
o o -
E - 0.0002 E - 0.0002 i‘)
2 5 2 2
© ; © ©
g ° g 2
g L 0.0000 5 -0.0000 @
(0} (0}
— —
L -0.0002 / L -0.0002
0 . . . . L -0.0004 0 . . . . L -0.0004
0 20000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000
Time [s] Time [s]
() (d)

Fig. 5.4.: Derivative of thermal expansion from Ca,_ Sr,MnO, ; with x € [0,0.05,0.1,0.2]
in air over 5 cycles. Dashed vertical lines represent the temperature of the de-
termined inflection point. a) was reproduced from Klaas and Pein et al.2% with
permission from the Royal Society of Chemistry.

In air, only Ca, 4Sr,,MnO, s showed a distinctively different behavior as no clear in-
flection point was found. In contrast, the results of CaMnO,_, Ca;ysSry,sMnO5 5 and
CaySry;MnO, 5 revealed clear inflection points during heat-up (local maxima high-
lighted in fig. 5.4) and cool-down (local minima in fig. 5.4, not highlighted). Determined
temperatures are in good agreement with results from DSC (compare fig. 5.8). In contrast
to the distinct increase of thermal expansion around the phase transition for the other
samples, Ca, 4Sr,,Mn0O; 5 exhibited a quasi-linear increase over the whole temperature
range.

For CaMnO,_; the temperature of phase transition determined by this technique was
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896 °C, which is identical to the temperature determined by DSC in the previous chapter
and very close to the 893 °C of the repeated DSC measurements (see section 5.2). The
collected DSC-signals of all samples are given in fig. 5.6 and determined values of phase
transition are reported in fig. 5.8 and tab. 5.2. In general, values determined by the
described method via dilatometry matched values determined by DSC quite well. The
results consolide the finding that the phase transition is accompanied by a mascroscopic
expansion and contraction, which is detectable by dilatometry. Ca,4Sr,,MnO, s did not

exhibit a phase transition in air.
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Fig. 5.5.: Thermal expansion derivative from Ca, Sr,MnO; s with z € [0,0.05,0.1,0.2] in
1% O, over 5 cycles. Dashed vertical lines represent the temperature of deter-
mined inflection points.

In reduced oxygen concentration of 1% 0,, CaMnO,_s and Ca, ¢Sr, ,MnO;_; showed dis-
tinctively different results compared to experiments under air. CaMnO;_; exhibited a dis-
tinct shoulder-like expansion occured during the heat-up of the first cycle. This expan-
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sion occured at 883 °C and was not matched by a contraction in the same temperature
range during cool-down of the first cycle. Instead the contraction shifted towards much
lower temperatures below 400 °C. In subsequent cycles, a distinct expansion occured at
455 °C, which was found to be reproducible over the remaining four cycles and matched
with a similar contraction during cool-down that slightly shifted towards lower temper-
atures. This hysteresis was found for all the reversible expansion correlated with a phase
transition. Although this behavior hints at a reversible reaction, DSC measurements on
the same sample at 1% O, do not support these results. Therein, no exothermal or en-
dothermal reaction was recorded in this temperature region. The derivative of the ther-
mal expansion of CaMnO, 5 at 1% O,, shown in fig. 5.5a, result in the visible shoulder in
fig. 5.2a.

Results of Ca; ¢5Sry (;sMn0O; 5 and Ca,4Sry,;MnO; 5 at 1% O, did not reveal any shoul-
ders or irregular behavior, but showed clear inflection points that reversibly occured
at the same temperature during heating and cooling with only little deviation between
cycles.Ca; Sty ,MnO; 5 did not exhibit any distinct expansion during the first cycle. In
subsequent cycles however, Ca,4Sr,,Mn0O; ; exhibits a distinct shoulder-like contrac-
tion during heat-up, which is matched with an expansion during cool-down in approx-
imately identical temperature windows of 545 °C to 575 °C. This behavior also leads to a
shoulder-like step in the 5-cycle depiction of Ca, 4Sr,,MnO; s in fig. 5.2d. Thermogravi-
metric results were obtained simultaneously to the DSC measurements reported in fig.
5.6 do not hint at any reaction taking place in the above mentioned temperature regions.
Considering that TGA and DSC measurements were carried out with small amounts (=~
40 mg) of powder samples compared to the sintered rods in dilatometry, the retarded
expansion and contraction from CaMnO; s and Ca,Sr,,MnO5 s can originate from Kki-
netic limitations at a reduced p(03). That would lead to non-equilibrium states and re-

equillibration at the observed points during thermal cycling.

5.2. Phase Stability and Redox Behavior

Simultaneously obtained results of TGA and DSC of Ca,_,Sr,MnO_; (x € [0, 0.05,0.1,0.2])
under various p(0;) in consecutive cycles allowed validation of the phase transition
temperatures determined via DSC in this chapter. Additionally, the phase stability and
redox behavior of Ca, Sr,MnO, ; (z € [0,0.05,0.1,0.2]) in correlation to Sr-content at
0.20>p(04)>10* and 400 °C<T<1200 °C were analyzed. Measurements were carried out

as described previously in section 3.5 and are presented in fig. 5.6.
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Fig. 5.6.: Simultaneously obtained TGA and DSC data of Ca, Sr,MnO, s samples. Tem-
perature was cycled between 400 °C to 1200 °C. 7 thermal cycles with varying
gas flows of Ar and O, were performed. Cycles 1+2: 20% O,; Cycles 3+4: 1%
0,; Cycles 5+6: pure Ar (=~ 0.001% 0,); Cycle 7: 20% 0O,. Am was calculated
with the initial weighed-in mgy before the measurement, while A§ was calcu-
lated from the isotherm at 400 °C after the first cycle.

First of all, some peculiarities and considerations need to be clarified and explained.
The instrument used for these measurements suffers from buoyancy drift of the weight
signal when gas flows are changed during the measurement, which cannot be fully elim-
inated by blank correction measurements. This drift is most prominent at the start of
each measurement where all samples exhibit a sudden decrease in the weight signal with
a following slow increase during the initial isotherm at 400 °C. Additionally, it results in
a sudden change of the weight signal when the gas flows are changed in between cycles,
e.g. during the isotherm between cycle two and three. As can be seen in the weight signal
graphs, this buoyancy drift relaxes quickly and does not interfere with the measurement.
However, especially the sharp decrease and increase at the start of measurement can
lead to generally upwards or downwards shifted weight signals. It has to be carefully
evaluated if the observed effect is a physical behavior of the sample or a result of the in-



5.2. Phase Stability and Redox Behavior 103

strument’s drift. This effect is most prominent in the initial phase of the measurement
right after start of the measurement. Therefore, Ad values were obtained with the sample
weight at the isotherm at 400 °C after the first cycle (used as m in eq. 3.4). ¢ of CaMnO,
at 400 °C and p(05)=0.20 bar in that case is approximated to zero. The %-weight change
is still given with respect to the initially weighed sample mass for transparency.

The heat flow signal is influenced in a similar fashion. In addition to that, the heat

effects of the samples are considerably small, which would cause quantitative analysis of
absolute values be highly inaccurate. Therefore, only deviation from the pattern is used
for analysis in a qualitative fashion, e.g. large endothermal or exothermal peaks, which
indicate a reaction.
Furthermore, several findings can be extracted from the presented data. Independent
from the Sr-content, all samples exhibit reversible reduction and oxidation at 20% and
1% 0O,. Similar reduction extent is reached during heating in each of the thermal cycles
carried out under identical atmosphere and samples can be considered fully oxidized
after cool down. Additionally, Aé at 1200 °C increases marginally with increasing Sr-
content (see also fig. 5.6). This can be explained by a reduction of the oxygen vacancy
formation energy, an effect of A-site Sr-substitution of CaMnO,_; that has been reported
previously by Bulfin et al..}®?

Complete reoxidation at 1% O, also means that the residual expansion observed in
dilatometry under these conditions is unlikely to originate from incomplete re-oxidation.
However, kinetic limitations need to be considered as well. TGA and DSC results were
obtained from small powder samples, while dilatometry results were obtained from
pressed and sintered bar specimens. These bar specimens had a porosity of 10.8% as
measured by Hg-porosimetry of a CaMnO,_; sintered bar sample.'® Hence, a kinetic lim-
itation and resulting incomplete re-oxidation cannot be ruled out as a potential source
of residual expansion after cycling under reduced oxygen concentration. Complete re-
oxidation was also observed in TGA for all samples of Ca;_,Sr,MnO;_; within the last cycle
(7) in air after deep reduction in Ar (0.001% O, / p(05)=10"* bar) up to reduction extents
of Ay > 0.3. While all samples showed no re-oxidation during cooling in cycle five, they
all showed additional reduction in cycle six, hinting at a non-equilibrium state after cycle
five.

