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Zusammenfassung

Die elektrische Leitfähigkeit ist eine bedeutsame Eigenschaft von Perowskit-Materialien, die in
elektrochemischen Hochtemperatur-Anwendungen wie zum Beispiel der Festoxid-Brennstoffzelle
eingesetzt werden können. In dieser Arbeit wurde der Ansatz verfolgt, Perowskit-Materialien
entsprechend dem Zustand ihrer d-Elektronen nach halbleiter-ähnlichem oder metallischem
Leitfähigkeitsverhalten zu klassifizieren. Der theoretische Ansatz legt einen Wechsel der
d-Elektronen vom halbleiter-ähnlichen zum metallischen Zustand nahe, abhängig vom CoulombPotential Z/r (Z: formaler Valenzzustand, r: Ionenradius) der A- und B-Kationen. Das CoulombPotential dient dabei als Maß für den Grad der Überlappung von t2g Orbitalen des B-Kations und pπ
Orbitalen des Sauerstoffions, entlang denen der Austausch der Ladungsträger stattfindet. Abhängig
von den Valenzzuständen und den Ionenradien der A- und B-Kationen können diese Orbitale
überlappen, was zu metallischer Leitfähigkeit führt. Diese Überlappung kann einerseits durch die
Zusammensetzung der Perowskit-Materialien und andererseits auch durch die thermische
Ausdehnung beeinflusst werden. Aus diesem Grund wurde die Temperaturabhängigkeit der
elektrischen Leitfähigkeit für unterschiedliche Zusammensetzungen der Pr1-xSrxMn1-yInyO3-δPerowskite gemessen. Durch einen schrittweisen Austausch von Mangan mit Indium wird das
Coulomb-Potential reduziert was theoretisch, durch eine größere Überlappung der Orbitale, in
einem Übergang vom halbleiter-ähnlichen zum metallischen Zustand resultiert. Zusätzlich wurde
der Einfluss einer Substitution der A-Seite untersucht, wobei Praseodym schrittweise mit Strontium
ausgetauscht wurde.
Der theoretische Ansatz, der auf Erfahrungswerten von einfachen Perowskiten beruht und auf
komplexere Zusammensetzungen übertragen wurde, konnte mit dem gewählten Materialsystem
Pr1-xSrxMn1-yInyO3-δ

jedoch

nicht

bestätigt

werden.

Obwohl

einige

der

gewählten

Zusammensetzungen im metallischen Gebiet liegen zeigen doch alle untersuchten Materialien eine
Zunahme der elektrischen Leitfähigkeit mit steigender Temperatur, also Halbleiterverhalten. Daher
wurde versucht, die Ursachen für das Abweichen der experimentellen Ergebnisse von dem
theoretischen Ansatz festzustellen. Die Vermutung lag nahe, dass die Praseodymiumkationen in
diesen Perowskiten in verschiedenen Wertigkeiten (Pr3+ und Pr4+) vorliegen. Deshalb wurden
XANES und ELNES Untersuchungen durchgeführt, um die Valenzzustände der multivalenten
Ionen zu ermitteln. Damit konnten die Pr1-xSrxMn1-yInyO3-δ Perowskite mit den einfachen ABO3
Verbindungen und deren Eigenschaften verglichen werden. Einfluss auf den theoretischen Ansatz
hat auch die kristallographische Struktur der Perowskite. Abweichungen von der idealen kubischen
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Struktur, die bei den meisten einfachen ABO3-Perowskiten, aber nicht unbedingt bei
komplizierteren Perowskiten vorliegt, haben ebenfalls einen Einfluss auf den Grad der OrbitalÜberlappung. Einen weiteren Grund für die mangelnde Übereinstimmung zwischen den
Erwartungen und den erhaltenen experimentellen Resultaten könnten die vollbesetzten d-Schalen
des dreiwertigen Indium-Ions darstellen. Indium als inerter Bestandteil vergrössert zwar den
durchschnittlichen Radius der B-Kationen und verringert dadurch deren Coulomb-Potential, nimmt
jedoch nicht am Austausch der Ladungsträger teil. Die Fragestellung, ob mit der gewählten
Arbeitshypothese, die die Materialien bei Raumtemperatur klassifiziert, neue Materialien für
Hochtemperaturanwendungen gefunden werden, sollte weiterhin diskutiert werden. Die vorliegende
Arbeit gibt weitere Hinweise, um die Anwendbarkeit der Arbeitshypothese der „Potential map of
perovskites“ für andere Materialsysteme erfolgreich weiter zu untersuchen.
Die Pr1-xSrxMn1-yInyO3-δ Perowskite wurden mit Hinblick auf ihre Hochtemperatureigenschaften
untersucht. Pr0.5Sr0.5MnO3-δ ist ein viel versprechendes Material für den Einsatz als Kathode in
Festoxid-Brennstoffzellen im Temperaturbereich von 500°C bis 800°C. Durch die aliovalente
Substitution der A-Kationen ist die Anzahl der Ladungsträger in diesem Material hoch. Bei 700°C
ist Pr0.5Sr0.5MnO3-δ stabil im Sauerstoff-Partialdruckbereich von Luft (p(O2)=20 kPa) bis Argon
(p(O2)= 2·10-3 kPa) und zeigt eine elektrische Leitfähigkeit von 135 S/cm (p-leitend). Der
thermische

Ausdehnungskoeffizient

von

Pr0.5Sr0.5MnO3-δ

passt

dabei

zu

Standard-

Elektrolytmaterialen wie z.B. Yttriumoxid stabilisiertem Zirkonoxid. Ein Austausch von Mangan
mit Indium resultiert in einer Abnahme der elektrischen Leitfähigkeit bei gleichzeitiger Zunahme
der Aktivierungsenergie, da Indium nicht am Austausch der elektronischen Ladungsträger
teilnimmt und dadurch die Anzahl von aktiven Ladungsträgern verringert. Eine komplette
Substitution von Mangan mit Indium führt zu einer Abwesenheit von multivalenten B-Kationen und
das Material wird ein reiner Ionenleiter. Pr0.5Sr0.5InO3-δ zeigt bei 700°C eine Sauerstoffionenleitung
von 3·10-3 S/cm im Sauerstoff-Partialdruckbereich von Luft bis p(O2)=4·10-16 kPa.
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The electrical conductivity is an important property of perovskite materials, which are supposed to
be applied in high temperature electrochemical devices such as solid oxide fuel cells. This survey
follows an approach to classify perovskite materials according to the state of their d-electrons into
semi-conducting and itinerant conduction character. The approach suggests a change of the state of
the d-electrons from semi-conducting to itinerant or vice versa depending on the Coulombpotentials Z/r (Z: formal valence state, r: ionic radius) of the A- and B-site cations. Coulombpotentials thereby serve as a measure for the overlap of B-site cation t2g orbitals and oxygen ion pπ
orbitals along which the exchange of charge carriers proceeds. Depending on the valence states and
the ionic radii of the A- and the B-site cations these orbitals might overlap which leads to metallic
conductivity. On the one hand this overlap can be influenced by the composition of the perovskite
materials, but on the other hand it can also be influenced by thermal expansion. Therefore the
temperature dependence of the total electrical conductivity has been recorded for different
compositions of the Pr1-xSrxMn1-yInyO3-δ perovskites. By a stepwise substitution of the B-site cation
manganese by indium the Coulomb-potential ZB/rB will be decreased which theoretically results in a
movement from the previously semi-conducting state towards the itinerant one due to a larger
integral orbital overlap. Additionally the influence of A-site substitution has been investigated with
a stepwise substitution of praseodymium by strontium.
However, the theoretical approach which is based on experiences of simple ABO3 perovskites and
which has been transferred to more complex compositions could not be validated with the chosen
material system Pr1-xSrxMn1-yInyO3-δ. Although some compositions are located in the itinerant part
of the potential map the investigated materials entirely showed an increase of the total conductivity
with increasing temperature, i.e. semi-conducting behavior. During this study it was tried to figure
out reasons causing the deviations of the experimental results from the theoretical approach. It was
supposed, that the praseodymium cations exist in different valence states (Pr3+ and Pr4+) in these
perovskites. Therefore XANES and ELNES measurements were performed in order to determine
the valence states of the multivalent ions. Therewith the Pr1-xSrxMn1-yInyO3-δ perovskites could be
compared with the simple ABO3 perovskites and their properties. The crystallographic structure of
the perovskites also influences the approach. Deviations from the ideal cubic structure, which exists
for most of the simple ABO3-perovskites but not necessarily for more complex ones, also influence
the degree of the integral overlap of the orbitals. A further reason for the nonconformity of the
expectations and the obtained experimental results could be the fully occupied d-shells of the
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trivalent indium ion. Although indium as an inert constituent increases the average radius of the
B-site cations and therefore decreases their Coulomb-potential, it does not take part in the described
exchange of charge carriers. The question, if new materials for the application in high temperature
electrochemical devices can be found with the chosen working hypothesis, which classifies
materials at room temperature, still needs to be discussed. This survey gives further suggestions in
order to successfully investigate the applicability of the hypothesis of the potential map of
perovskites for different material systems.
The Pr1-xSrxMn1-yInyO3-δ perovskites have been investigated according to their high temperature
properties. Pr0.5Sr0.5MnO3-δ is a promising candidate material for the application as cathode in
SOFCs working in a temperature range of 500°C to 800°C. Due to the partial aliovalent A-site
substitution the amount of charge carriers is large in this composition. At 700°C Pr0.5Sr0.5MnO3-δ is
stable in the oxygen partial pressure range from air (p(O2)=20 kPa) to argon (p(O2)=2·10-3 kPa) and
shows a p-type conductivity of 135 S/cm. The thermal expansion coefficient of Pr0.5Sr0.5MnO3-δ fits
to state of the art electrolyte materials such as yttria stabilized zirconia. A substitution of manganese
by indium results in a decrease of the electrical conductivity and in an increase of the activation
energy. Trivalent indium ions do not take part in the process of exchanging electronic charge
carriers which reduces the amount of active hopping sites. A complete substitution of manganese
with indium leads to the absence of multivalent B-site cations and the material turns into an oxygen
ionic conductor. Pr0.5Sr0.5InO3-δ shows an oxygen ionic conductivity of 3·10-3 S/cm at 700°C in the
oxygen partial pressure range from air to p(O2)=4·10-16 kPa.
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I.

Introduction

The energy problematic with exploiting resources of fossil energy carriers has achieved increasing
interest over the last decades. In order to gradually become less dependent on fossil fuels the search
for new or improved, highly efficient and sustainable energy conversion systems is ongoing. High
temperature electrochemical devices such as solid oxide fuel cells (SOFC) and solid oxide
electrolyzer cells (SOEC) are ambitious technologies with the potential to fulfill these requirements.
Fuel cells are energy conversion devices in which a fuel (e.g. hydrogen, syngas, methane) and an
oxidant (e.g. air, oxygen) react in order to produce electrical energy and heat. Except the chemical
reaction products (e.g. water in the case of hydrogen as fuel and oxygen as oxidant or additionally
CO2 when carbon-containing fuels are utilized) there are no further by-products. Therefore fuel
cells are regarded as a pollution-free energy conversion device of the future. Compared to the
thermo-mechanical energy conversion processes which are used nowadays fuel cells are very
efficient (up to 60% efficiency in conjunction with steam turbines) since they are not subject to the
Carnot-limitation. Solid oxide electrolyzer cells reverse the process: with the aid of electrical power
the electrolysis process splits water into hydrogen and oxygen. By using renewable energies such as
wind, photovoltaic or hydropower electrolysis can produce a storable energy carrier which can be
used when there is the need for. Research also aims at the development of reversible solid oxide
cells which can be used either in the fuel cell or in the electrolyzer mode since the materials
requirements are basically the same. Both SOFC and SOEC operate at rather high temperatures of
900°C to 1000°C since the system kinetics are mostly thermally activated. However, these high
temperatures pose a severe challenge for materials scientists. Due to the high operating
temperatures ceramic materials are used to build the three main parts of these electrochemical
devices: anode, electrolyte, and cathode. In addition to the stability at elevated temperatures the
ceramic materials need to provide sufficient electronic transport in order to facilitate the reduction
and oxidation processes which occur at the electrodes. Depending on the application the electrical
charge carriers in these materials are electrons or ions or both. A variety of other high temperature
electrochemical devices such as amperometric and potentiometric sensors or gas separation
membranes also make use of electrically conducting ceramic materials. On the one hand high
operating temperatures enhance system kinetics, on the other hand they also introduce severe
drawbacks like stability problems or sealing difficulties. For this reason research nowadays aims at
lowering the operating temperature while keeping the efficiency at the same time as high as
possible. For the moment the air electrode (in SOFC-mode the cathode) is known to limit the
overall system performance.