While all samples ultimately reached full re-oxidation at the end of cycle seven, the
re-oxidation patterns during cycle seven change with increasing Sr-content in the com-
position. During the isotherm at 400 °C at the end of cycle six, the oxygen content in the

gas flow is increased to 20%. All samples quickly reacted with re-oxidation even at these
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low temperatures. However, the extent of re-oxidation, and thereby the decrease of AJ, is
only marginally small for un-substituted CaMnO, 5. Ca; St ;:MnO; 5 reached a slightly
smaller AJ, Ca,4Sry,;MnO; ;s reached a substantially smaller Ad and Ca, ¢Sr,,MnO;_; was
already fully re-oxidized during the isothermal period of 30 minutes under air before
the heating phase started. This discrepancy could be explained either by kinetic limita-
tions in CaMnO;_; and Ca;¢5Sr,,sMnO; 5 and faster kinetics in the Sr-substituted com-
positions. Klaas et al. reported increasingly faster oxidation kinetics for increasing Sr-
content in Ca, Sr,Mn0O, ;.18 It can also be explained by the occurrance of a dissocia-
tion reaction in the former two compositions, which is inhibited in compositions with
higher Sr-content. Such dissociation reaction was reported earlier by Bakken at al.'° for
unsubstituted CaMnO,_ s at high temperatures and low p(0,). Therein CaMnO,_; disso-
ciates into non-stoichiometric Ca,MnO,_; and CaMn,0, at temperatures above 1000 °C
and p(0y)< 3-1073bar and single phase CaMnO, 4 is reversibly formed again in oxidizing
atmosphere with increased p(0,). Although Bakken et al.'*° used differing experimen-
tal procedures in their work compared to the methods applied the presented work, it
is likely that such dissociation reaction takes place for CaMnO, sThe re-oxidation pat-
terns of CaMnO;_; and Ca, ¢¢Sr,;sMnO;_; in cycle seven support this conclusion. Taking
CaMnO; 4 as an example, fig. 5.7 shows the zoomed in section of cycle seven from the
combined TGA/DSC measurement of CaMnO4_;.
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Fig. 5.7.: Zoomed in section of cycle 7 from fig. 5.6a. Crystal phases concluded to be
present are indicated in each phase of the cycle.
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It can be concluded that CaMnO4_; is dissociated into Ca,MnO,_s and CaMn,0, to alarge
degree after treatment with Argon in cycles five and six. However, no information on the
non-stoichiometry ranges of Ca,MnO,_s was found in literature. The presented results
lead to the conclusion that they are small compared to CaMnO,_ ;. Complete dissociation
of CaMnO, 4 into Ca,Mn0, s (¢’ = 0) and CaMn,0, would result in a Am ~ 3.73% com-
pared to the pristine fully oxidized CaMnO;_; (0 = 0). A Am of 3.84% was observed after
cycle six. Slight variation to the expected 3.73% for complete dissociation originates from
additional ¢’ # 0 in the Ca,MnO,_; compound.

After switching to an oxidizing atmosphere with higher oxygen content, the sample
slowly started to gain weight. That can be related to the oxidation of either residual
CaMnO,_ s phase or Ca,MnO, 5. At a temperature range of 675 °C to 800 °C a steep in-
crease in weight was observed accompanied by an exothermal peak in the DSC-signal
indicating a comparably strong reaction taking place. Previous works reporting such
dissociation reaction of CaMnO, ;11119 do not report state a lower temperature thresh-
old where the reverse reaction back to CaMnO;_; occurs under air. The steep increase in
weight and the detected exothermal heat signal however can be assigned to the reverse
reaction of Ca,MnO,_ s and CaMn,0, back to CaMnO, ;. It remains unclear if CaMnO;_;
is formed in an orthorhombic or cubic phase at this stage. Due to the plateau at Aj =
0.22 without any further re-oxidation that followed this transition towards CaMnO;_;,
it is likely that the orthorhombic phase or a mixture of orthorhombic and cubic was
formed. Complete transition to the cubic phase then took place above 1000 °C, where
it re-equillibrated with the surrounding atmosphere leading to further re-oxidation. A¢
values after the isotherm in cycle seven were found to be ~ 0.14, which is close to the
observed Ad = 0.16 at this temperature and atmosphere during cycles one and two.
During the cooling phase of cycle seven, the sample shows a typcial oxidation behavior
as observed in cycles one and two, even exhibiting the phase transition back to the or-
thorhombic phase, determined by the well known DSC peak pattern and a steep weight
gain around 885 °C.

Cag 9551y 15MnO0; s shows a behavior almost identical to CaMnO;_s, with values slightly
shifted towards smaller Ad. That leads to the conclusion that Ca 45Sr, ;s MnO_; did not
completely dissociate, but a residual perovskite remains after cycles five and six. Still, a
significant fraction of Ca, 4sSr,,:MnO,_ s dissociates under the given conditions. Despite
being fully reversible in oxidizing conditions, this dissociation can cause issues depend-
ing on the application’s operational parameters for CaMnO,_s and Ca; 45Sr; ;s MnO4_s.

Cay¢Sry;MnO; 5 and Ca, gSr,,MnO,_; started to gain weight rapidly after the introduction
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of the oxygen rich gas stream. In conclusion, they are immediately re-oxidized. Therein,
they initially gained weight rapidly. The weight gain slowed down after 10 minutes,
apparently reaching a threshold at A¢ values of 0.12 for Ca;¢Sry,;Mn0O;_; and 0.02 for
CaygSry,Mn0; 5. The re-oxidation threshold during the isotherm after introducing the
oxidizing gas stream appears to be connected to kinetic limitations. Thatleads to the con-
clusion thatincreased Sr-content speeds up the oxidation kinetics. This conclusionis also

supported by recent results of Klaas et al., '8’

who reported faster oxidation kinetics with
increasing Sr-content in the Ca,_Sr,MnO;_s-system, especially at lower temperatures.
Furthermore, Ca,4Sr,;MnO5 s and Ca,4Sr,,Mn0O, s do not suffer from dissociation

191

when cycled at low p(03). The work of Imponenti'”! also reported inhibition of a dis-

sociation reaction for small amounts of Sr-substition (5% and 10%), although only

191 reports an absence

temperatures up to 1000 °C were applied. Additionally, Imponenti
of any phase transition already for 10% Sr, which contradicts the findings presented in
this work as the Ca, 4Sry,;MnO;,_ s clearly exhibits a phase transition from orthorhombic
to cubic. Both compositions, Ca,4Sr,;MnO, s and Ca,4Sr,,Mn0O; 5, are reduced again
upon heating in cycle seven up to comparable reduction extents as in cycles one and two.

At subsequent cooling they are fully re-oxidized again.

5.3. Conclusions for Thermochemical Cycles with
Cal_xerMnO3_5

An important factor to consider before bringing CaMnO;_; and its A-site Sr-substituted
variants into application in thermochemical cycles, is the chemical and structural stabil-
ity in the desired temperature and p(0,) range. That includes not only the occurence
of crystal phase transitions on the atomic scale, but also macroscopic stability and cy-
clability of sintered specimens. In accordance to results reported in literature,!1191.192
CaMnO; 4 exhibits a distinct phase transition from orthorhombic to cubic. The existence
of an interemediate tetragonal phase has been indicated by the doublet of peaks in the
DSC signal, but could not be validated in HT-XRD experiments carried out.?’ The phase
transition was found to correlate with a distinct macroscopic expansion as determined
via dilatometry. In an innovative approach, the temperature of phase transition (7},;) was
determined via thermal expansion data. The results match well, with the exception of

the 10%-Sr sample at 1% O,, as shown in fig. 5.8.
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Fig. 5.8.: Temperatures of phase transition of Ca, ,Sr,MnO, 5 (x € [0,0.05,0.1]) in air and
1% O, as determined by DSC and dilatometry (DIL). Reproduced from Klaas
and Pein et al.?’ with permission from the Royal Society of Chemistry.

The thermal expansion coefficient was found to increase, once the orthorhombic phase
transitioned to a cubic phase. This is especially important to consider in applications
where thermal expansion has to be kept to a minimum. In such applications it could be
beneficial to avoid temperature and p(0,)-ranges where the structure transitions to the
much more rapidly expanding cubic phase. In air, all samples showed fully reversible
expansion and contraction over 5 thermal cycles with maximum relative expansion at
Thax=1100 °C slightly above 2%. Relative reversible expansion ranged from 1.70(6)%
to 1.80(7)%. Maximum expansion tends to increase with increasing Sr-content, which
can plausibly originate from a decrease in 7T},; by the introduction of Sr on the A-site, and
therefore a larger temperature range in the stronger expanding cubic phase. However,
no clear trend was observed with respect to the reversible expansion.

Introducing an atmosphere with lower oxygen concentration of 1% (p(0Os)= 102 bar)
caused irreversible residual expansion in all samples in each cycle. Small amounts of Sr-
substitution (5% and 10%) reduced this residual expansion to 0.07(1)% and 0.09(0)%
respectively compared to 0.35(2)% and 0.43(8)% for CaMnO,_5 and Ca, 4Sr,,MnO4_; af-
ter five cycles. These results point out that small amounts of Sr-substitution can be very
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beneficial for the macroscopic structural stability over multiple cycles when applying at-
mospheres with reduced oxygen content compared to ambient air. This is especially im-
portant to consider, when working with structured specimens where thermal stresses
can lead to undesired mechanical failure.

Thermogravimetric measurements revealed a dissociation reaction of pure CaMnO, ;
and Ca, ¢5Sry ;:Mn0O; ;5 at p(0,)=10"* bar, which limited re-oxidation at higher p(0,). This
dissociation reaction was found to be reversible at p(0,)=0.21 bar and elevated tem-
peratures, but the restricted re-oxidation is a critical factor for many thermochemical
applications. Such dissociation has not been reported yet for Sr-substituted CaMnO;_;.
At Sr-contents >10% this dissociation was not observed. Instead Ca;,Sr,;MnO,_; and
CaygSry,MnO;, s exhibited fast re-oxidation at 400 °C immediately after switching to an
oxygenrich atmosphere. While Ca, 4Sr, ; MnO;_; was not fully re-oxidized, Ca, gSr, ,MnO;_s
almost reached full re-oxidation after only 30 minutes at 400 °C and p(03)=0.21 bar.
Such dissociation reaction was reported to closely correlate to the reduction extent.!!!
Depending on how deep the material is thought to be reduced in any given application,
A-site Sr-substitution can serve as an inhibitor for undesired dissociation reactions,
thereby extending the stable range of A¢. Key findings of this chapter are summarized
in tab. 5.2.

Table 5.2.: Temperatures of phase transition 7pr of Ca, ,Sr,MnO; ; (z € [0,0.05,0.1]) in
air and 1% O, as determined by DSC, Dilatometry and XRD. Adapted from
Klaas and Pein et al.

T Atmosphere | Ter [°C]

| DSC | DIL | HT-XRD
0 Air 893 | 896 | 910
0 1%0, |848 | - 840
0.05 Air 863 | 863 -
005  1%0, | 856 834 -
0.1 Air 828 | 831 | 807.5
0.1 1%0, |823]79 | 770

The results presented within this chapter highlight multiple benefits that small amounts
of A-site substitution of CaMnO,_; with Sr can have. The improved cyclability at low p(0-)
due to the decrease of residual expansion is beneficial. This is especially important for
monolithic structured specimens in order to reduce mechanical stress during cycling.
Additonally, Sr-contents of >10% were shown to inhibit a dissociation reaction at high
reduction extents. It was accompanied by drastically improved re-oxidation kinetics af-
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ter deep reduction at p(0,)=10"* bar. However, with increasing Sr-content the observed
phase transition from orthorhombic to cubic is shifted towards lower temperatures,
leading to larger thermal expansion at lower temperatures and increasing expansion in
the temperature range around the transition. It was concluded that Ca, , Sr,MnO;_; with
x = 0.05 and x = 0.10 were the most promising compositions to be tested further in the
context of open porous monolithic structures.
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Utilizing open porous structures made from active redox material can have a multitude of
benefits over the use of particles in a packed bed or fluidized bed reactor. Furthermore,
it is desirable to construct such open porous structures entirely from the redox material.
In comparison to coating the material onto an inert support structure, the weight load
of active material with respect to the volume is reduced, which is a critical value when
constructing such reactors in bigger scale.

Following the analysis of the previous chapters, CaMnO,_s and its A-site Sr-substituted
variants were chosen as the redox material for the production and testing of open porous
monolithic foams. As a starting point, a procedure for the production of CaMnO,_s-foams,
based on the replica method first reported by Schwartzwalder et al.,'>? was established. A
foundation for the definition of processing parameters was established within the scope
of a Bachelor thesis by Luca Matzel,'*® which was supervised by the author of this work.
Foam production procedure and parameters utilized within the presented work are de-
scribed in section 3.2. This procedure was also used for A-site Sr-substituted CaMnO;_s
for the applicational demonstration in chapter 7. All results presented in the following
were obtained from cylindrical foams produced with 30ppi polyurethane (PU) templates,
and are therefore labeled as ”"30 ppi foams”. Analysis included mechanical strength tests,
microscopy (SEM and electron dispersive x-ray spectroscopy (EDX)), porosimetry, gas

adsorption and thermal analysis via TGA and DSC.

This chapter is partially based on peer-reviewed publications authored and co-authored by the author of this work:

Mathias Pein, Luca Matzel, Lamark de Oliveira, Gézde Alkan, Alexander Francke, Peter Mechnich, Christos Agrafiotis, Martin
Roeb, and Christian Sattler. “Reticulated Porous Perovskite Structures for Thermochemical Solar Energy Storage”. In: Advanced
Energy Materials 2102882 (2022). 1SSN: 1614-6832. DOI: https://doi.org/10.1002/aenm.202102882
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6.1. Sturdiness and Mechanical Strength of
Ca, ,Sr,MnO; s-Foams

A multitude of foams were produced based on PU templates. Burn-off of the binder and
sintering naturally leads to shrinkage of the foams, which reduced size compared to the
green bodies. In order to make labeling of differently sized foams clear, as-prepared
foams were labeled based on the dimensions of used green bodies. Wherever necessary,
e.g. for calculation of contact area in mechanical strength tests, the actual dimensions, as
measured by a caliper were used. Produced foams of various dimensions, ranging from
1.2 cm to 2 cm in diameter, are depicted in fig. 6.1. Foams of this size were reproducible
in a batch-like fashion, only limited by the size of the furnace used for sintering. They
were sturdy and could be handled by hand without breaking. They did however exhibit
small amounts of closed pores, which did not hinder light to travel all the way through
the length of the foams.

77»7772/77/f 3 i 4

Fig. 6.1.: As-prepared cylindrical 30 ppi CaMnO,_s-foams. 1) g1x2 cm; 2) g2x1 cm; 3)
22x2 cm. Reproduced from Pein et al..'° CC-BY.

Mechanical stress tests were carried out with two @2x1 cm samples. Samples were
placed between two aluminum sheets and compressed until failure. Point of failure was
determined by the first significant peak of compressive force that was followed by relax-
ation and verified by timestamped video recording of the test. The pressure measured
during the test and free frames of the recorded point of failure are depicted in fig. 6.2 and
fig. 6.3.
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Fig. 6.2.: Measured pressure load during the strength tests of cylindrical 30 ppi
CaMnO; s-foams of the dimensions @2x1 cm. Point of failure is marked for each
sample. Reproduced from Pein et al..'° CC-BY.

Fig. 6.3.: Freeze-frames of the video recording depicting the initial sample before the
start of the strength test on the left and the point of failure with indication
where the major fracture occurs in. Freeze frames of point of failure were
timestamped in accordance to fig. 6.2. Reproduced from Pein et al..'® CC-BY.
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The samples were able to withstand pressure loads 132.4 and 87.5 kPa respectively,
which roughly translate to 1.32 and 0.88 bar. No error margins are given for these mea-
surements since the results are largely impacted by systematic errors, which are consid-
ered to be beyond the accuracy of the dynamometer of 0.1 N and cannot be quantified
reliably. A substantial source of error, for example, is the unevenly distributed force of
compression, not only originating from the available measurement setup, but also from
uneven planes at the top and bottom side of the cylindrical foam specimens. However,
the shown results demonstrate qualitatively that the foams are sturdy, easy to handle and
generally able to withstand a multitude of their own weight (1 foqm ~ 2 g for a foam of
that size). In the context of upscaling and potential reactor systems consisting of modular
blocks of such open porous foams, the results are promising that such foam structures
can be stacked on one another in a modular fashion to fit the actual reactor size and scale
without braking. Additionally, such foams are most likely suitable for pressurized oper-
ation. Yet, it is also clear that the results presented herein can only serve as a guideline
and need to be validated in a sophisticated study with focus on mechanical stability of

such open porous monolithic perovskite structures.

6.2. Microstructure of Ca; ,Sr,MnQO; s-Foams

The microstructure of as-prepared 30 ppi foams made from CaMnO,_; were examined by
means of SEM and XRD. For analysis in SEM, the foam had to be broken into very small
pieces, which then could be prepared on an SEM sample holder with adhesive carbon
tape. For XRD measurements, fractures of the foams were crushed entirely and ground
in a mortar and pestle to a fine powder. Therefore, the applied methods are destructive
with respect to the structure of specimens.

As can be seen from fig. 6.4, the as-prepared powder has a very minor marokite side
phase, which is not present in the sintered foam. The marokite (Ca,MnO,) phase origi-
nates from a known disproportionation reaction of CaMnO;_; to Ca,MnO, and CaMn,0,,
which occurs at high temperatures and low p(0;).1°° Additionally, local variance in the
stoichiometry that may be present during synthesis can also lead to the formation of such
side phases. Because of that, the synthesis process has been adjusted to minimize the
presence of these side phases (see also chapter 3.1). The disproportionation reaction is
reversible and hence the material can be cured by additional sintering in oxygen rich at-
mosphere (e.g air). That is exactly the case during the preparation of all foam structures
and is the reason why no side phases are detected anymore in the prepared CaMnO;_;
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foam structures.

— PDF 01-070-4889 CaMn,0O, - Marokite
— PDF 00-045-1266 CaMnO, o - Calcium Manganese Oxide
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Fig. 6.4.: XRD patterns of pristine CaMnO;_; powder and a sintered foam. Minor marokite
phase detected in pristine powder. Powder was measured with Cu-X-ray source,
while foam was measured with Co-X-ray source. Therefore the X-scale is given
in 1/d, which is independent of sources wavelength. Reproduced from Pein et
al..!? CC-BY.