1

Motivation

II.

Motivation

The general trend in solid oxide fuel cell research leads to lower operating temperatures in order to
reduce degradation phenomena due to reactions between adjacent cell components and sealing
problems. Since the system kinetics are mostly thermally activated lower temperatures introduce
severe problems regarding the overall efficiency of the SOFC system. The cathode material is
known to limit the overall system performance and therefore research focuses on the development
of new cathode materials with similar or even superior properties such as electrical conductivity,
electrochemical activity, and oxygen exchange properties even at lower temperatures. Thus the high
efficiency compared to standard thermo-mechanical energy conversion processes could be kept or
even be improved. This would be a small step towards sustainable and highly efficient energy
conversion systems which are quiet and pollution-free.
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The aim of this thesis is to find new SOFC cathode materials in the system Pr1-xSrxMn1-yInyO3-δ and
to characterize these compounds by structural, electrical, and electrochemical means for their
suitability in SOFC application.
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excerpts intended for submission to Fuel Cells in 2008 as:
Perovskite Materials for SOFC-Cathodes – Synthesis, Electrical Properties, and
Electrochemical Performance

Jörg Richter1, Peter Ried1,2, Peter Holtappels1, Thomas Graule1, Werner Sitte2, Tetsuro Nakamura3,
Ludwig J. Gauckler4
1

Laboratory for High Performance Ceramics, Empa, Swiss Federal Laboratories for Materials

Testing and Research, Ueberlandstrasse 129, CH-8600 Duebendorf, Switzerland
2

Institute of Physical Chemistry, University of Leoben, Franz-Josef-Strasse 18, A-8700 Leoben,

Austria
3

Tokyo Institute of Technology, Japan, Professor emeritus

4

Department of Materials, ETH Zurich, Wolfgang Pauli-Strasse 10, CH-8093 Zurich, Switzerland

Abstract
This article shortly reviews the requirements for the basic components of a solid oxide fuel cell
(SOFC), namely anode, electrolyte, and cathode. It focuses on perovskite materials for the
application as cathode material in these high temperature electrochemical devices. In order to
develop new promising materials for the application as SOFC cathode material it is helpful to
classify already known perovskite materials according to their properties and to identify certain
tendencies. Thereby composition dependent structural parameters and materials properties are
considered. Structural parameters under consideration are the Goldschmidt tolerance factor, which
describes the stability of perovskites with respect to other structures, and the critical radius and
lattice free volume, which are applied as geometrical measures for the ionic conductivity. These
calculations are based on the ionic radii of the constituent ions and therefore redundancies exist.
Although these structural parameters individually give certain tendencies they should not be used
for the prediction of material properties since some of the results point at opposite directions. The
potential map of perovskites as a tool to classify ABO3 perovskite materials according to their
electrical conduction behavior has already been proposed earlier. It deals with the overlap of
oxygen pπ- and transition metal t2g(d)-orbitals in the perovskite structure and the resulting states of
the d-electrons (semi-conducting or itinerant). The integral orbital overlap is thereby influenced by
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the valence states and the radii of the constituting ions. In order to apply this structured approach
also for the search of new cathode materials it’s applicability for more complex perovskites with Aand/or B-site substitutions is critically reviewed. Furthermore the present article covers approaches
how to influence the electronic as well as the ionic conductivity. The advantage of mixed ionic
electronic conductors (MIEC) in terms of the oxygen exchange reaction is addressed. Additionally
the oxygen exchange coefficient and the oxygen diffusion coefficient as well as their influence on
the oxygen reduction reaction are discussed.

Introduction
General Considerations
Fuel cells are energy conversion devices which produce electricity and heat by electrochemically
combining fuel and oxidant [1] without the Carnot-limitation. High temperature fuel cells such as
the solid oxide fuel cells (SOFC) operate between 600°C and 1000°C and can utilize hydrogen
fuels, natural gas or hydrocarbons.
Figure 1 shows the principle of a SOFC. The porous electrodes (anode: fuel; cathode: oxidant) are
separated by a gastight electrolyte. With the aid of electrons the oxygen in the oxidant (e.g. air, O2)
will be reduced to oxygen ions O2- at the cathode side (equation 1). The oxygen ions will be
incorporated into the electrolyte material which is an oxygen ion conductor and therefore permits
only the oxygen ions to pass through towards the anode side. There the oxygen ions combine with
the fuel (e.g. H2, CH4, CO) in a so-called cold combustion process to form water and, if carbon
containing fuels are involved, CO2. During this oxidation reaction (equation 2) electrons are
released and lead via an external circuit to the cathode side where the reduction of the oxygen
proceeds. Thus electrical power can be obtained at the external circuit. Driving force for the overall
cell reaction is the difference between the chemical potentials of the cathode and the anode side.
This can be expressed as a difference in the oxygen partial pressures and is described by the Nernstequation (equation 3), where Er is the reversible cell voltage, R is the gas constant, T is the
temperature, F is the Faraday constant and p(O2) is the partial pressure of oxygen where indices c
and a refer to the state at the cathode and the anode, respectively.
O 2 + 4e − ↔ 2O 2-

Eq. 1

2H 2 + 2O 2- ↔ 2H 2 O + 4e −

Eq. 2

Er =

RT p(O 2 c )
ln
4F p(O 2 a )

Eq. 3
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Fig. 1: Principle of the solid oxide fuel cell

SOFCs are sometimes referred to as ceramic fuel cells, since they mainly consist of ceramics which
can handle high temperatures (>1000°C) and therefore facilitate rapid electrode kinetics resulting in
the use of nonprecious materials [2] instead of electrodes based on noble metals used in former
times [3]. Further it is possible to use hydrocarbons as fuel (with the aid of internal reforming). The
heat produced while operating the SOFC can be used in a variety of cogeneration applications [4].
However, high operation temperatures cause degradation phenomena due to unfavorable reactions
of adjacent cell components and sealing difficulties which shorten the lifetime of SOFC-systems.
Therefore research nowadays aims at the development of intermediate temperature SOFCs (ITSOFC, 600…800°C) and low temperature SOFCs (LT-SOFC, T<600°C) to overcome these
problems caused by high temperatures. On the one hand, lowering the operating temperature
overcomes certain problems regarding long-term stability and production processes, on the other
hand it introduces severe drawbacks, since the systems kinetics are mostly thermally activated.

Anode
The fuel electrode (anode) should have high electronic conductivity preferably with additional ionic
conductivity and should be sufficiently porous to allow the fuel gas to reach and the reaction
products to leave the reaction zone at the electrode/electrolyte interface. Further the anode material
should be catalytically active for the fuel oxidation in order to minimize polarization losses. It must
be thermally, chemically and mechanically stable in the prevailing reducing conditions at elevated
temperatures [5,6]. The most common material applied as anode for SOFCs is a composite of nickel
particles dispersed in yttria stabilized zirconia (YSZ). Nickel is electronically conductive and acts as
an electrocatalyst for the fuel oxidation. YSZ is an oxygen ionic conductor and serves as a matrix
which keeps the nickel grains separated and helps to adjust the coefficient of thermal expansion
6
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(CTE) to better match with the YSZ electrolyte. Further materials applied as SOFC anode include
cermets of nickel and gadolinia substituted ceria (GdC) or other cermets with nickel dispersed in the
electrolyte material and perovskites which are stable in the prevailing anode conditions. A candidate
perovskite material is strontium substituted lanthanum chromate (La1-xSrxCrO3-δ) with partial
substitution of transition metals (e.g. Mn, Co, Fe, Ni) at the B-site in order to adjust electronic
conductivity and catalytic activity. Further lanthanum substituted strontium titanate (Sr1-xLaxTiO3-δ)
and strontium substituted lanthanum vanadate (La1-xSrxVO3-δ) are also reported to serve as anode
materials [7].

Electrolyte
The electrolyte of a SOFC must be stable in both oxidizing and reducing environments and should
have sufficient fast ionic conductivity at the operating temperature with only negligible electronic
contribution [6]. In order to reduce its contribution to the ohmic potential drop of the cell the
electrolyte material is often applied as a thin layer which nevertheless needs to be gastight. YSZ is
widely applied as electrolyte material since it shows the necessary oxygen ionic conductivity. Yttria
stabilizes the cubic phase of zirconia and additionally introduces oxygen vacancies into the
structure which are required for oxygen ion conduction. YSZ reaches an ionic conductivity of
10-1 S/cm at 1000°C [5] that decreases by reducing the temperature. In order to operate fuel cells at
intermediate or low temperatures research emphasizes the development of fast oxygen ion
conductors at reduced temperatures, e.g. gadolinia substituted ceria (GdC), samaria substituted ceria
(SdC) or scandia stabilized zirconia (ScSZ). ScSZ shows higher conductivity values than YSZ in
the temperature region of interest for IT-SOFC which is attributed to the smaller size mismatch
between Sc3+ and Zr4+ as compared to that between Y3+ and Zr4+ [8]. Below 600°C GdC shows
higher values of ionic conductivity compared to YSZ and ScSZ [8]. However, at low oxygen partial
pressures, as prevailing on the anode side of a SOFC, ceria-based materials become partially
reduced and the electrochemistry becomes more complex than in the case of YSZ [9,10]. Besides
the strontia and magnesia substituted lanthanum gallates seem to be promising materials with
oxygen ionic conductivities up to 0.14 S/cm at 800°C for La0.8Sr0.2Ga0.8Mg0.2O2.8 [11]. Kharton et
al. [12] gives a good overview about the transport properties of different types of electrolyte
ceramics including zirconia-based, ceria-based, LaGaO3-based, Bi2O3-and Bi4V2O11-based, and
La2Mo2O9-based materials. Further they also describe other fluorite-type, perovskite-like,
brownmillerite-like, apatite, and pyrochlore structures.
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Cathode
Cathode materials should possess high electrical conductivity and high electrocatalytic activity for
the oxygen reduction reaction [6]. Further the compatibility with adjacent cell components and the
chemical and dimensional stability during cell operation are very important factors. Moreover, also
the cathode material should be sufficiently porous to facilitate the transport of the oxidant to the
cathode/electrolyte interface [5]. For many years the perovskite structure La1-xSrxMnO3-δ (LSM) has
been the state-of-the-art material since it satisfactorily fulfills the afore mentioned cathoderequirements. However, aiming towards IT-SOFCs and/or LT-SOFCs introduces severe
performance problems. The main limiting factor of the performance of an IT-SOFC is the oxygen
reduction reaction at the cathode [13,14]. A better understanding of the processes at the cathode is
needed to apply strategies for optimizing the materials [15]. One step to overcome polarization
resistances has been the introduction of composite electrodes (a mixture of a solid electrolyte and an
electronic conductor) or a material offering both ionic and electronic conduction (mixed ionic
electronic conductor, MIEC) [16]. Using that approach it was thought to increase the active area for
the reduction of oxygen, since for pure electronic conductors this reaction was limited to the three
phase boundary (TPB), where electrolyte, electrode and gaseous phase meet. There the reduction of
the oxygen molecules takes place and the oxygen ions enter the electrolyte material. Hence a
considerable ionic conductivity of the MIEC material opens the pathway for the oxygen ion
migration also through the MIEC itself [17] and therefore spreads the possible reaction zone. Since
studies often do not separate the electronic and ionic contributions of the total electrical
conductivity, it is difficult to judge, whether the investigated material is a MIEC or a pure electronic
conductor.
During the past decades there have been plenty of investigations to figure out the best material to be
applied as the cathode material in a solid oxide fuel cell. Materials like La1-xSrxMnO3-δ (LSM),
La1-xSrxFeO3-δ (LSF) or La1-xSrxCoO3-δ (LSC) as well as mixtures thereof like La1-xSrxCo1-yFeyO3-δ
(LSCF) have been investigated in detail. LSM used to be the material of choice since it provides
excellent electronic conductivity (200…300 S/cm at 900°C) [18]. However, the ionic conductivity
is very low (10-7 S/cm at 900°C) [18,19]. Due to its poor electrocatalytic activity the application of
LSM is seriously limited for the use in IT-SOFCs. Research nowadays aims at developing cathode
materials with higher electrocatalytic activity than LSM [20]. To compete with the performance of
MIECs as cathode materials, LSM is preferably used in composite cathodes, where the ionic
conductivity is supplied by an oxygen ion conductor as in Ni-YSZ-cermets. By contrast LSF
provides electronic as well as ionic conduction and therefore seems to be a promising candidate as
IT-SOFC cathode material [21] by increasing the TPB. The maximum conductivity for
8
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La1-xSrxFeO3-δ occurs at approximately x=0.5 and reaches more than 350 S/cm at 550°C. With
increasing temperatures the conductivity decreases [22]. Nevertheless LSF electrodes exhibit
promising electrocatalytic properties since the iron incorporation enhances oxygen diffusion and
surface exchange processes [15]. LSC shows extraordinary electronic conduction up to 1600 S/cm
at 800°C [23], but it seems to be not suitable for high temperature applications since the coefficient
of thermal expansion (CTE) does not match the requirements impressed by state of the art
electrolytes like yttria stabilized zirconia (YSZ) [24]. At lower temperatures the conductivity of
LaCoO3-δ has a positive temperature coefficient but appears to be metallic at elevated temperatures
[23]. For increasing x in La1-xSrxCoO3-δ the transition to metallic behavior occurs at lower
temperatures [23,25]. An increasing amount of strontium also leads to an increase of the CTE [23].
On the one hand an incorporation of iron into LSC decreases the CTE, but on the other hand it also
decreases the conductivity [23]. LSCF exhibits similar to LSM a total conductivity of 230 S/cm at
900°C [26] but exhibits as well 0.2 S/cm oxygen ionic conductivity [27]. On the one hand the
substitution of Fe-ions for Co-ions in LSC decreases the available hopping sites which seriously
limits the electronic conduction. However, on the other hand Fe-ions are more stable against
oxidation when a divalent cation substitution occurs at the A-site. Therefore the concentration of
oxygen vacancies is increased and the oxygen diffusion via vacancies is facilitated [15]. Due to its
very good oxygen surface exchange and diffusion properties BSCF has been applied as material for
oxygen separation membranes until it was also suggested as a SOFC cathode material [28,29].
However, the conductivity of Ba0.5Sr0.5Co0.6Fe0.4O3-δ does not exceed 23 S/cm at 800°C in air [30].
Under the same conditions the total conductivity of PrMnO3-δ reaches 80 S/cm and can be increased
to 250 S/cm for Pr0.5Sr0.5MnO3-δ [31]. However, the afore mentioned materials still suffer from
different problems and research in alternative materials with superior properties at intermediate
temperatures is still ongoing [1,28].