SEM micrographs, given in fig. 6.5, revealed a rather smooth surface with no big-
ger pores in the pm-range. Interconnected struts built the network that resulted in the
macroscopic open porous foam structure. These interconnected struts appeared in a tri-
angular shape and their thickness was in the range of 100 pm. The thickness of struts
increases at junction points where multiple struts meet. Foams had to be broken into
small fractions to be examined in SEM. This led to broken struts at the edge of a sample,
which revealed that the struts are actually hollow on the inside with inner diameters in
the range of 20 pm to 40 um and a wall thickness of about 10 pm.
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Fig. 6.5.: SEM-micrographs of as-prepared 30 ppi CaMnO; s-foam. a) Interconnected
struts with hollow opening at the edge where foam was fractured. b) Higher
magnification micrograph of hollow opening on strut edge.

Porosity and Surface Area of Ca;_,Sr,MnO; s-Foams

Porosity was determined via Hg-intrusion porosimetry and N,-adsorption porosimetry.
Total porosity from pore volume was calculated to be 16.2%. Average pore size (dso)
in Hg-porosimetry was 38.1 pm, which is in the same range as the openings of hollow
struts at the edge of foam samples as depicted in fig. 6.5. Since foam samples had to
be broken into small pieces to fit into the small sample holders of the porosimeters, Hg
intruded these openings into the hollow inside of the struts. This in turn could have led to
a false pore detection signal to a degree that the calculated porosity is not accurate. The
same holds true for N,-adsorption measurements. Results are depicted as cumulative
and differential pore volume in fig. 6.6.
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Fig. 6.6.: Cumulative and differential pore volumes of CaMnO, s;-foam sample as deter-
mined via Hg-Porosimetry and N,-porosimetry. Pore volumes add up to a total
porosity eof 16.2%. Reproduced from Pein et al..'° CC-BY.

Although such big pores cannot be displayed in N,-adsorption experiments, the spe-
cific surface area of 6.59”‘?2 suffered from inaccuracy due to the available access to the
inner wall of the hollow struts through openings at fractured edges. In any case, this led
to increased values of porosity and surface area compared to an ideal foam. However, the
predominant absence of micropores, d<1 um, is in accordance with observations made in
SEM, where foam samples exhibited a smooth surface and no visible pores in this range.
Additionally, specific surface area of the ball-milled powder,; used to produce the foams,
was determined to be 3.28“‘?2. The foam exhibits comparable surface area per weight as
small sized particles, an important fact when surface exchange reactions become impor-

tant in a foreseen thermochemical application.
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6.3. Stability of Ca; ,Sr,MnQO; s-Foams during Thermal
Cycling

As discussed previously in chapter 5, CaMnO;_; goes through a phase transition from or-
thorhombic to cubic at 895 °C in air. This phase transition is accompanied by endother-
mal and exothermal heat effects, distinct thermal expansion and contraction as well as
weight loss and gain during reduction (heat-up) and oxidation (cool-down) respectively.
The correlation of all these effects becomes evident in an overlay of the first cycles from
TGA and dilatometry in fig. 6.7.
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Fig. 6.7.: Overlay of heat-up phase from first cycle of figures 5.6a and 5.2a showing heat
effects, weight change and expansion. Tsr, is the recorded temperature in the
simultaneous TGA and DSC measurement. 7py, is the recorded temperature
during dilatometry.

As fig. 6.7 includes results obtained from different sample specimens, a dense sin-
tered bar (dilatometry) and fine milled powder (TGA/DSC), the fundamental results on
thermodynamics, crystal structure and thermal expansion are independent of the type
of specimen analyzed, if the concluded correlation between thermal expansion and the
observed phase transition is correct. Since dilatometry experiments cannot be carried
out with foam specimens with the available setup at this point, comparative TGA mea-
surements were done with powder and foam samples in order to validate that prepared
foam specimens exhibit identical behavior as the powder samples investigated.

Samples were cycled over 5 cycles between 300 and 1100 °C at considerably high p(05).
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Due to an initial miscalculation of the programmed gas flows, the oxygen concentration
was not 20%, as planned originally to simulate air, but 12.3%. As can be seen in fig. 6.8,
powder and foam exhibit full reversibility over the tested 5 cycles. Due to a buoyancy
drift of the instruments weight signal, the plotted data in fig. 6.8 varies slightly. There-
fore, maximum weight changes and corresponding reduction extents AJ per cycle were
calculated and averaged for better comparison of the tested samples. Results are given
in tab. 6.1.
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Fig. 6.8.: Cyclic TGA of CaMnO,_s powder and foam samples (30 ppi). Temperature range
was 300 °C to 1100 °C with a heating rate of 5°Cmin~. 0,-concentration was
adjusted to 12.3% (p(02)=0.123) at total gas flow of 32 mL min™!. Reproduced
from Pein et al..'® CC-BY.
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Table 6.1.: Calculated values of wt.change and corresponding reduction extents Aj ex-
tracted from cyclic TGA measurement (compare fig. 6.8). Am was calculated
from the minimum weight at 7}, = 1100 °C mid-cycle and the maximum
weight at Ti,,;, = 300 °C at the end of each cycle.

Cycle Powder Foam 1 Foam 2

- Am Ad Am Ad Am Ad
1 1.584 0.1416 1.647 0.1472 1.637 0.1463
2 1.586 0.1418 1.660 0.1484 1.643 0.1469
3 1.561 0.1395 1.651 0.1476 1.636 0.1462
4 1.586 0.1402 1.652 0.1477 1.638 0.1465

Avg. 1.575(11) 0.1208(9) 1.653(5) 0.1477(4) 1.639(3) 0.1465(2)

It can be observed in fig. 6.8 that the powder sample loses approximately 0.3wt.-% in
the initial heating of cycle one at temperatures below 400 °C. This can be attributed to
adsorbed water due to the hydrophilic nature of the surface'®* and has been observed
previously for samples that were openly stored for extended periods. Significant weight
loss due to reduction does not occur at temperatures below 700 °C. Consequently, the
reversible weight loss and gain can be fully attributed to reduction and oxidation of the
powder sample. The observed weight loss and gain is fully reversible over the following
cycles.

Since all samples were cooled down in the last cycle with a very fast cooling rate of
30°Cmin~!, another observation can be made. Only the powder sample is fully reoxi-
dized, while the two foam samples only regain ~ 25% of their lost weight in the final
cool-down process. This already hints at kinetic limitations that are present in the foam
samples and will be discussed further in the following section. Since the last cooling step
is not comparable to the other four cycles due to the varying kinetics of the tested sam-
ples, no values for Am and Ad were calculated for the 5% cycle.

In order to test the long-term stability of the CaMnO,_s-foam specimens with regard
to their redox activity, one of the foam samples (foam 2 from fig. 6.8) was cycled for
additional cycles in the TGA up to a total number of 46 cycles. Resulting mass changes

are depicted in fig. 6.9.
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Fig. 6.9.: CaMnO;_;-foam sample ("Foam 2” from fig. 6.8) cycled over 46 cycles between
300°C and 1100°C in 12.3% O,. a) Mass signal recorded in TGA. b) Extracted
mass changes per cycle. * represents a cycle whith 7}, = 1000 °C instead of
1100 °C. A represents a single cycle under argon.
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Due to erroneous programming of the TGA for some of the cycles, there are a few cycles
that differ from the conditions applied in the first five cycle experiments. Therefore, ap-
plied oxygen concentrations and the resulting mass change are separately plotted in fig.
6.9b. The differing cycles allow for additional information to be gained upon the samples
thermodynamic behavior. By comparing cycle 12 and cycle 22, it becomes evident that a
slight reduction of the reduction temperature 7;.q by 100 °C led to much bigger changes
of the resulting mass changes than reducing the p(0,) significantly. Overall, good sta-
bility with respect to repeated reduction and oxidation could be observed with an aver-
age relative mass change of 1.647(40.036)% throughout the 46 cycles at 12.3% O, and
Trea = 1100 °C.

Additionally, cycle 22 was carried out in Ar (p(0,)~ 10~%) and demonstrates that even
reduction at very low p(02) and dissociation of CaMnO; 5 under these conditions (com-
pare fig. 5.6), neither interfers with the macroscopic structural integrity of the foam sam-
ple, nor limits the cyclic reversibility of reduction and oxidation. It can be concluded that
CaMnO;_s-foam samples can be thermally cycled under various conditions over multiple
cycles without drastic aging with respect to its thermodynamic behavior macroscopic
structure.

Determined reduction extents of CaMnO,_ssamples are in accordance with values re-
ported in literature. Bulfin et al. reported values of AH = 161 &+ 6kJmol~! and AS =
94 4 TkJmol~1.1%° Together with the underlying equilibrium model, mass changes and
correlated reduction extents can be calculated and plotted for constant p(0-)(see fig.
6.10). Taking the reported error margins into account, the results presented in this work
are within the range and near the calculated Am = 1.5105 (Ad = 0.1350) at p(02)= 0.123
and 7" =1100 °C. Although the error margins reported by Bulfin et al. appear to be small,
fig. 6.10 points out that even small variations in AH and AS can have significant impact

on the resulting mass changes and reduction extent at high temperatures.
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Fig. 6.10.: Mass changes Am (dotted line) and corresponding reduction extent Ad (solid
line) with temperature at p(0,)=0.123. Calculated using the equilibrium
model and experimentally determined values of A H and AS by Bulfin etal..¢
Lower and upper limit of error margins were calculated from given error mar-
gins of AH and AS.1%°

6.4. Oxidation Kinetics of Ca; ,Sr,MnQO; ; Specimen

In order to evaluate the influence of specimen structure on the oxidation kinetics, three
different specimen made from CaMnO;_; were investigated: Powder, pellet and foam. Re-
duction was done at 1100 °C and p(0;) = 10~*. Re-oxidation was done at various tem-
peratures and at p(0;) = 0.2. A detailed description of the measurement can be found in

section 3.5 and graphs of the measurements results are shown in fig. 6.11.
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Fig. 6.11.: Oxidation kinetic measurement of CaMnO,_s samples. a) Powder; b) Pellet; c)

Foam.
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The powder sample was taken from ball milled CaMnO;_;, which was also used to pro-
duce the foam and pellet samples. A 30 ppi cylindrical foam (1.2 cm, length: 2 cm) and
a pellet (1.2 cm, thickness: 3 mm) were produced. Sample sizes were chosen to have
similar total masses (=350 mg), as previous experiments showed that the total mass can
influence the results of thermogravimetric measurements. Determined values of ¢, are
given in fig. 6.12. The half-time ¢/, represents the time needed until the sample is re-
oxidized up to 50%, meaning the oxidation fraction X has reached 0.5. Therein, two
distinct regimes are determined for the powder sample, below and above 400 °C. For the

foam and pellet samples, two distinct regimes below and above 600 °C were determined.
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Fig. 6.12.: t,, of oxidation of CaMnO; ssamples (30 ppi foam, pellet, powder) in depen-
dence on temperature as determined by kinetic TGA measurements (see also
fig. 6.11).

In general the powder sample re-oxidizes faster than the foam and pellet. ¢/, only
increases very slightly from 18 s to 32 s when the oxidation temperature 7,y is reduced
from 800 °C to 400 °C. Starting from 400 °C (10%/RT > 0.179) the behavior changes and
t1/2 increases steeply from 32.4 seconds at 400 °C to 4796 seconds at 300 °C.

Maximum reduction extent Ay was found to be 0.13(5) for all samples. For a 350 mg
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sample this results in a mass change in the range of 5.2 mg or 1.65 - 10~* mol O, which
indicates that ~ 0.825 - 10~*molO, are needed to oxidize the sample to X = 0.5. Ata
total mass flow 120 mL min™! and an oxygen concentration of 20%, oxygen is supplied
atarate of 9.8 - 10*6‘“701 of O, (calculated via ideal gas law). At this oxygen supply rate,
it takes 8.4 s to supply enough oxygen to reach X = 0.5 assuming a 100% conversion
rate. Additionally, the elapsed until the atmosphere inside the sample chamber has fully
adjusted to changes in the supplied gas stream, was found to be in the range of 20 s'7°
Conclusively, the oxidation reaction is predominantly mass transfer limited at higher tem-
peratures (for powder: T,, > 420 °C).

Pellet and foam samples also exhibit mass transfer limitation at high temperatures.
However, the border between the two regimes is shifted to higher temperatures at 600 °C.
Furthermore, foam samples exhibit much faster oxidation compared to the pellet and at
temperatures above 600 °C the speed of reaction is comparable to that of the powder
(23.75s vs. 20.40s at 600°C). Foam and pellet exhibit a steep increase of ¢;,, below
600 °C and ultimately do not even reach X = 0.5 within the given measurement time
when 7, < 480°C and 7,, < 460 °C respectively. This fact also becomes evident in the
raw measurement data given in fig. 6.11. The mass gain during oxidation does not match
the mass loss during reduction.

The oxidation reaction can be broken down into 3 major steps:

« Diffusion of gaseous reactants (e.g. oxygen) in the surrounding atmosphere
e Adsorption/Desorption of gaseous reactants on the perovskite surface

 Diffusion of oxygen ions, oxygen vacancies and electrons within the perovskite
crystal lattice

The first two steps can be treated together as the surface reaction, leaving two main fac-
tors: Surface reaction and bulk diffusion. The available data does not allow any conclu-
sions as to which factor is rate limiting outside of the mass transfer limited region. Yet,
the distinct differences between powder, foam and pellet led to the conclusion that the
sample structure, and most likely the available surface area, does influence the rate of
reaction significantly at lower temperatures where bulk diffusion is presumably slow.
Foam and powder have comparable specific surface areas. The pellet is expected to have
a lower surface area, which could explain the slower oxidation even in the mass transfer
limited temperature regime.

As described in section 3.5, the obtained data allows for calculation of apparent ac-

tivation energies. However, these activation energies are only apparent and not actual
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activation energies. The utilized method does not allow distinction between separate re-
action mechanisms, and therefore depicts the overall reaction. Consistent with analysis
of the half times ¢, , two regimes can be distinguished for each of the samples.

As shown in fig. 6.13 for CaMnO; s-powder, activation energies had to be calculated
separately for these two regimes as no reasonable regression could be made over the
whole temperature range. Respective plots for pellet and foam samples are given in the
appendixin fig. A.14 and fig. A.15. Cut-off temperatures were 400 °C for powder samples
and 600 °C for pellet and foam samples. Determined activation energies, given in fig. 6.14,
differ drastically between the two regimes as is expected from the obtained ; , (compare
fig. 6.12).
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foam samples).
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Since the oxidation reaction is mass transfer limited in the higher temperature regime,
it can be assumed that the actual apparent activation energies F,, at 7' >400 °C for the
powder sample and 7" >600 °C for the pellet and foam samples are even lower than the
found 9.6 + 0.8 kJmol~! (powder), 17.3 £ 2.7 kJmol~! (Foam) and 35.8 + 9.0 kJmol ~*
(Pellet). As the reliability of the results suffer from the mass transfer limitation in the
lower temperature region, no deeper analysis on the actual values has been conducted.
Especially the substantially lower E, of the pellet sample at 7 >600 °C can hardly be
taken as an accountable result, due to the small amount of valid measurement points in

that region. This inaccurracy also becomes evident by the intersecting lines in the log-

_ 3 . . .
scale plotted ¢y (%F) «_ ... VS 1 for the CaMnOj s-pellet (given in fig. A.14).
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Fig. 6.14.: Determined activation energies of oxidation of CaMnO, ssamples (30 ppi
foam, pellet, powder) for high and low temperature regime as determined by
kinetic TGA measurements (see also fig. 6.11).

While the calculated activation energies serve as an indicator for performance with
respect to oxidation kinetics and redox cycles here, an extensive and designated study
would be necessary to produce reliable results. Yet, the results add to the impression
that at high temperatures (7" >600 °C), the foams performance with respect to redox cy-
cles is comparable to that of the powder. Desired applications such as thermochemical
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heat storage and oxygen pumping are typically carried out at temperatures above 600 °C.
Consequently, fast heating and cooling cycles for foam structures can be conducted with-
out or with only minor drawbacks when it comes to the redox kinetics of the material in
the actual application compared to fine powder and particles.

The results hint at the fact that the oxidation reaction is controlled by the oxygen diffu-
sion in the bulk, since much bigger differences in £, would be expected with respect to
the surface area of the different samples if the oxidation was limited by surface reaction.
The fact that CaMnO;_sundergoes a phase transition from orthorhombic to cubic within
the range temperature and p(0;) applied here for reduction could impact the oxidation
kinetics at lower temperatures.

Due to the fast cooling, the crystal phase transition, which is supposedly reversed to-
wards orthorhombic when cooling down the sample, does not occur or is not fully com-
pleted. Hence, the materials are be in a meta-stable, mixed phase state. Analyzing sam-
ples of CaMnO, s powder and foam that have been quenched after reduction at 900 °C
in Ar-atmosphere showed that two structural phases were found. However, both phases
are orthorhombic CaMnO,_ ; with only the reduction extent of the two phases differing.
Additionally,powder and foam exhibit identical diffraction patterns, which means it does
not explain the differences observed in the oxidation kinetics.

Following up the results described in chap. 5 and the joint work by Klaas and the au-
thor of this work,?° Klaas et al. conducted a study on the kinetics of Ca;_,Sr,MnO3_s and
determined the bulk oxygen diffusion as the rate limiting step in the oxidation reaction.'®’
These results are consistent with the conclusions drawn from the results presented in
this work. The underlying mechanisms and the impact of makro- and microscopic struc-
ture is part of ongoing research. Most recent results indicate that higher porosity leads
to faster oxidation kinetics, especially at low temperatures. It can be explained by the
formation of a thin passivation layer of oxidized oxide in the surface region, which acts
as a diffusion barrier for additional oxygen to be absorbed by the material.!

The presented results demonstrate that reticulated open porous structures made from
CaMnO, s provide a valid option for thermochemical processes aside from powder or
small particles. A production pathway for mechanically sturdy and thermodynamically
stable foam structures made from CaMnO,_ 5 was established. In the following chapter
such foam structures were investigated in a prototype thermochemical reactor for oxy-
gen pumping based on the setup. The production process can also be transferred to other

perovskite material systems. As chapter 5 has shown that Sr-substitution of CaMnO;_;

!Personal communication by L. Klaas
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can be beneficial for thermodynamic and phase stability, foam samples with 5% and 10%

Sr were produced and tested as well.



7. Performance of Ca; ,Sr,MnQO; s-Foams and

-Granules in Oxygen Pumping

As shown in the previous chapters, CaMnO;_; and its Sr-substituted variants are valid
material candidates for thermochemical energy storage and thermochemical oxygen
pumping applications. Stable foam structures from these materials can be manufactured
via the established replica method using polyurethane foams as template structure. To
demonstrate the application of such perovskite foam structures, the setup already used
for screening purposes in chapter 4 was rebuilt and foam structures were tested with
respect to their oxygen pumping capabilities.