Influencing the perovskite properties
Since it is well known that the perovskite structure can tolerate extensive modifications regarding
the composition, researchers partly substitute the A- and/or the B-site cation of the perovskite ABO3
to enhance specific properties such as conductivity, catalytic activity, compatibility, and/or stability.
This leads to numerous substances which are considered to be potential SOFC cathode materials.
However, published data often shows a lack of agreement [32,33]. Here we try to give an overview
about the basic principles how to choose an appropriate perovskite material for a certain
application. Thereby the article covers approaches to predict the existence of the perovskite
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structure ABO3 as function of the composition as well as strategies how to influence their type and
magnitude of electrical conductance. Emphasis was placed on structural approaches to classify
perovskite materials.

Structural Field Maps for Perovskites
The perovskite structure has the general formula ABX3. Here we consider the perovskite-type
oxides ABO3 as a crystal structure showing diverse physical and chemical properties [34]. The ideal
perovskite structure is cubic with the larger A-site cations located at the corners of the cube, the
B-site ions at the body center and the oxygen ions at the centers of the faces. As shown in figure 2
the A-site ion of a perovskite structure is coordinated with 12 oxygen ions, whilst the ion located at
the B-site has a 6-fold coordination. Perovskite structures can stand wide variations of the elements
on the A-site and the B-site.

Fig. 2: Structure of an ideal perovskite A2+B4+X3 with X=O2- (left hand side: A2+ in origin; right
hand side: B4+ in origin)

The stability of perovskites with respect to other structures is frequently defined in terms of the
Goldschmidt tolerance factor t (Eq. 4, rA, rB, and rO are the radii of the A-site cation, the B-site
cation, and the oxygen ion, respectively). Stable perovskite structures are predicted for
0.77 ≤ t ≤ 1.00 [35]. Designing t close to unity leads to higher symmetry and smaller unit cell
volumes [36]. The perfect cubic structure (t=1) is achieved when the A-site cation has the same size
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as the oxygen ion (1.40 Å). They form a cubic closest packing and the B-site cations are located in
the octahedral holes formed only by oxygen [11]. In a perfect cubic perovskite structure the B-O-Β
chains are linear, i.e. the bond angle is 180°. Deviation from the cubic symmetry results in a tilting
of the BO6 octahedra and therefore in decreased B-O-B bond angles. For t>1 the hexagonal
structures tend to be stable [35] whereas for t<1 the lattice structure changes from cubic to
rhombohedral and then to orthorhombic [37].
t=

rA + rO
2 (rB + rO )

Eq. 4

Other approaches to classify perovskite structures also rely on the radii of the constituent ions, like
the Goldschmidt tolerance factor. In an early work Roth [38] classified A2+B4+O3 perovskites on the
basis of ionic radii into orthorhombic, pseudocubic and cubic structures. For the A3+B3+O3
perovskites only rhombohedral and orthorhombic symmetries have been found. Muller and Roy
[35] plotted amongst others the perovskite structures in structural field maps (diagrams with rB as
abscissa and rA as ordinate). They also stated that the ideal cubic structure does not occur for the
A3+B3+O3 perovskites at room temperature but for the A2+B4+O3 and the A1+B5+O3 perovskites. Li et
al. [34] reviewed the stability ranges of perovskites by using empirical structure map methods and
found the octahedral factor, rB/rO, to be as important as the tolerance factor t. They constructed a
two-dimensional structure map orthogonalizing these two parameters and found distinct regions of
existence limits of the perovskite structure. Structural field maps serve as helpful tools to predict the
ranges of existence of the perovskite when new elemental combinations are searched for. However,
technical applications often benefit from optimized properties resulting from subtile replacements
of the A- as well as the B-cations by different cations at the same time resulting in much more
complex compositions like A’1-xA”xB’1-yB”yO3-δ than the simple ABO3 compounds. None of the
afore mentioned approaches deal with these somewhat more complicated perovskites. It is well
known that the perovskite structure can accommodate cation substitutions in a wide range which
usually serve as a targeted modification to tailor certain properties. This tunability of the perovskite
structure offers extensive possibilities for further improvements of the materials properties [19]
such as electronic and ionic conductivity. Many properties of the perovskites result from the
B-cations, but are tuned by the A-site cations. The radius of the A-site cation and especially its
variance were found to be important factors controlling perovskite properties [39]. In order to
maintain the perovskite phase when forming solid solutions, the substituting elements should not
exceed the structural parameters empirically defining the perovskite stability phase fields in the
structural field maps.
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In order to outline a solid solution phase field accommodating different elements in a structural
field map, the knowledge of the ionic radii of the elements is important. There are several sets of
radii published (e.g. by Goldschmidt [40], Zachariasen [41], Pauling [42], Ahrens [43], Shannon
[44-46]) which differ from each other sometimes more than 10 % [35]. Furthermore, the radius of
an ion is strongly dependent on the coordination number and therefore upon it’s direct environment.
This needs to be considered when using and comparing structural approaches since authors might
use other sets of radii or different coordination numbers. In this study solely Shannon’s [46] ionic
radii referring to the coordination numbers 12 (A-site) and 6 (B-site) have been used, although it is
known that an oxygen deficiency influences the coordination number and therefore the ionic radii
[47].
Goldschmidt’s tolerance factor t (Eq. 4) has been calculated with the aid of Shannon’s [46] set of
ionic radii (Tab. 1) for model series of perovskites which are known to be promising cathode
materials (LSM, LSF, LSC, La1-xSrxCo0.5Fe0.5O3-δ, Ba1-xSrxCo0.5Fe0.5O3-δ). For more complicated
perovskites the radii have been calculated as a weighted average as already described by
Trofimenko et al. [48]. Figure 3 shows t as a function of the degree of substitution. The Sr2+ ion
increases the tolerance factor if the smaller La3+ is substituted and decreases the tolerance factor
when the larger Ba2+ is substituted. Due to the large A-site cations the tolerance factors of
Ba1-xSrxCo0.5Fe0.5O3-δ are very high.

Tab. 1: Structural data used for the calculations (CN=coordination number, *=high spin)
Ion

La3+

Pr3+

Sr2+

Ba2+

Co3+

Co4+

Fe3+

Fe4+

Mn3+

Mn4+

In3+

r in Å
(CN)

1.360
(12)

1.300
(12)

1.440
(12)

1.610
(12)

0.545
(6)

0.530
(6)*

0.645
(6)*

0.585
(6)

0.645
(6)*

0.530
(6)

0.800
(6)

However, certain compositions included in Fig. 3 are relatively close to unity and their structure is
supposed to be close to the ideal cubic one with only small distortions. La1-xSrxMnO3-δ follows the
trend given in figure 3 (increasing structural order with increasing x) and changes from the
orthorhombic structure (for x≤0.14) to the rhombohedral one (for x≥0.18) [49]. The structure of
La0.5Sr0.5MnO3-δ is reported to be tetragonal [50]. However, the calculated tolerance factor exceeds
the value of t=1 for x≥0.55 and is furthest away from unity for SrMnO3-δ which shows the
hexagonal structure in air and ambient temperature [51].
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Fig. 3: Evolution of tolerance factor t as a function of A-site substitution with strontium

Under the same conditions the asymmetry of the structure of La1-xSrxFeO3-δ also changes with the
amount of strontium. With increasing x the symmetry of the structure changes from orthorhombic
(0≤x≤0.2) via rhombohedral (0.4≤x≤0.7) to cubic (0.8≤x≤1.0) [52]. The trend of the tolerance
factors of La1-xSrxCoO3-δ in figure 3 is similar to that one of LSF but the values are larger and
exceed unity due to the smaller radii of Co3+/Co4+ compared to Fe3+/Fe4+. A change of the
symmetry from the rhombohedrally distorted (0≤x≤0.5) to the cubic (0.55≤x≤0.7) perovskite phase
has been observed [25].
Goldschmidt’s tolerance factor is easy to determine and gives a first hint whether the desired
composition will form a perovskite structure. Further it predicts the evolution of a structure
depending on the degree of substitution. However, values may exceed the suggested maximum of
t=1 for certain compositions (e.g. La1-xSrxCoO3-δ) although the perovskite phase is still present.
Other factors (e.g. temperature, atmosphere) which influence the crystal structure of a material, are
not considered by the calculation of the tolerance factor. Nevertheless with a detailed knowledge of
the radii it is possible to design different materials with very similar tolerance factors, i.e. crystal
structures. This has been used for instance for designing the oxygen ion conductor
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La1-xSrxGa1-yMgyO3-δ (LSGM). A substitution of Sr2+ for La3+ increases the tolerance factor whereas
substituting Mg2+ for Ga3+ decreases it again. Therefore the tolerance factor of LSGM is similar to
that one of LaGaO3-δ but the material’s properties changed drastically since the amount of oxygen
vacancies is increased [47]. With a wise choice of substitution elements the tolerance factor can be
designed while properties can be adjusted by, for instance, modifying the defect structure. The
reversal conclusion is, that it seems difficult to relate other than structural properties (e.g. trends in
conductivity) to the tolerance factor [11]. Attfield [39,53] reported structure-property relations
depending on the A-cation radius. Although the average radius of the A-site cation has been kept
constant (and therefore also the tolerance factor is constant), ferroelectric, ferromagnetic,
superconducting and structural transition temperatures show linear dependencies with the statistical
cation size variance.