Based on the results of previous screening and characterisation, three compositions
were tested: CaMnO,_5, Ca;4sSr (5055 and Cay4Sry,055. Small amounts of A-site Sr-
substitution in CaMnO,_ s stabilized the structural stability during thermal cycling with
respect to the occuring phase transitition. Furthermore, it reduced irreversible expan-
sion during thermal cycling at lower p(03). Two different sample types were produced
for the three tested compositions, granules and foams. Specimens were produced accord-
ing to the procedure described in chapter 3.2, resulting in foam structures with 30ppi
and granules with a particle diameter range of 1 mm to 5 mm. As the reference H,0/CO,
splitting material, CeO, in the form of granules with a mean diameter of 200 um were
used. Similar total weights of each perovskite sample were employed within the exper-
iment. For each sample, actual weights can be found in tab. 7.1 and exemplary sample

photographs are shown in fig. 7.1.

Table 7.1.: Total weight of foam and granule samples used in oxygen pumping experi-
ments.

Composition Foam Granules

CaMnOg_; 4.29g  4.26g
CaggsSrgos05.5s 4.27g  4.27g
CagoSry;05;5s  4.20g 4.22g

Splitting reference
Ce0,._5 - 5.02g

This chapter is partially based on peer-reviewed publications authored and co-authored by the author of this work:

Mathias Pein, Jens Keller, Christos Agrafiotis, Asmaa Eltayeb, Lena Klaas, Nicole Carina Neumann, Martin Roeb, and Christian Sattler.
“Thermochemical Oxygen Pumping with Perovskite Reticulated Porous Ceramics for Enhanced Reduction of Ceria in Thermochemi-
cal Fuel Production”. In: Advanced Energy Materials (2024), p. 2304454. DOI: https://doi.org/10.1002/aenm. 202304454
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Fig. 7.1.: Exemplary photographs of specimens used for oxygen pumping experiments.
a) Ceria granules. b) Ca,_Sr,MnO;_; foams. c) Ca,; Sr,MnO;_; granules.

In addition to the micrographic analysis of the foams in chap. 6.2, SEM micrographs
were taken from the Ca, ,Sr,MnO;_; = € [0,0.05,0.10] granule and foam samples used in

this chapter and are shown in fig. 7.2, fig. 7.3 and fig. 7.4 respectively.
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Fig. 7.3.: SEM-micrographs of Ca ¢<Sr;, ;s04.5. Granules: a)-c). Foams: d)-f).
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Fig. 7.4.: SEM-micrographs of Ca, 4Sr,, ; 05 ;. Granules: a)-c). Foams: d)-f).
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SEM-images show that the 1 mm to 5 mm granules are rather uneven with a rough sur-
face. High magnification images (e.g. fig. 7.2c) reveal the porous nature of the granules
surface. The 5 um particles, which were used to prepare these granules, are visibly sin-
tered together and created channels of roughly the same diameter. Porosity and surface
area were determined for all used samples through Hg-intrusion porosimetry and N,-
gasadsorption with BET-analysis respectively. Results of this analysis are given in tab.
7.2. Foam samples exhibit significantly higher specific surface area compared to gran-
ule samples, although the granules appear to have higher porosity than the foams. This
can be explained by the macroscopic pores of the foams, which are beyond the detection
range of Hg-intrusion porosimetry, which makes the granules appear more porous than
the foams in Hg-instrusion porosimetry.

Table 7.2.: Porosity and surface area of foam and granule samples used in oxygen pump-
ing experiments as determined by Hg-intrusion and Gasadsorption respec-

tively.
Composition  Spec. Surface Area [’”72] Porosity [%]
- Foam Granules Foam Granules
CaMnO,_; 6.59 0.22 18.04  26.57
CapgsSrpos05.s 0.59 0.23 30.00 35.82
CayoSry,05.5 0.70 0.37 2890 58.11

In the following, the results of the two employed process cases are discussed.

7.1. Case 1: Seperate Temperature Swings

The 5 major steps of case 1 are summarized below. A detailed description can be found
in chapter 3.7. SM represents the splitting material ceria. PM represents the pumping
material perovskite:

Step 1: SM at 1500 °C, PM at 800 °C, gas phase connected

Step 2: Evacuation for 20 minutes

Step 3: PM cooled down to 700 °C

Step 4: Close valve between PM and SM. Gas phases disconnected, cool down SM
to 1000 °C
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o Step 5: Re-oxidize SM with defined gas stream of O, and N,

From the oxidizing gas stream in step 5, the reduction extent A of the reference split-
ting material CeO,_ s was calculated as described in detail in chapter 3.7. Furthermore,
the value of additionally absorbed oxygen per gram of pumping material is defined as a
figure of merit of each composition, which takes their sample weight into account. The
molar weights of the three tested compositions are very close to each other. Therefore,
calculations of values per mol material are waived herein as the weight plays a bigger role
in industrial upscaling from a techno-econimic point of view. The value is calculated by
subtracting the amount of oxygen absorbed by the splitting material during re-oxidation
in the reference and pumping case respectively. Therein, "Blank CeO,"” is the reference
case where no pumping material was present.

Each experiment was repeated three times for each composition and specimen. The re-
sults are represented by mean values and standard deviation of those three experimental

runs in fig. 7.5 and fig. 7.6.

Experimental Case 1
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Fig. 7.5.: Resulting reduction extents A¢ of Case 1 oxygen pumping experiments. La-
beled "Blank Ce0O,” is a blank experiment that contained splitting material, but
no pumping material for reference.
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Fig. 7.6.: Resulting absorbed oxygen A%? of Case 1 oxygen pumping experiments.

First of all it can be noted that all tested compositions increase the reduction extent
of the reference Ceria sample. Additionally, it can be seen that error margins were com-
parably large, which can be explained by the relatively small sample sizes and the na-
ture of how the experiments were carried out - with a lot of manual steps that have to
be precisely timed and are prone to error. Plain reduction of the total pressure at the
reduction temperature of 1500 °C led to a reduction extent Aé = 0.0442 £ 0.00149 in
the reference case. Introducing Ca, Sr,MnO, ; as pumping material increased the A/,
which demonstrated the working principle of a thermochemical oxygen pump. The ef-
fect did not appear significant for CaMnO,_5 and Ca; 45Sr, (s MnO;_5 considering the error
margins. However, employment of Ca, ,Sr,;MnO, s boosted the reduction extent to re-
markable Ad = 0.0863 4 0.0107 using foams and Ad = 0.0827 4 0.0043 using granules
respectively.

Utilizing Ca, 4Sr, ;MnO; 5 foams, thereby increased the reduction extent in this case by
95%. Taking error margins into account, no significant difference could be observed be-
tween foams and granules, although the results showed a trend in favor of foams. The
same applies for the comparison inbetween the three tested compositions. A trend to-
wards better performance with increasing Sr-content could be observed. However, only
Cay4Sry;MnO, ;5 performed significantly better than the other two tested compositions
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when error margins are considered.

Adjusted results with respect to the sample mass in fig. 7.6 supported the discussed re-
sults. As the sample weights were precautiously kept nearly identical, the same over-
all trends can be observed. Ca,,Sr,;MnO, s significantly outperformed CaMnO,_; and
Cag95ST9,0sMnO;_; With 2.98(£0.37) - 104202 and 2.87(+0.34) - 104202 for foams and
granules respectively.

In order to gain more insights on the performance characteristics, an additional O,-
sensor by Setnag was installed in the setup. The sensor was calibrated to a gas flow of
1Lmin™!. However, it was stated by the manufacturer that it provides reasonable re-
sults under vacuum as well. Since the sensor was installed as a bypass on the original
setup, mass flow through the sensor is restricted at atmospheric pressure. Therefore,
only values of this sensor under reduced total pressure are accounted valid. Under these
conditions, the mean free path of gas molecules is sufficiently large to assume fast equi-
libration of the gas phase in the evacuated part of the setup. That is the case during step
one, two and three of the experiment. The evolution of p;,,; and p(0,) is depicted for
exemplary measurements of all three pumping material compositions and the reference
case in fig. 7.7.
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Case 1: Seperate Temperature Swing
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Fig. 7.7.: Evolution of p;,, and p(02) in Case 1 oxygen pumping experiments. Corre-
sponding temperatures and experimental steps in accordance with tab. 3.4

The evolution of the p(0,) as recorded by the Setnag O,-sensor did not offer any more
insight to the observed differences in performance of the three tested perovskite com-
positions. The lower p(0,) for Ca,4Sr,;MnO;_; at the end of step three appears reason-
able, considering the fact that the equilibrium p(0) of a stronger reduced CeO, should
be lower than that of a less reduced CeO,. p(03) for CaMnO; 5 and Ca, 5Sr, ;s MnO,_; were
higher than in the reference case without a pumping material. This observation contra-
dicts the increased reduction extent as shown in fig. 7.5 and fig. 7.6. Ultimately, it was
concluded that the total values of the p(0-)-signal cannot be used in the apparent context

and only relative trends were considered for further analysis.