Electronic and ionic conductivity
Divalent acceptor substitution for the trivalent A-site cation requires, due to electroneutrality, that
the introduced effective negative charge is compensated either by an increase in valence of the
B-site cations (electronic compensation) and/or the formation of oxygen vacancies (ionic
compensation) [54]. Transition metals (TM) as B-site cations can perform a valence change in order
to compensate the introduced charge imbalance and create TM4+/TM3+ couples which act as
hopping sites for electrons/holes, i.e. for n-type or p-type conductivity. The higher the amount of
available hopping sites is, the higher the conductivity values are expected. Therefore the theoretical
maximum conductivity is expected for 50 mol% divalent acceptor substitution for the trivalent
A-site cation. This would result in a maximum TM4+/TM3+ ratio of 1:1 if only electronic
compensation is assumed [22]. However, the relative proportion between the creation of vacancies
and the oxidation of the transition metal ions is temperature dependent [55] and dependent on the
material.
Normally, in perovskites with transition metals on the B site, the electronic conduction is due to
their valence change and proceeds along the three-dimensional BO6 octahedra network, which is
stable for substitution of the A-site [37]. However, some of the transition metals on the B-site
behave differently. Manganese containing perovskites mostly perform electronic compensation
whereas it has been shown that an incorporation of the transition metal iron into LSM limits the
electronic conductivity since an increasing iron content enhances the ionic compensation. The
decrease in the number of Mn3+/Mn4+ couples leads to a decreased amount of available hopping
sites [15]. In the Manganese free LSF the electrical properties are improved due to the charge
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disproportionation Fe3+/Fe5+ as revealed by Mössbauer spectroscopy [15]. A further important
defect reaction that occurs is the charge disproportionation reaction by which Mn3+ partially
disproportionates into Mn2+ and Mn4+ leading to good electronic conductivity even of
stoichiometric LaMnO3 [56]. This reaction can be considered to be entropy driven and occurs to a
significant extent due to the relatively unstable electron configuration of Mn3+ [57].
When analyzing the electrical conductance using the Arrhenius plot ln(σ·T) vs. 1/T, a linear
behavior means that the electronic conductivity is due to the small polaron hopping mechanism
which occurs in the perovskite along the transition metal – oxygen – transition metal chains (e.g.
Fe3+-O-Fe4+). An activation energy can be extracted by fitting Eq. 5, where σ is the electrical
conductivity, C is the pre-exponential factor, containing amongst others the charge carrier
concentration, T is the absolute temperature, k is the Boltzmann constant, and Ea is the activation
energy representing the enthalpy of polaron migration [58]. The exponent s equals either to 1 or to
3/2 for an adiabatic or non-adiabatic process, respectively [31].
σ = (C/T s )exp(− E a /kT)

Eq. 5

In order to use the advantages of a mixed ionic electronic conductor the electronic conductivity
needs to be supported by a considerable amount of ionic (O2-) conductivity which occurs via the
vacancy mechanism. The oxygen ions perform a diffusive jump via an exchange of their position
with an adjacent vacancy. Vacancies are defects in the oxygen sublattice and there exist intrinsic
defects which are temperature dependent and extrinsic defects which are dependent on impurities
and/or the level of substitution [59]. As mentioned afore, perovskite structures can accommodate
cations of a rather wide range of ionic radii and valence. This opens up wide possibilities for
aliovalent substitutions. Although the following considerations are mainly meant for electrolyte
materials with negligible electronic conductivity, they also serve as a guideline for MIECs. When
no multivalent ions are included, any substitution of cations in the perovskite ABO3 by cations with
lower valence states will create oxygen vacancies in order to maintain the charge balance.
Increasing amount of oxygen vacancies is expected to increase the oxygen ion conductivity. A
substitution of 10% Sr2+ for La3+ increases the ionic conductivity from 7.3·10-5 S/cm for LaInO3 to
1.8·10-3 S/cm for La0.9Sr0.1InO2.95 [60]. Another example for successfully applying this strategy is
the SrO and MgO substituted LaGaO3 which forms La1-xSrxGa1-yMgyO3-x/2-y/2. Without electronic
compensation the extent of substitution directly relates to the amount of oxygen vacancies. The
composition La0.8Sr0.2Ga0.8Mg0.2O2.8 is a very promising oxide ion conductor with an ionic
conductivity of 0.14 S/cm at 800°C (without significant electronic conductivity) [11]. It has been
shown that minor amounts of transition metal cations (Co, Fe) in the B sublattice are advantageous
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in terms of oxygen ionic conductivity [36]. Further addition of transition metal ions leads to
increased electronic conductivity, resulting in mixed ionic and electronic conductivity. In the case
of MIECs an aliovalent substitution at the A-site will also lead to a partial oxidation of the transition
metal ions located at the B-site. However, there are general limits which have to be considered
when substituting the constituent ions. A too large number of vacancies can induce structural
deformations or the vacancies can also become ordered as in the brownmillerite structures [55]
resulting in a decrease of ionic conductivity.
Ionic conductivity is not only dependent on the presence of vacancies, it is also influenced by
geometrical factors. Ranløv [61] found better ionic conductivity with higher symmetry, i.e.
perovskite structures with tolerance factors close to t=1. While jumping from one site to the
adjacent vacancy along the anion octahedra edge [62], the oxygen ion has to pass through a “saddle
point” (figure 4) which is built by two A-site cations and one B-site cation. Depending on the
composition of the perovskite a critical radius rcr can be calculated which describes the maximum
size of the mobile ion to pass through. The critical radius can be calculated using Eq. 6 [63] where
rA and rB are the radius of the A-ion and the B-ion, respectively, and a0 corresponds to the pseudo
cubic lattice parameter (V1/3) which can be derived experimentally or from Eq. 7 [64].

Fig. 4: Saddle point after [65]: two A-site and one B-site cation build a gap which is described by
the critical radius; the cations show a significant outward relaxation to permit the migration
of the oxygen ion

3
a 0 ( a 0 − 2rB ) + rB2 − rA2
4
rcr =
2(rA − rB ) + 2a 0
1

a 0 ≈ Vcell3 = 2.37rB + 2.47 − 2.00(t −1 − 1)
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For typical perovskite materials this critical radius does not exceed 1.05 Å [11]. However, since the
radius of the oxygen ion is 1.4 Å in the six-fold coordination there must be a significant outward
relaxation of the cations (away from the mobile oxygen ion) which reduces repulsive overlap
interactions [65]. During the diffusive jump the oxygen ion might temporarily adopt a three-fold
coordination at the position between two A- and one B-site cation. Since in three-fold coordination
the radius of the oxygen ion would still be too large (1.36 Å) to pass through the gap the thermal
vibration of the cations is supposed to assist the oxygen ion to migrate. Decreasing mass of the
cations increases the amplitude of their thermal vibration and therefore enhances the oxygen ionic
conductivity [11]. Larger critical radii can be achieved with increasing rB and/or decreasing rA.
In order to improve the oxygen ion conductivity there are several other structural parameters
discussed in literature. Sammells et al. [66] introduce the lattice free volume Vf, which is the
subtraction of the constituent ion’s volumes from the overall crystallographic unit cell volume.
Obviously a larger free volume provides more space for the mobile ions to move easier and
therefore decreases the activation energy for anion migration [67]. To compare various kinds of
perovskite oxides the specific free volume (free volume divided by the unit cell volume) has been
introduced by Hayashi et al. [47]. Large specific free volumes are desirable to obtain larger oxygen
ion mobilities. Although the approaches using the lattice free volume and the critical radius give
certain tendencies, there are exceptions. Lybye et al. [68] investigated La0.9Sr0.1B0.9Mg0.1O2.9
perovskites (B=Al3+, Ga3+, Sc3+, In3+) in terms of their conductivity and tried to relate parameters
that are thought to influence the ionic conductivity. Those parameters include amongst others the
tolerance factor, the lattice free volume and the critical radius. Calculations of the lattice free
volume and the critical radius suggest that the indium containing perovskite should be the best ionic
conductor whereas the tolerance factor points towards La0.9Sr0.1Al0.9Mg0.1O2.9. Finally the gallium
containing perovskite showed the highest oxygen ionic conductivity. Therefore Mogensen et al.
[11] were looking for other parameters describing the ionic conductivity of perovskites. They
concluded that a stress-free lattice is the key factor for fast oxygen ion conductors. Cubic symmetry
provides stress free lattices which induce the oxygen sites to be equivalent [47]. Increasing lattice
distortion leads to a high degree of anisotropy of oxygen sites [69] which hampers the jump of
oxygen ions. The conductivity decreases with the deviation from the ideal cubic symmetry [55].
Therefore substitutions of cations should be done in a considerate manner, i.e. the size mismatch
between host and substitutional cations should be minimized in order to keep the structure as
distortion-free as possible. Further factors which are supposed to favor high ionic conductivity are a
low mean value of metal-oxygen bonding energy [55] of the overall lattice and a minimal
polarization of the mobile species by the lattice [66]. The interaction between the oxygen ion and
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the B-site ion is expected to increase with the valence state of the B-site cation, i.e. the best oxide
ion conductivities should be found within the A3+B3+O3 perovskites [11].
Figure 5 shows the evolution of rcr for the same set of perovskites as already shown in figure 3. The
trends show the opposite behavior when compared to the evolution of the tolerance factor. A larger
ionic radius at the A-site (e.g. Sr2+ substitutes La3+) decreases the critical radius whereas it was
increasing the tolerance factor. As mentioned afore, the critical radius should be as large as possible
in order to enhance oxygen ionic conductivity. On the one hand a substitution of Sr2+ for La3+
decreases the critical radius which suggests a decrease in ionic conductivity, but on the other hand it
introduces oxygen vacancies which, as previously mentioned, enhance the ionic conductivity. As
described for La1-xSrxCo0.8Fe0.2O3-δ the ionic conductivity increased monotonically for increasing x
[27]. This indicates the vacancy formation to be more important than the critical radius. Therefore it
is more valuable to compare the critical radius of different compositions with the same amount of
oxygen vacancies rather than the evolution of the critical radius as a function of A-site substitution.

Fig. 5: Evolution of critical radius rcr
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Although LSCF and especially BSCF show small values of the critical radius both compositions are
known to be good oxygen ionic conductors compared to other perovskites. For BSCF the situation
is somewhat different since it is composed of larger alkaline earths as A-site ions which
automatically reduce the critical radius compared to the perovskites which contain lanthanides.
Additionally the substitution of Ba2+ by Sr2+ does not require charge compensation by a formation
of oxygen vacancies. The LSF series itself exhibits large critical radii which are rapidly decreased
when Co is substituted for Fe. Therefore the model series La1-xSrxCo0.5Fe0.5O3-δ in figure 5 shows
average critical radii. Iron containing perovskites rather perform the ionic compensation, i.e. instead
of a valence change of the transition metal oxygen vacancies are created. Therefore the ionic
conductivities might be good although indicated differently by the plot of the critical radius. Despite
their large critical radii (especially for low substitution rates) the LSM materials do not show good
ionic conductivities. This is due to the relatively easy valence change of the Mn-ion which
immediately equilibrates a charge imbalance introduced by a substitution of La3+ by Sr2+ instead of
creating oxygen vacancies which are the prerequisite for the oxygen ion migration. If there are
multivalent ions included it is complicated to estimate the relation of electronic to ionic
compensation. Without experiments (thermogravimetric analyses) or defect chemistry modeling it
is difficult to figure out compositions with a similar amount of oxygen vacancies and to compare
them in terms of their critical radius.
The afore described parameters tolerance factor t, critical radius rcr, lattice free volume Vf, and
specific free volume are calculated from the two variables rA and rB. The average metal-oxygen
bond energy is next to the cation charges also dependent on the ionic radii. Therefore a certain
redundance between these parameters is expected. It is impossible to vary one parameter without
also varying the others [69]. As can be seen from figures 3 and 5 the tolerance factor and the critical
radius (and therewith also the free volume) show opposite trends. Finding the optimal material will
be a compromise: for instance the specific free volume can only be increased at the expense of a
departure from cubic symmetry [47]. Another indicator for the need of balancing different
parameters is the following: as described, the optimum material in terms of oxygen ionic
conductivity should be found within the group of A3+B3+O3 perovskites and should be of cubic
structure. This in turns seems to be impossible due to the afore mentioned observations made by
Roth [38] and Muller and Roy [35], that the ideal cubic structure does not occur for the A3+B3+O3
perovskites at room temperature. However, at elevated temperatures perovskites tend to transform
their crystal structure to higher symmetries.
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Electric Conductance and Structural Considerations: Potential Map of Perovskites
The BO6-octahedra build up a 3-dimensional network throughout the perovskite structure ABO3 and
the electronic conduction proceeds via electrons or holes along the B-O-B chains. Due to the
polarization of the anion there is a covalent bond formed between the oxygen ions and B-site
cations. Therefore the electrical properties of perovskites are supposed to be closely related to the
covalency of the B-O-B bond. The degree of polarization depends on the polarizing power of the
cation. Goldschmidt [40] suggested measuring the polarizing power by the Coulomb-potential
Ze2/r, where Z is the formal valence, e is the elementary charge and r is the radius, respectively. A
larger ionic radius decreases the Coulomb-potential if the valence state is the same. Figure 6 shows
schematically the orbitals of an oxygen ion and an adjacent B-site cation which are thought to be
responsible for the electron/hole exchange. The anionic pσ orbitals are strongly attracted by the
nuclear charge of the cation and combine tightly with the pσ orbitals of the cation. This colinear
overlap is the major part of the overall B-O bonding and strongly screens the t2g orbitals of the
B-cation. Thus the t2g orbitals spread towards the pπ orbitals of the oxygen ion and both orbitals
might overlap. If so, the d-electrons of the t2g orbital are permitted to drift into the t2g orbital of a
neighboring B-cation through the pπ orbital of the intermediate oxygen ion. This condition
represents the state of itinerant electrons [70] which leads to an electron/hole transport.

Fig. 6: Covalent bonds between the oxygen ion pπ-orbitals and the B-cation t2g (d) orbitals [70]

An early approach to classify the conduction behavior of perovskites was made by Kamata,
Nakamura, and Sata [70]. In this work a diagram for simple ABO3 perovskites is plotted with the
ordinate ZB/rB and the abscissa ZA/rA, where ZA (or ZB) is the formal valence and rA (or rB) is the
radius of the A-ion (or B-ion). This potential map of perovskites is shown in figure 7 for simple
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perovskites including information about their electrical conductance. By adding the states of the delectrons at room temperature (localized: semi-conducting character; itinerant: metallic character) to
each perovskite material a line can be drawn between the two distinct areas of different conduction
behaviors. It is obvious that the smaller are the values of ZA/rA and ZB/rB the more itinerant the
d-electrons of the perovskite become. A decreased B-site Coulomb-potential causes a further
spreading of the orbitals and therefore also a larger overlap integral leading to a more itinerant state.
However, the A-site ion also attracts the anionic orbitals. An increasing A-site Coulomb-potential
reduces the overlap integral between the anionic pπ and the B-site cationic t2g orbitals leading to
more localized state of the d-electrons.

Fig. 7: Potential map of perovskites after Kamata, Nakamura, and Sata [70]

Considering the potential map of perovskites (figure 7) and the previously mentioned tunability of
the perovskites properties, then conclusions can be drawn how to influence the conduction
behavior. By partly substituting ions on the A-site and/or on the B-site of the perovskite the
conduction behavior can possibly be influenced due to a change of the integral overlap of the
orbitals. A-site substitution with an ion having the same valence shifts the position in the potential
map, only depending on the radius of the A-ion, vertically. B-site substitution with an ion having
the same valence, but different radius, shifts the position of the perovskite horizontally. A more
complex situation arises from a substitution on the A-site with an ion of different valence (and
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radius). To maintain the electrical neutrality, the valence change introduced by the A-site has to be
compensated either by a multivalent B-site cation (transition metal) or by creating vacancies on the
oxygen sublattice. Since the oxygen deficiency/excess is not known for the single compositions
here we only consider the valence change of the B-site as the materials reaction. The radius of the
transition metal also depends on its valence state. Therefore an aliovalent A-site substitution will
result in a diagonal position change of the materials position in the potential map.
Using the approach of Kamata et al. [70] and Shannon’s set of ionic radii [46] a structural field map
can easily be created [1,71] containing any simple perovskite material ABO3-δ. To include more
complicated perovskites A’1-xA”xB’1-yB”yO3-δ, i.e. perovskites with partly substituted A- and/or
B-sites, the nominal valences and radii have to be calculated as a weighted average. The resulting
potential Z/r is calculated as average valence divided by average radius. This has been done for
specific perovskite compositions using the data in Tab. 1 to derive a potential map (figure 8) which
includes more complex perovskites.

Fig. 8: Potential map of perovskites including more complex compositions
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The described diagonal position change of the perovskite due to aliovalent A-site substitution (La3+
is substituted by Sr2+) can be observed for LSC, LSF, LSM and LSCF in figure 8. Endmembers
with x=0, i.e. LaCoO3-δ, LaFeO3-δ, LaMnO3-δ, and LaCo0.5Fe0.5O3-δ are located on the top left in the
potential map. If stoichiometry is assumed (δ=0) the transition metals at the B-site have a 3-fold
valence state. For increasing x in La1-xSrxBO3-δ the transition metal changes to a mixed valence state
3+x. Compared to the 3-fold valence state the radii of the transition metals are decreased in the
4-fold valence state. Eventually ZB/rB is larger for higher valence states which shifts the position to
the right. Simultaneously the opposite process happens at the A-site. Decreasing valence state and
increasing radius from La3+ to Sr2+ results in lower values of ZA/rA, i.e. in a position shift
downwards. Finally the position of the perovskite in the potential map shifts diagonally from the
top left to the lower right. Since both the Sr- and the Ba-ion are divalent in BSCF, there is only a
vertical shift of the position depending on the radius-change between Sr2+ and Ba2+. It is interesting
to note that good SOFC cathodes are located relatively close to the borderline of changing
conduction behavior from metallic to semi-conducting, as already published earlier [1]. This raises
the question, if good performing cathode materials are necessarily located close to the borderline,
i.e. does the electronic state of the 3d-electrons play an important role during the reduction of
oxygen molecules to oxygen ions?
The model series LSM is located very close to the borderline of the different temperature
dependences of the conductivity. As reported in literature La1-xSrxMnO3-δ shows semi-conducting
behavior for 0 ≤ x ≤ 0.5 from room temperature up to 950°C which can be attributed to the small
polaron hopping model [72] and (La1-xSrx)0.85MnO3-δ changes its conduction mechanism (i.e.
crossing the borderline) from semi-conducting behavior to the metallic one for x=0.5 [73]. At
elevated temperatures (above 1000°C) the conductivity of LSM becomes nearly constant with
temperature and the conductivity shows a transition from positive to negative temperature
dependence when the LSM contains 20 mol% Sr2+ [56]. Although the La1-xSrxCoO3-δ perovskites
are located in the semi-conducting area of the potential map Petric et al. [23] demonstrated that they
show metallic conduction behavior for 0.2≤x≤0.9 in the temperature range from 300 to 1000°C. The
transition from semi-conducting to metallic behavior occurs at lower temperatures for increasing x.
Another investigation confirms the change from semi-conducting to metallic character at x=0.25.
This goes along with abrupt crystal structure changes [25], which also influence the orbital overlap.
Thereby there was no change in lattice symmetry observable, but the Co-O distance abruptly
decreased and the Co-O-Co bond angle abruptly increased. The endmember LaCoO3-δ shows semiconducting behavior which changes to metallic behavior at elevated temperatures [74]. LaFeO3-δ is
located almost on the borderline of the potential map. An increasing level of substitution of La3+ by
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Sr2+ suggests the materials to become more itinerant. For La0.8Sr0.2FeO3-δ the conductivity increases
with increasing temperature but decreases again at temperatures above 700°C whereas at higher
levels of Sr-substitution the conductivity shows a negative temperature coefficient in the
temperature range from 500°C to 1000°C [22]. La0.6Sr0.4Co0.2Fe0.8O3-δ features semi-conducting
behavior up to approximately 600°C and a decrease in conductivity with increasing temperature at
temperatures higher than 600°C [26].
Considering the afore mentioned results, it needs to be discussed if the potential map of perovskites
is also applicable for more complex perovskite materials. As long as the ions at the A-site (A’ and
A”) and B-site (B’ and B”) are randomly distributed within the substituted perovskite
A’1-xA”xB’1-yB”yO3-δ, the approach to calculate the weighted average of valences and radii seems to
be justified. However, when a Β-site ordering occurs (which is likely for e.g. AB’0.5B”0.5O3-δ) the
situation becomes somewhat different. Figure 9 depicts schematically the B-O-B chains for ABO3-δ
(lattice parameter a0) and AB’0.5B”0.5O3-δ (lattice parameter a). Since the periodic length of the
collinear chains is almost doubled for B-site ordered perovskites, the relation of the lattice
parameters becomes a ≈ 2a0. B-site cation ordering is accompanied by an energy stabilization and a
lattice contraction (a ≤ 2a0) is very likely.

Fig. 9: B-site cation radius calculation for simple and B-site ordered perovskites

Since this lattice contraction is imposed to all of the constituent ions, it seems to be impossible to
use the known ionic radii for compositions, in which ordering does appear [75]. A lattice
contraction therefore leads to smaller radii than used for the calculations resulting in higher values
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of Z/r. Consequently the true positions of the materials would shift along the “north-east-direction”
of the potential map, i.e. further into the area of localized electrons. To circumvent this problem it is
possible to use the experimentally obtained lattice parameter and calculate the average radius for the
Β-site cation as described in figure 9.
Another important factor influencing the spreading and overlapping of the orbitals is the degree of
distortion from the ideal cubic structure. It has been already described that the bond angle of the
linear B-O-B-bond (180°) in a perfect cubic structure decreases when drifting away from the ideal
cubic symmetry. With a decrease of the average radius of the A-site ion the BO6 octahedra start to
tilt and rotate to reduce the excess space around the A-site [76] resulting in B-O-B bond angles
lower than 180°. This movement narrows the conduction band and increases the band gap [77], i.e.
it results in a semi-conducting behavior. For LSC an expansion of the Co-O-Co bond angle towards
180° goes along with a broadening of the electronic bandwidths. This induces the transition from
semi-conducting (insulating) to metallic character caused by the closing of the charge transfer gap
[78]. For LSM an incorporation of Sr2+ enlarges the average A-site radius and also increases the
amount of Mn4+ ions acting as charge carriers. The smaller radius of Mn4+ with respect to Mn3+
reduces the Mn-Mn distance and yields in approaching 180° for the Mn-O-Mn bond angle [72].
Furthermore knowledge of the valence states of the constituent ions is essential since it also
influences the final position of the compounds. However, if there are multivalent ions included (e.g.
transition metals at the B-site of the perovskite) it is difficult to obtain the correct valence state.
Even when the valence state of the A-site cation is fixed (e.g. La3+, Sr2+), the valence state of the
B-site cation is not certainly fixed in order to keep the charge balance of the perovskite. Grundy et.
al [79] reported and modeled a disproportionation of Mn3+ into Mn2+ and Mn4+ for LSM. Oxygennonstoichiometry also plays an important role since the charge imbalance caused by an aliovalent
substitution of the A-site ion will either be balanced by a valence change of the transition metal or
by the formation of vacancies or both to an unknown extent. The two afore mentioned criteria,
namely the true radii and valence state, are essential for the correct position of the perovskites
within the potential field map. Inaccurate values or uncertainties will cause certain deviations and
will eventually lead to a wrong position or an area of probability rather than a single point.
In order to correctly apply the approach of the potential map to any perovskite material, the former
mentioned information about the candidate material such as valence states and ionic radii are
necessary to know. Additionally it might be possible that such a potential map is only suitable for
certain temperatures or temperature ranges since materials show a certain conduction behavior at a
certain temperature or within a temperature range. Furthermore the properties of the materials
included in the modified potential map are discussed on the basis of their applications at elevated
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temperatures although the original potential map contains the state of the d-electrons at room
temperature. Miscellaneous perovskite materials show a decreasing conductivity at elevated
temperatures. This decrease in conductivity is often interpreted as changing conduction behavior.
Increasing temperatures cause changes in the crystal structure towards higher symmetries and the
transition temperature is influenced by the composition [52]. However, due to those structural
changes the integral orbital overlap might be influenced and causes a sudden change in the
temperature dependence of the conductivity. For La1-xSrxCoO3-δ the transition from semiconducting to metallic behavior has been attributed to the abrupt changes in the crystal structure
(Co-O bond lengths and Co-O-Co bond angles) and the corresponding increase of the integral
orbital overlap [25]. Another explanation suggests that a change of the amount of charge carriers
causes the different temperature dependence of the conductivity. Due to elevated temperatures an
oxygen vacancy formation takes place which is accompanied with a reduced amount of holes acting
as the charge carriers [26,54,80]. For each oxygen ion leaving the lattice two electron holes are
eliminated and Eq. 5 has to be modified to account for a variable amount of charge carriers:
σ=