7.2. Case 2: Simultaneous Temperature Swings

The 5 major steps of case 2 are summarized below. A detailed description can be found
in chapter 3.7. SM represents the splitting material ceria. PM represents the pumping
material perovskite:

e Step 1: SM at 1000 °C, PM at 800 °C, gas phase connected
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Step 2: Evacuation for 20 minutes

Step 3: PM cooled down to 700 °C, SM heated to 1500 °C

Step 4: Close valve between PM and SM, Gas phases disconnected. Cool down SM
to 1000 °C

Step 5: Re-oxidize SM with defined gas stream of O, and N,

A notable difference between case 1 and case 2 is the separated temperature swing of
PM and SM in case 1. The SM already resides at 7,.; when the setup is evacuated in
step 2 of case 1. In contrast, the SM is only heated up to 7., after evacuation in case
2. Thereby, the temperature swings of SM and PM are carried out simultaneously in step
3. That means the SM is only reduced during step 3. As Brendelberger et al. have shown,
the reduction extent of Ceria at 1000 °C and total pressures of 10~ ?mbar is negligibly
small.’® Therefore, the PM accounts for all the reduction extent of the SM, functioning as
an oxygen sink during reduction. After disconnection of the two furnaces, the SM does
not re-oxidize during cool-down in step 4 as the oxygen released during reduction has
been absorbed by the PM.

Each experiment was repeated three times for each composition and sample specimen.
The results are represented by mean values and standard deviation of three experimental
runs in fig. 7.8 and fig. 7.9.
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Experimental Case 2

0,10 -
0.09 ] B Foam
] [ ] Granules
0,08 -
0,07 -
0,06 -
0,05 -
9 0,04 -
0,03 - I T
0,02 - J J
0,01 -
0,00
-0,01 4
-0,02 4
-0,03 +— ; ; ; ; ; ;
% % % % % S 9
* % % %8 % % %8
Q (0] oS, - (0] QUN -
() > ° Q > ° Q
(@] 0@@ ’47/) o‘y@ ’4¢,)
e
/;9 g og g

Fig. 7.8.: Resulting reduction extents A¢ of Case 2 oxygen pumping experiments. La-
beled "Blank Ce0,"” is a blank experiment that contained splitting material, but
no pumping material for reference.
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Fig. 7.9.: Resulting absorbed oxygen A‘;% of Case 2 oxygen pumping experiments.
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The blank run with only Ceria and no pumping material included in fig. 7.8 revealed
the volatility of gained results, showing quite a large error margin. Error margins are
larger compared to the results of case 1, which can be explained by the larger influence
of leakage. All the reduction of Ceria takes place with a disconnected vacuum pump in
step 3. Nonetheless, significant improvement can be achieved by the employment of a
pumping material. While the reduction extent of the blank case can be considered zero,
adding a perovskite pumping material led to reasonable reduction extents of the Ce-
ria. The largest reduction extents was achieved with Ca,4Sr,;MnO; 5 as PM. The foam
specimen outperformed the granule sample with a Aj = 0.0699(+0.0110) compared to
A0 = 0.0259(£0.0116) for the Ca,4Sr,;MnO; 5 granule sample. Beyond that, no clear
trends could be observed. The CaMnO;_; granule sample exhibited quite a large error
margin. These results should be intepreted with care.

The results show that the employment of a pumping material like Ca; 4Sr,;MnO;_; led
to reasonable reduction extents. Additionally, foams appear to outperform granules in
the presented experiments of case 2. This could originate from faster kinetics, due to
the higher surface area and shorter diffusion pathways. Larger amounts of oxygen need
to be absorbed by the PM compared to case 1, since the Ceria is not already partly re-
duced during evacuation of the setup. Recent results on oxidation kinetics of Sr-doped
CaMnO, s in the form powder and granules by Klaas et al. underline the correlation be-
tween surface structure, porosity of the sample and the oxidation kinetics.'®” The authors
conclude that a higher porosity potentially leads to faster oxidation kinetics.! Investiga-
tion of the underlying fundamentals is part of ongoing research. As shown in tab. 7.2, the
foam samples exhibit significantly higher surface area than the granules as determined
by gasadsorption experiments.

Sample mass adjusted results confirm the observed trends, with Ca; 4Sr, ;MnO;_; foam
being the best performing sample. Employing Ca, ,Sr,; MnO,_; as the PM resulted in the
highest reduction extents of the SM. The partial pressure of oxygen p(0,)and total pres-
sure p;q; Of exemplary runs with each pumping material composition and a reference

run with only Ceria are shown in fig. 7.10.

IPersonal communication with L. Klaas
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Case 2: Simultaneous Temperature Swing
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Fig. 7.10.: Evolution of p;,,; and p(0;) in Case 2 oxygen pumping experiments. Corre-
sponding temperatures and experimental steps in accordance with tab. 3.4

In contrast to case 1, the evolution of the pressures were much more in line with the ex-
pected behavior. Nevertheless, these results should be evaluated with care with respect
to the validity of absolute values. Looking at the reference case, the lower total pressures
and p(0,) during step 1 (evacuation of the setup) can be explained by the fact that only
Ceria was present. It was only reduced in a negligibly small extent. When a pumping ma-
terial was present it got reduced during step 1, and thereby released oxygen, increasing
the pyo1e; and p(03). Then, during step 2 p(0-) rised strongly in the reference case. Only a
minor increase was observed in cases where a pumping material was present. The oxy-
gen released by the Ceria SM during step 2 (temperature swing) was largely absorbed by
the pumping material.

The leakage into the setup from the outside atmosphere contributed to the increase in
Ptota; and p(05) in steps 1, 2 and 3. During step 3, p(0,) dropped in all cases, but was signif-
icantly lower in all runs that employed a pumping material. Total pressure only increased
due to leakage, indicating that only a small fraction of the remaining gas atmosphere in-
side the setup is oxygen. In contrast, in the reference case without a PM the total pressure
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was reduced during step 3 since the remaining gas atmosphere contained a large fraction
of oxygen. That oxygen was released by Ceria in step 2 and was now re-absorbed dur-
ing cool-down of the Ceria. This re-oxidation was prohibited to a large fraction in cases
where a PM was present during step 2 as most of the released oxygen is absorbed by the
PM during that step. This effect led to the positive impact on the reduction extent of the
SM and the values depicted previously in fig. 7.8.

Neglecting quantification of the actual p(0,) values, it was observed that lower equi-
librium p(02) values were reached at the end of step 4 in all cases a PM was employed.
The best performing composition was Ca, 4Sr, ; MnO,_s, with which the lowest p(05) were
reached. That trend supports the finding of high reduction extents when a PM is em-
ployed. Although the described results support the theoretical description of the ther-
mochemical oxygen pumping process, findings related to the used oxygen sensor should
be handled with care due to the previously described uncertainties of the sensor data.

Conclusively, the presented results in this chapter prove that the chosen perovskites
function properly as thermochemical oxygen pumping materials in the tested process
framework of separate and simultaneous temperature swing. Especially Ca; 4Sr,;MnO,_;
is promising to be an efficient material for thermochemical oxygen pumping systems.
Reached reduction extents of Aj = 0.0699(£0.0110) were relatively high and even out-
perform reduction of ceria under vacuum (10~2 mbar) of a rotary vane pump. This offers
possibilites for energy savings as no high vacuum is needed to reach sufficient reduction
extents of the ceria. Energy intensive pumping systems are not required. Additionally,
the parameters tuned in this study were limited. Process parameters were untouched.
It is likely that adjustment of set temperatures of the pumping material and elimination
of time restrictions due to feasible heating rates of the used furnaces can improve the
performance even further. Increasing mass ratios of PM vs. SM could be another option
to further increase performance of the oxygen pumping system.

The findings in chapter 5 pointed out that higher Sr-content led to improved kinetics
and a more stable crystal structure combined with better reversibility of thermal expan-
sion. This resulted in Ca,4Sr,;MnO4 s outperforming CaMnO;_; and Ca; ¢5Sry ;s MnO; ;.
Nonetheless, this can only be concluded for the used set of process parameters. For ex-
ample, it is known that Ca, ,Sr,MnO;_; has a lower reduction enthalpy A H with increas-
ing Sr-content. In this context that could lead to more oxygen uptake and release in the
employed temperature swing window compared to pure CaMnO,_;.¢°

Furthermore, the performance of the foam specimen compared to granules made from

the very same composition is worth noting. Performance of foams and granules were
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comparable in general. In the case of Ca;4,Sry;MnO; s the foam even outperformed its
granule counterpart. It showed that monolithic open porous structures such as foams
prove to be a valid option in such thermochemical processes. as the demonstrated oxygen
pumping. With Ca, 4,Sr, ;MnO; s foams,a Ad = 0.0699(£0.0110) of the ceria was reached

without using high vacuum pumping or inert gas purging.



8. Summary and Conclusion

In the presented work open porous monolithic perovskite foams were demonstrated to
function in thermochemical applications. The perovskite foams offer potential to be im-
plemented in concentrated solar energy facilities in the future in context of TCES and
TCOP. A complete materials development chain from material screening to synthesis and
production as well as lab-scale demonstration of a representative application was car-
ried out. Therein, Ca,_,Sr,MnO;_; perovskites were identified as the most promising per-
ovskite material system for thermochemical oxygen pumping in the defined operational
range of temperatures and pressures. The employed perovskites significantly increased
the reduction extent of a reference ceria sample without the use of purge gas or high
vacuum pumping. Additionally, Ca, Sr,MnO, ; exhibited outstanding thermal cyclabil-
ity. A production process for open porous foams, made entirely from active perovskite
material, was established. Perovskite foams were studied with respect to their thermo-
dynamic properties and long-term stability. Mechanical sturdiness was demonstrated,
making these foams viable to be used in a modular fashion in large-scale reactors.