{[(A'−2δ)C']/T }exp(− E /kT )
S

a

Eq. 8

The temperature dependent carrier concentration is now included in the new term in the preexponential factor. Thereby the initial concentration of charge carriers (A’) which has been created
by acceptor doping on the A-site is reduced by 2δ, where δ is the temperature dependent oxygen
vacancy concentration [54]. Although the state of the charge carriers does not change, their
decreasing amount results in a reduced conductivity. This could be mis-interpreted as a transition
from the semi-conducting to the itinerant state.
An approach similar to the potential field map has been proposed by Fujimori [81] and has been
later resumed by Inoue [37]. They studied the electronic structure of 3d transition-metals which
show metal-insulator transition as function of the chemical composition. Starting from an insulating
transition metal oxide (where the 3d electrons are localized) metallic conductivity can be achieved
in two ways. On the one hand a band-gap closure can occur via diminishing the splitting between
the band-gaps or increasing the band widths. On the other hand a valence change of the transition
metal ions can be initiated to introduce extra electron or hole carriers into the insulating host system
[81]. The band gap of the host insulator can either be d-d Mott-Hubbard type or ligand-p to metal-d
charge transfer type. This depends on the magnitudes of the d-d Coulomb repulsion energy U and
the p-to-d charge transfer energy ∆. This approach is more sophisticated compared to the potential
map of perovskites. However, it also deals with metal-insulator transitions as functions of the
chemical composition.
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Oxygen diffusion coefficient D and surface exchange coefficient k
It is generally assumed today, but not fully proven, that SOFC cathode materials should favorably
be mixed ionic electronic conductors (MIEC), i.e. electron as well as oxygen ion conductors in
parallel. In case the SOFC cathode material is a pure electronic conductor the oxygen reduction
reaction is limited to the three phase boundary (TPB) where cathode, electrolyte, and the oxygen
containing atmosphere meet. There is only one possible mechanism for the oxygen reduction: the
oxygen adsorbs at the surface of the cathode and diffuses via surface diffusion towards the TPB
where it becomes charged and incorporated into the electrolyte [1]. If the cathode material of the
SOFC is a MIEC, the kinetics of the oxygen reduction is supposed to be enhanced since the material
provides the active site for reduction at the surface and additionally a pathway for oxygen ion
diffusion through the bulk. In this case there are two parallel pathways for the oxygen incorporation
into the solid material: the surface pathway to the TPB and the bulk pathway (figure 10). Following
the surface pathway the oxygen molecule will be adsorbed at the surface of the MIEC and
transported via surface diffusion towards the TPB (black dot in figure 10) where the transfer step
into the electrolyte occurs. If a considerable ionic conductivity exists in the MIEC the transport via
the bulk pathway can also occur. After adsorption of the oxygen molecule the charge transfer step
occurs at the cathode surface so that the adsorbed atoms turn into oxygen ions which will be
directly incorporated into the cathode material.

Fig. 10 : Surface pathway (a) vs. bulk pathway (b)

The transport within the cathode occurs via oxygen ionic conductivity until the ions will be
transferred into the electrolyte material. This is synonymous with an increase of the TPB since the
whole cathode surface may be available for the charge transfer step. However, so far there is no
final agreement with respect to the rate determining step [17].
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If the oxygen ionic conductivity is relatively low (as in the case of LSM), the MIEC behaves similar
to a pure electronic conductor [1], i.e. oxygen transport will occur via surface pathway to the TPB.
On the other hand a good ionic conductivity leads to the transport of oxygen via the bulk pathway.
This is supposed to increase the reaction zone and to lower the polarization resistance [17,82,83].
However, the two important material properties which describe the afore mentioned steps, namely
the incorporation of oxygen ions into the material and the transport of oxygen ions within the
material are the oxygen surface exchange coefficient k (cm s-1) and the oxygen diffusion coefficient
D (cm2 s-1), respectively. It is known that both of them exhibit different activation energies, i.e.
within certain temperature ranges one of them is determining the performance of the material.
Ullmann et al. [84] reported for membranes, that often the surface exchange shows higher activation
energies compared to the oxygen diffusion. Therefore the oxygen exchange is likely to be rate
limiting in lower temperature regions whereas the diffusion process limits the performance at
elevated temperatures [84]. On the other hand, Kilner et. al [85] found the activation enthalpy of the
surface exchange coefficient to be lower than that one for the self-diffusion coefficient. This
contradiction shows that the processes are not yet well understood. Kilner et. al [85] also reported a
strong correlation between k and D. This leads to the suggestion, that good oxygen ion conductors
also have good oxygen exchange properties. Another investigation on perovskites revealed a
dependence of k on the oxygen nonstoichiometry [86]. This implies that both the surface exchange
and the diffusion are dependent on the presence of vacancies in the oxygen sublattice. However, in
order to obtain well performing cathode materials the compositions should exhibit high oxygen
exchange capacities for an easy incorporation of oxygen ions in their lattices and additionally high
oxygen diffusivity in order to ensure fast transport of the oxygen ions through their lattice.
Diffusion and surface exchange coefficients can be determined by several different methods [87].
Isotope exchange techniques (which apply secondary ion mass spectrometry to trace the isotopically
labeled 18O2 exchange gas) measure the oxygen self-diffusion or tracer diffusion coefficient, D resp.
D*, and the surface exchange coefficient, k resp. k* [85,88-92]. Further there exist electrochemical
polarization measurements or relaxation methods. The conductivity relaxation method uses the fact
that a change in the oxygen partial pressure results in a change in electronic conductivity [93-96].
Using appropriate diffusion models the chemical diffusion coefficient and surface exchange
~

~

coefficient, D resp. k , can be obtained [87]. Also electrochemical impedance spectroscopy can be

applied [82,83,97].
A collection of k- and D-values is given in table 2. The data is sometimes contradicting and so far
there are no tendencies observed which might describe a dependence of k or D on the composition.
Even for the same material (e.g. La0.6Sr0.4Co0.2Fe0.8O3-δ) the values for the surface exchange
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coefficient vary by orders of magnitude. This shows that not only the mechanisms and kinetics of
the oxygen reduction are still under question, but also the procedures to measure k and D can be
improved since the results obtained by the measurements are quite diversified.

Tab. 2: Literature data of surface exchange coefficient k and diffusion coefficient D
Composition
La0.8Sr0.2MnO3-δ
La0.5Sr0.5FeO3-δ

k in cm/s

D in cm2/s

T in K

p(O2) in bar

Reference

-

5.0*10-07

1073

-

[102]

-06

6.4*10

1061

0.20

[103]

-04

4.0*10

La0.6Sr0.4FeO3-δ

-

1.0*10-05

1073

-

[104]

La0.6Sr0.4FeO3-δ

1.0*10-03

1.1*10-05

1073

0.21

[93]

La0.6Sr0.4CoO3-δ

2.5*10-04

2.5*10-06

1098

0.002

[105]

La0.6Sr0.4Co0.8Fe0.2O3-δ

3.8*10-05

1.1*10-05

1073

0.20

[94]

La0.6Sr0.4Co0.5Fe0.5O3-δ

1.8*10-03

5.6*10-06

1073

0.21

[106]

La0.6Sr0.4Co0.2Fe0.8O3-δ

-

7.8*10-06

1073

-

[104]

La0.6Sr0.4Co0.2Fe0.8O3-δ

1.5*10-03

8.3*10-06

1073

0.21

[106]

La0.6Sr0.4Co0.2Fe0.8O3-δ

3.8*10-05

1.1*10-05

1073

0.21

[94]

La0.6Sr0.4Co0.2Fe0.8O3-δ

1.6*10-04

7.9*10-06

1073

0.21

[95]

-06

1073

-

[107]

Ba0.5Sr0.5Co0.8Fe0.2O3-δ

-

1.7*10

Ba0.5Sr0.5Co0.8Fe0.2O3-δ

-

2.9*10-06

1073

-

[108]

Pr0.6Sr0.4Co0.2Fe0.8O3-δ

-

5.6*10-06

1073

-

[104]

Another strategy approaching the problem of fast surface exchange deals with the work function.
The work function is the minimum energy required to remove an electron from the solid (Fermi
energy level) to the vacuum (reference level or zero level) [98], i.e. to release electrons from the
cathode surface in order to reduce the incoming oxygen molecules into ions and start the process of
oxygen incorporation. The work function itself has a very complex physical meaning [99] which is
beyond of the scope of this investigation. A calculation of work functions is difficult, since there are
various surface effects influencing the result. However, a lower work function, i.e. less energy
needed to release the electron, is desirable for a fast initiation of the charge transfer step and
therefore the oxygen reduction. Measurements of the work function may be used to monitor surface
reactions [100] which occur at the cathode during the adsorption and dissociation of the oxygen. A
chemisorption of oxygen generates an electrical surface barrier which leads to decrease of the
chemical potential of the electrons in the surface layer. This results in retarding the process of
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further ionization which is necessary to obtain doubly charged oxygen ions which can be
incorporated into the surface layer [101]. Therefore it seems to be desirable to keep the generated
surface barrier at a minimum in order to obtain high performance cathodes. Obviously the work
function is correlated with the oxygen exchange coefficient. Low work functions will supposedly
result in large oxygen exchange coefficients k.