Material compositions for screening tests were chosen based on the rationale that com-
positions should be suitable for convenient scale-up. In that sense abundance, costs and
toxicity of containing elements were accounted for. Twelve compositions were identi-
fied for further screening. Thermodynamic characterisation of all compositions was car-
ried out by means of TGA and DSC. Crystal structure and phase analysis was performed
by XRD. Thermal expansion of bar samples was determined via dilatometry. All com-
positions were tested in an experimental lab-scale demonstrator for TCOP. Experiments
revealed that the employment of a pumping material is able to increase the reduction
extent of ceria significantly. CaMnO;_; was found to be the best performing composition
under the chosen operational parameters, utilizing a temperature swing between 800 °C
and 700 °C in the oxygen pumping reactor. CaMnO;_; increased the Aj by almost 400%
compared to the reference case by bringing Ad from 0.0056 (+0.007) to 0.0276 (+0.009).
It also showed fully reversible thermal expansion in dilatometry experiments under air,
which made it suitable for foam production.

Furthermore, CaMnO,_; was among the compositions with the highestreduction extent
and corresponding oxygen uptake and release in the temperature window relevant for
high temperature TCES and endo- and exothermal heat effects. These heat effects were
correlated to a reversible crystal phase transition from orthorhombic to cubic, which are
exploitable in energy storage applications. Such chrystal phase transition generally aug-
ments the overall energy storage capacity of CaMnO;_ ;. Hence, CaMnO; swas not only
identified as a suitable composition for TCOP, but also for TCES. CaMnO;_; was chosen for

the initial production and testing of monolithic open porous structures. Sr-substitution
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on the A-site of CaMnO,_; was found to be beneficial to its structural stability, reducibil-
ity and cyclic thermal expansion and contraction behavior. Therefore, the compositional
range of investigated foams was extended to Ca,Sr,MnO,_; with = € [0, 0.05, 0.1].

CaMnO,_; foam structures with a pore distribution of 30 ppi were shown to be mechan-
ically sturdy, withstanding uniaxial pressure of up to 1 bar. Foams also did not degrade
or deform with respect to their thermodynamic properties and optical appearance over
the course of 46 cycles of heating and cooling between 300 °C and 1100 °C under air.

Kinetic analysis revealed that foam structures exhibit faster oxidation kinetics than
pressed and sintered pellets. Beyond 600 °C, foam structures exhibited oxidation kinet-
ics comparable to that of powdered samples, which remain superior in the temperature
range between 400 °C and 600 °C. Shorter diffusion pathways and larger surface area ap-
pear to be beneficial in terms of reaction kinetics due to a rate limiting factor of involved
surface reactions. The techniques applied within this work do not allow distinction be-
tween involved elementary reaction steps and the definition of a rate limiting factor. In
order to examine how the macroscopic and microscopic structure impacts oxidation ki-
netics, further detailed studies need to be carried out. An important factor with respect
to the structural integrity of foam specimens is full reversibility of thermal expansion and
contraction. CaMnO;_; and its Sr-substituted variants showed fully reversible expansion
and contraction over the course of 5 cycles between 300 °Cand 1100 °Cin air. In contrast,
stoichiometric oxides, such as Co;0, and mixed (Fe, Mn)-Oxides exhibited significant ir-
reversible expansion during thermal cycling.

The fully reversible thermal expansion improves thermal cyclability of Ca, ,Sr,MnO; 4,
which is a great benefit over its stoichiometric competitors when monolithic structures
are considered. It is especially important as such structures are foreseen to undergo a
very high number of reduction-oxidation cycles during their actual large-scale cyclic op-
eration. While under reduced p(0-), thermal expansion and contraction was not 100%
reversible in CaMnO,_5, small amounts of Sr-substitution (5% and 10%) were found to
significantly reduce residual expansion after each cycle. Additionally, the establishment
of a reliable production pathway of such structures made entirely from redox-active ma-
terial is crucial to advance this technology and prove its functionality on an industrial
scale level. Ca;,Sr,MnO,_ s are relatively cheap and easy to process and thereby allow
fast scale-up of TCES and TCOP technology.

TCES utilizing perovskites is mostly thought to operate in air and at atmospheric or
increased pressures. In contrast, TCOP requires the material to operate under reduced

total pressures and p(0,). At reduced oxygen concentrations of 1%, CaMnO, s revealed
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substantial irreversible expansion as well as slow oxidation kinetics. Both effects could
be correlated to an incomplete phase transition from the high temperature cubic phase to
the orthorhombic phase during cool-down. Experiments showed that A-site substitution
of Ca with Sr reduces the negative effects of a phase transition. That can be explained by
the reduction of distortive stresses in the crystal lattice. The bigger size of the Sr**-ion
compared to the Ca®*-ion and correlated bond lengths cause relaxation of the stress that
originates from distortion. Employing a 5% Sr-content on the A-site of the perovskite,
re-oxidation characteristics were improved significantly. With 10% Sr-content, complete
re-oxidation during cool-down was achieved, even at reduced p(0). Foam structures of
Ca95Sr) 0sMnO5 5 and Ca, 4Sry;MnO; ;s were produced in order to be tested in the built
TCOP demonstrator reactor. Thereby, it was proven that the established production pro-
cess can be transferred to other perovskite compositions.

In an experimental demonstration of monolithic foam structures for TCOP, CaMnO, g,
Ca95Sr) 0sMnO, 5 and Ca, 4Sry; MnO;_ ; were tested. Foams and granules, made from the
same materials, were compared. While all compositions were able to increase the re-
duction extent of the reference water splitting material ceria, Ca, 4Sr, ;MnO,_ s stood out
with an almost 2-fold increase of cerias Ad. The reduction extent increased from 0.0442
to 0.0863 with a Ca,4Sr,;MnO, s foam as PM compared to sole evacuation with a ro-
tary vane pump. Results of the demonstration campaign show the potential of perovskite
foams in TCOP, but need to be confirmed on a larger scale in further studies.

An experimental demonstration of monolithic structures for solar powered TCES and
TCOP application has not yet been reported in literature. The presented work fills this
gap by demonstrating the production utilization of sturdy and durable monolithic foam
specimens made entirely from perovskites. In particular, CaMnO;_; and its Sr-substituted
variants were shown to have potential for utilization in TCES and TCOP applications. Over
the course of this work, insights on thermophysical properties of perovskite mixed metal
oxides in the context to thermochemical applications were gained. The reported results
add to the general understanding of this versatile but complex material class. The find-
ings of this work lay out the ground to bring TCES and TCOP with monolithic open porous
perovskite structures to a pre-industrial scale, further advance the technology and con-

tribute to secure sustainable energy supply in the future.
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A.1. Material Screening
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Fig. A.1.: Results of stoichiometric oxides in oxygen pumping experiments for material
screening of chapter 4.



150 A. Appendix

257 Cay gSry ,MNnO4 5

2.0 1 —— Heat-Up
—— Cool-down

AL [%]

0.0 T T T T T 1
600 800 1000 1200

Temperature [°C]

I ! I
200 400

Fig. A.2.: Thermal expansion of Ca, 4Sr,,MnO,_; as determined by contact dilatometry of

a sintered bar specimen.
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Fig. A.3.: Thermal expansion of Ca, ,Sr,;MnO,_; as determined by contact dilatometry of

a sintered bar specimen.
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Fig. A.4.: Thermal expansion of Ca, 4sSr,, ;sMnO;_; as determined by contact dilatometry

of a sintered bar specimen.
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Fig. A.5.: Thermal expansion of CaMnO;_sas determined by contact dilatometry of a sin-
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Fig. A.6.: Thermal expansion of CaCr; ,:Mn, 4:0; 5 as determined by contact dilatometry

of a sintered bar specimen.
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Fig. A.7.: Thermal expansion of CaCr,;Mn, 405 ; as determined by contact dilatometry

of a sintered bar specimen.
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Fig. A.8.: Thermal expansion of CaAl, ,Mn, ;05 s as determined by contact dilatometry of
a sintered bar specimen.
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Fig. A.9.: Thermal expansion of CaTi,,Mn, 304 s as determined by contact dilatometry of
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Fig. A.10.: Thermal expansion of SrMnO, 5 as determined by contact dilatometry of a sin-
tered bar specimen.
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Fig. A.11.: Thermal expansion of SrFe,:Mn, 05 ;5 as determined by contact dilatometry
of a sintered bar specimen.
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Fig. A.12.: Thermal expansion of SrFe; ., Mn, ;;05 5 as determined by contact dilatome-
try of a sintered bar specimen.
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Fig. A.13.: Thermal expansion of SrFeO;_; as determined by contact dilatometry of a sin-
tered bar specimen.
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A.2. Kinetic Analysis
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A.3. XRD of Quenched CaMnO;, ;

CaMnO3 foam and powder quenched
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Fig. A.16.: XRD-patterns of CaMnO,_s; samples quenched in Ar after reduction at 900 °C.
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