Conclusions

The tunability of the perovskite structure allows the substitution of constituent ions in a wide range.
Goldschmidt’s tolerance factor is a guideline to predict whether the desired composition forms a
perovskite structure. Other calculations on the basis of ionic radii such as the pseudo-cubic lattice
parameter a0, the critical radius rcr or lattice free cell volume Vf are solely indicative to estimate the
evolution of a certain property. They are basically calculated from the ionic radii of the A- and the
B-site cations, rA and rB, respectively. Therefore a certain redundancy exists between these
parameters. Some parameters show opposite trends and therefore it is not recommended to trust
only one theoretical calculation in order to improve a certain material property as for instance the
ionic conductivity. Additionally certain materials may show a different behavior due to their unique
composition which cannot only be explained by structural approaches.
Basic principles how to influence the conductivities of perovskite materials are well understood. In
order to enhance the ionic conductivity no multivalent B-site cations should be incorporated so that
an aliovalent A-site substitution preferably results in the formation of oxygen vacancies. Increasing
amount of oxygen vacancies leads to an increase of the oxygen ionic conductivity. The electronic
conductivity takes place along the B-O-B bonds due to the valence change of the B-site transition
metal cations. A large amount of charge carriers (e.g. a ratio TM3+/TM4+ close to unity) enhances
the electronic conductivity.
The application of the potential field map as a tool to predict the conduction behavior of perovskite
materials was discussed. It is challenging to find the correct position for a perovskite within the
potential map since the exact valence states of the constituent ions need to be known and for
substituted perovskites A’1-xA”xB’1-yB”yO3-δ the calculation of the radius as a weighted average
might not be justified. These challenges need to be solved in order to investigate whether the
potential map can be reliably used. The advantage of the potential map compared to similar
strategies is its convenience.
Furthermore oxygen surface exchange and oxygen diffusion are important materials properties.
Increasing these coefficients enhances the oxygen reduction process at the cathode. However, exact
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values are difficult to obtain. The application of mixed ionic electronic conductors is supposed to
increase the reaction zone for the reduction of oxygen from the three phase boundary to the cathode
surface.
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Approach

As described in the previous chapter the conductivity of the perovskites can be influenced by a
substitution of the A- and/or the B-site cation. Although not every detail is well understood the
basic principles how to influence the electronic as well as the ionic conductivity are established.
The amount of oxygen vacancies is an important factor to control the oxygen ionic conductivity
whereas the electronic conductivity takes place along the B-O-B bonds due to the valence change of
the B-site transition metal cations. In order to improve the performance of the cathode material it is
necessary to understand and investigate the oxygen reduction reaction since it involves both
electrons and oxygen ions (Eq. 1 in chapter IV). The approach of Kamata et al. [1] seems to be
promising in order to classify the state of the d-electrons of the B-site cations in perovskite
structures. As already addressed in chapter IV the state-of-the-art materials LSM, LSF, LSCF are
located close to a borderline which divides two different states of d-electrons, namely itinerant
(metallic like conduction) and localized (semi-conductor like). This raises the question if there
exists a preferred state of the d-electrons (itinerant or localized) in order to enhance the oxygen
reduction reaction.
Perovskites which are considered to be possible cathode materials are predominantly based on
alkaline earth (e.g. Sr) substituted LaBO3-δ where B is a transition metal such as Mn, Fe, Co etc.
Therefore these materials are mainly vertically centered in the potential map between the upper
value of ZA/rA for lanthanum (2.206 Å-1) and the lower value of ZA/rA for strontium (1.389 Å-1). If
the assumption that promising cathode materials are located close to the borderline is true, new
promising material compositions should also be found for higher and lower values of ZA/rA. To
follow the proposed borderline, i.e. to locate the suggested composition close to the borderline, the
values of ZB/rB have to be adjusted accordingly. This means that for larger ZA/rA the values of ZB/rB
have to be reduced and vice versa. In order to investigate the applicability of the potential field map
and to search for new cathode materials a potential map was designed which includes suggestions
for different A- and B-site cations and the proposed borderline by Kamata et al. [1] (figure 1).
Thereby the borderline dividing the two regions of different states of the d-electrons was assumed
to be linear. However, large A-site Coulomb-potentials may overcompensate low B-site Coulombpotentials and vice versa resulting in a different shape of the borderline. The basic data for depicting
figure 1 is given in table 1. By combining any A- and Β-ions (while obeying electroneutrality
conditions, i.e. A3+B3+O3, A2+B4+O3, A1+B5+O3) it is now possible to create imaginary ABO3
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perovskites and figure out the assumed state of their 3d-electrons. Furthermore the graph includes
the ranges of allowed B-site Coulomb-potentials in order to fulfill the stability criteria given by
Goldschmidt’s tolerance factor. For a given A-site cation the minimum and maximum tolerable
radius of the B-site cation was calculated to achieve a tolerance factor t of 0.77<t<1. With the aid of
the oxidation state of the B-site cation the correlating largest and smallest acceptable Coulombpotential can be calculated. Therefore the achieved position of the intended material composition
does not only reveal the state of the 3d-electrons according to the approach of Kamata et al. but also
the prediction if the desired composition will form the perovskite structure according to
Goldschmidt’s tolerance factor.

Fig. 1: Potential map of perovskites giving the possibility to search for new perovskites; indicated
are also the positions for the Pr1-xSrxMn1-yInyO3-δ perovskites

However, according to figure 1 it seems to be challenging to find perovskites with even larger
A-site Coulomb-potentials than obtained for lanthanum (ZA/rA=2.206 Å-1). Trivalent ions with
larger Coulomb-potentials are for instance Ce3+, Gd3+, Y3+, or Yb3+. Due to the smaller radius also
praseodymium reveals in the trivalent state a larger Coulomb-potential than lanthanum.
Furthermore praseodymium can also be existent in the tetravalent oxidation state. Assuming the
existence of an intermediate valence state between Pr3+ and Pr4+ the Coulomb-potential would shift
to a larger value. Since strontium substituted praseodymium manganite shows significantly lower
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overpotential losses than other strontium substituted lanthanide manganites [2] and Pr0.6Sr0.4MnO3-δ
has a high activity for the oxygen dissociation of oxygen molecules to oxygen ions [3] this material
system is interesting for further investigation. Additionally the conductivity of Pr1-xSrxMnO3-δ
perovskites is reported to be one order of magnitude higher than that of La1-xSrxMnO3-δ [4].

Tab. 1: Data for constructing figure 1 (radii for the twelve-coordinated ions Gd3+, Y3+, Yb3+, Pr4+
have been estimated with the aid of plots of radii vs. coordination number)
rA

ZA/rA
-1

rB

ZB/rB

rB

ZB/rB

CN

in Å

in Å

ion

CN

in Å

in Å-1

Mn2+

6

0.830

2.410

Zr4+

6

0.720

5.556

0.719

V2+

6

0.790

2.532

Al3+

6

0.535

5.607

1.610

1.242

Fe2+

6

0.780

2.564

Nb4+

6

0.680

5.882

12

1.440

1.389

Co2+

6

0.745

2.685

Ta4+

6

0.680

5.882

Ca2+

12

1.340

1.493

Cu2+

6

0.730

2.740

Mo4+

6

0.650

6.154

La3+

12

1.360

2.206

Ni2+

6

0.690

2.899

Re4+

6

0.630

6.349

Ce3+

12

1.340

2.239

In3+

6

0.800

3.750

Ti4+

6

0.605

6.612

4.167

4+

6

0.585

6.838

ion

CN

in Å

in Å

ion

K1+

12

1.640

0.610

Na1+

12

1.390

Ba2+

12

Sr2+

3+

Pr

3+

Gd

3+

Y

3+

12
12
12

1.300
1.230
1.195

2.308
2.439
2.510

Nb

3+

3+

Ta

3+

Mo

6
6
6

0.720
0.720
0.690

-1

4.167
4.348

Fe

4+

V

6

0.580

6.897

4+

6

0.550

7.273

4+

Cr

3+

6

0.670

4.478

Co

6

0.530

7.547

Yb

12

1.160

2.586

Ti

Pr4+

12

1.130

3.540

Fe3+

6

0.645

4.651

Mn4+

6

0.530

7.547

Mn3+

6

0.645

4.651

Nb5+

6

0.640

7.813

V3+

6

0.640

4.688

Ta5+

6

0.640

7.813

Ga3+

6

0.620

4.839

Mo5+

6

0.610

8.197

Cr3+

6

0.615

4.878

Ni4+

6

0.480

8.333

Ni3+

6

0.560

5.357

Re5+

6

0.580

8.621

Co3+

6

0.545

5.505

V5+

6

0.540

9.259

Cu3+

6

0.540

5.556

Re6+

6

0.550

8.621

Calculating the Coulomb-potentials of the Pr1-xSrxMnO3-δ (x=0.0, 0.5, and 1.0) perovskites for the
purpose of finding their positions in the potential map reveals the materials to be located in the part
of semi-conducting electron states for x=0.0, 0.5 and x=1.0. However, the positions for x=0.5 and
x=1 are very close to the borderline and a clear assignment to one or the other electron state is
difficult. In order to cross the transition region between semi-conducting and itinerant electron
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states and move further into the area of itinerant electron states it is now necessary to find a
potential B-site ion with a considerably lower Coulomb-potential ZB/rB than Mn3+ (in case of
trivalent praseodymium as the A-site cation) and Mn4+ (in case of divalent strontium as the A-site
cation). Alternative elements which can be utilized for this approach are rare. However, in order to
create a large difference in the Coulomb-potential trivalent indium seems to be suitable. Therefore
the Pr1-xSrxMn1-yInyO3-δ perovskites were chosen as a material system which is supposed to show a
transition from localized to itinerant electronic states dependent on their composition. The tolerance
factors (equation 4 in chapter IV) for Pr1-xSrxMn1-yInyO3-δ (x=0.0, y=0.0, 0.5, 1.0; x=0.5, y=0.0, 0.5,
1.0; x=1.0, y=0.0, 0.5) are given in table 2 and theoretically indicate the formation of the perovskite
structure. Additionally other structural parameters which have been described in chapter IV such as
the pseudocubic lattice parameter and the critical radius are included (equation 7 and equation 6 in
chapter IV). With indium-substitution for manganese the unit cell volume is supposed to be
increased as suggested by the increase of the pseudo-cubic lattice parameter. The critical radius also
increases with increasing amount of indium. Since for typical perovskite materials the critical radii
do not exceed 1.05 Å [5] the critical radius of PrInO3-δ (rcr=1.00) is one of the largest among the
perovskites suggesting good oxygen ionic conductivity which is nevertheless dependent on the
existence of oxygen vacancies.

Tab. 2: Tolerance factors, pseudo-cubic lattice parameters and critical radii of Pr1-xSrxMn1-yInyO3-δ
perovskites
tolerance
factor t

calculated pseudo-cubic
lattice parameter a0 in Å

critical radius
rcr in Å

PrMnO3-δ

0.93

3.86

0.94

PrMn0.5In0.5O3-δ

0.90

3.96

0.97

PrInO3-δ

0.87

4.06

1.00

Pr0.5Sr0.5MnO3-δ

0.99

3.83

0.90

Pr0.5Sr0.5Mn0.5In0.5O3-δ

0.95

3.94

0.93

Pr0.5Sr0.5InO3-δ

0.89

4.12

0.98

SrMnO3-δ

1.04

3.80

0.86

SrMn0.5In0.5O3-δ

0.97

3.99

0.91

intended composition
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Outline

The following chapter VI deals with the synthesis of the materials and their characterization. Since
the main focus of the thesis is the validation of the potential map of perovskites the subsequent
chapters address issues which arose during the theoretical considerations. In order to figure out the
correct position of each perovskite material in the potential map it is not only essential to know the
correct ionic radii but also the correct valence states. Especially in the case of multivalent cations
such as manganese and praseodymium this knowledge assists to prevent a wrong positioning. A
correct valence state determination would also rule out the influence of the non-stoichiometry since
an oxygen release is usually balanced by the valence change of multivalent cations. This
problematic is addressed in chapter VII since uncertainties in the valence state determination would
inevitably lead to the introduction of an area of probability instead of one defined position in the
potential map. In order to figure out the conduction behavior of the different compositions
chapter VIII covers the measurements of the temperature dependence of the electrical conductivity
in air. However, for a possible utilization of the investigated materials in high temperature
electrochemical devices further characterization is required as addressed in chapter IX. In addition
to a phase characterization this also includes the thermal expansion properties and investigations of
the stability and the electrical conductivity of the perovskite structures at elevated temperatures and
reduced oxygen partial pressures. In chapter X the results of the previous analyses are shortly
repeated and the validation of the potential map of perovskites is discussed. Chapter XI summarizes
the results and is followed by an outlook. Appendix A contains a more detailed description of the
sample preparation route whereas details about the device for measuring the total electrical
conductivity as a function of the sample temperature and the oxygen partial pressure can be found
in Appendix B.
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Preparation

PrMn1-yInyO3-δ (y=0, 0.5, 1), Pr0.5Sr0.5Mn1-yInyO3-δ (y=0, 0.5, 1), and SrMn1-yInyO3-δ (y=0, 0.5).
were synthesized by ball-milling (ZrO2 grinding balls, 3 mm diameter) the appropriate amounts of
the oxides and/or carbonates (Pr6O11: CAS No. 12037-29-5, 99.9%, Auer-Remy, Germany; MnO2:
CAS No. 1313-13-9, Fluka AG, Switzerland; In2O3: CAS No. 1312-43-2, 99.9%, Alfa Aesar,
Germany; SrCO3: CAS No. 1633-05-2, 99.5%, Cerac Incorporated, USA) for 96 hours in
isopropanol, drying and subsequent calcination by solid state reaction at 1100 to 1200°C in air.
After grinding the powders again with a planetary ball mill PM 400 (Retsch, Germany; ZrO2
grinding balls, 1 mm diameter) the particle size distribution was determined using a particle size
analyzer LS230 (Beckman Coulter, USA). Afterwards the powders were uniaxially pressed
(50 MPa) into bars. The bars were sintered in air (1300 to 1450°C) and the density was measured by
application of Archimedes method. Details for the preparation routes of the different sample
compositions can be found in table 1.

Tab. 1: Tolerance factors t, calcination and sintering regimes and Archimedes density of the
prepared Pr1-xSrxMn1-yInyO3-δ compositions
calcination

sintering

T in °C dwell in h T in °C dwell in h

density
g/cm3

intended composition

label

t

PrMnO3-δ

M1

0.93

1200

12

1400

15

6.29

PrMn0.75In0.25O3-δ

M2

0.92

1200

4

1450

4

6.57

PrMn0.5In0.5O3-δ

M3

0.90

1200

4

1450

4

6.62

PrMn0.25In0.75O3-δ

M4

0.88

1200

4

1450

4

6.76

PrInO3-δ

M5

0.87

1200

4

1450

4

6.88

Pr0.5Sr0.5MnO3-δ

M6

0.99

1100

10

1400

15

5.75

Pr0.5Sr0.5Mn0.5In0.5O3-δ M7

0.95

1100

10

1400

15

6.46

Pr0.5Sr0.5InO3-δ

M8

0.89

1100

10

1400

15

6.75

SrMnO3-δ

M9

1.04

1100

10

1400

15

5.03

SrMn0.5In0.5O3-δ

M10 0.97

1100

10

1300

15

5.56
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X-ray Diffraction

X-ray diffraction (XRD) was used to determine the crystallographic phase purity of the powders
after solid state reaction and of the bars after sintering. XRD analyses were performed with a
Siemens D500 diffractometer using Ni-filtered CuKα radiation. Figures 1, 2, and 3 display the
X-ray diffraction patterns acquired at room temperature for the different Pr1-xSrxMn1-yInyO3-δ
perovskites. The diffractograms for PrMnO3-δ and Pr0.5Sr0.5MnO3-δ are in agreement with literature
[1] and suggest the perovskite oxide phase with an orthorhombic unit cell. SrMnO3-δ shows the
hexagonal structure which is also consistent with literature [2]. Addition of indium shifts the peaks
to smaller 2Θ angles and results in an increase of the lattice parameters and the unit cell volume.
The suggested unit cells and their dimensions are displayed in table 2. Except for SrMnO3-δ
(hexagonal) and SrMn0.5In0.5O3-δ (no identification possible) the analyses suggest the orthorhombic
unit cell for the Pr1-xSrxMn1-yInyO3-δ perovskites. Since there are secondary phases in
Pr0.5Sr0.5Mn0.5In0.5O3-δ and Pr0.5Sr0.5InO3-δ observable no unit cell parameters are given in table 2 for
those two compositions.

Tab. 2: Suggested unit cell parameters for Pr1-xSrxMn1-yInyO3-δ perovskites
unit cell parameters
intended composition

label

structure

a (Å)

b (Å)

c (Å)

V (Å3)

PrMnO3-δ

M1

orthorhombic

7.694(9)

5.542(4)

5.466(4)

233.05

PrMn0.75In0.25O3-δ

M2

orthorhombic

7.707(9)

5.709(6)

5.473(5)

240.76

PrMn0.5In0.5O3-δ

M3

orthorhombic

8.001(8)

5.868(7)

5.596(7)

262.74

PrMn0.25In0.75O3-δ

M4

orthorhombic

8.040(4)

5.876(4)

5.609(3)

265.00

PrInO3-δ

M5

orthorhombic

8.17(1)

5.900(6)

5.67(1)

273.23

Pr0.5Sr0.5MnO3-δ

M6

orthorhombic

7.644(2)

5.474(2)

5.423(3)

226.95

Pr0.5Sr0.5Mn0.5In0.5O3-δ

M7

-

-

-

-

-

Pr0.5Sr0.5InO3-δ

M8

-

-

-

-

-

SrMnO3-δ

M9

hexagonal

SrMn0.5In0.5O3-δ

M10

-
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Although the calculation of the tolerance factor indicated the formation of perovskite structures not
all of the compositions are phase pure perovskite. Obviously the solubility of Sr2+ in Pr1-xSrxInO3-δ
and Pr1-xSrxMn0.5In0.5O3-δ is limited to a value x<0.5. The substitution of 50 mol% Sr2+ for Pr3+
therefore leads to a formation of a secondary phase which can be identified as SrIn2O4. A formation
of SrIn2O4 implies that for each ion Sr2+ which is absent in the perovskite structure also two ions
In3+ are not available for the perovskite structure. However, since the molar ratio of A/B=1 in the
ABO3 perovskite structure needs to be obeyed, there is one excess Sr2+ ion which supposedly forms
SrO. After all the residual perovskite structure can be described as 1/(1-x) Pr0.5Sr0.5-xIn1-xO2.75-2.5x
with the two additional phases x/2 SrIn2O4 and x/2 SrO where x cannot be exactly quantified. A
similar situation arises for the substitution of Pr3+ by Sr2+ in Pr1-xSrxMn0.5In0.5O3-δ. He et al. [3]
showed the limit of Sr-substitution in La1-xSrxInO3-δ to be approximately 10 mol%. The solubility
limit of Sr2+ in Pr1-xSrxInO3-δ is assumed to be slightly larger than 10 mol% since praseodymium
can also adopt the 4-fold valence state which could compensate the substitution by Sr2+ to some
extent.

Fig. 1: XRD patterns for PrMn1-yInyO3-δ (y=0; 0.5; 1) acquired at room temperature
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Fig. 2: XRD patterns for Pr0.5Sr0.5Mn1-yInyO3-δ (y=0; 0.5; 1) acquired at room temperature

Fig. 3: XRD patterns for SrMn1-yInyO3-δ (y=0; 0.5) acquired at room temperature
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Microstructures from Fractured Surfaces

Fracture surfaces of sintered samples were recorded with scanning electron microscopy (SEM)
using a TESCAN Vega Plus 5136 (Tescan, Czech Republic) in order to examine the microstructure
of the materials. Figures 4, 5, and 6 display the PrMn1-yInyO3-δ, the Pr0.5Sr0.5Mn1-yInyO3-δ, and the
SrMn1-yInyO3-δ perovskites, respectively. The average grain size of the different compounds is less
than 10 µm. A general trend can be observed that with increasing amount of B-site substitution
(indium for manganese) the grain growth increases. The porosity of the prepared compounds is less
than 10 %. Compositions with only strontium as the A-site cation show a higher porosity.
Additionally Pr0.5Sr0.5MnO3-δ shows a relatively large amount of pores compared to the other
materials. Intergranular fracture behavior occurs for manganese-containing samples whereas it
appears to be intragranular for indium-containing samples.

Fig. 4: SEM pictures of PrMn1-yInyO3-δ: a) M1 (y=0); b) M3 (y=0.5); c) M5 (y=1)
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Fig. 5: SEM pictures of Pr0.5Sr0.5Mn1-yInyO3-δ: a) M6 (y=0); b) M7 (y=0.5); c) M8 (y=1)

Fig. 6: SEM pictures of SrMn1-yInyO3-δ: a) M9 (y=0); b) M10 (y=0.5)
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Additional characterization

Further characterization techniques will be described in the subsequent chapters. X-ray absorption
near-edge structure (XANES) and electron energy-loss spectroscopy (ELNES) are covered in
chapter VII. Temperature dependent conductivity measurements in air and as a function of oxygen
partial pressure are addressed in chapters VIII and IX, respectively. Measurements of the thermal
expansion and thermogravimetric analyses are also included in chapter IX. A detailed description of
the device for measuring the conductivity as a function of the temperature and the oxygen partial
pressure can be found in appendix B.
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Abstract

Systematic valence changes in Pr1-xSrxMn1-yInyO3-δ upon cation substitution with Sr2+ and In3+ have
been found using Mn K-edge and Pr L-edge X-ray absorption, and Mn LII,III and Pr MIV,V electron
energy-loss spectroscopy. The average valence of the praseodymium ions is close to +3.0 and
virtually constant over the sample set when the samples also contained manganese ions.
Pr0.5Sr0.5InO3-δ showed a distinct increase in the praseodymium valence state. In contrast, the
average valence of the manganese ions changed from the trivalent state to intermediate values
between +3.0 and +4.0 and approached the tetravalent state depending on the level of substitution.
The knowledge of the valence is required to understand the conduction mechanisms in the material
due to the small polaron hopping (electronic conductivity) and motion of oxygen ions along the
vacancies (ionic conductivity). Addition of strontium and indium led to the formation of oxygen
vacancies. A previously assumed intermediate valence of praseodymium as causal factor for the
higher oxygen catalytic activity cannot be confirmed with room temperature measurements.

PACS: 61.10.Ht; 79.20.Uv; 82.45.Xy; 82.47.Ed
Keywords: Electron Energy-Loss Spectroscopy; X-Ray Absorption Spectroscopy; Valence State;

Manganese; Praseodymium; Perovskite
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Introduction

With current and ongoing strong interest in research and development of the solid oxide fuel cell
(SOFC), it is frequently considered as a promising energy conversion system of the future. One of
the main problems facing SOFC implementation today is that their typically high operating
temperatures – up to 1000°C – can cause degradation due to reactions between adjacent cell
components. Intermediate (IT-SOFC, 600°C-800°C) and low (LT-SOFC, T<600°C) operating
temperatures are sought to rectify this problem, but since the kinetics of a SOFC system are
predominantly thermally activated, this decrease in temperature also causes severe drawbacks. The
main factor limiting the conversion rate of the fuel’s chemical energy to electric power in an
IT-SOFC system is currently the oxygen reduction reaction at the cathode [1]. The search for
cathode materials showing mixed ionic electronic conductivity (MIEC) with superior properties [2]
and reasonably low overpotential losses [3] is an ongoing quest. In a SOFC, the cathode material
intersects with the electrolyte material and air (or other gaseous oxygen source) at a location known
as the triple phase boundary (TPB). For a cathode that conducts only electrons, the TPB is where
oxygen must migrate to in order to be reduced to O2- and diffuse into the electrolyte. In this case,
oxygen is only adsorbed on the cathode surface and is not conducted through the material as
electrons are. This process may be improved to obtain high current density and low overpotentials
in the cathode by increasing the TPB length. For a MIEC, oxygen may diffuse into and through the
cathode after it is reduced at the cathode surface, introducing a second, bulk pathway parallel to and
competing with the surface pathway just described. With both the surface and bulk pathways
available, the overall reaction kinetics are determined by the faster process, so MIEC-type cathodes
are advantageous over non-ion-conductive cathodes.
Ishihara et al. [4] reported that praseodymium-containing perovskites show the lowest cathodic
overpotentials in a series of Ln0.6Sr0.4MnO3-δ (Ln=La, Pr, Nd, Sm, Gd, Yb, and Y). The cathodic
overpotential is strongly correlated to the dissociation of oxygen molecules to oxygen ions [5]. The
high catalytic activity of Pr1-xSrxMnO3-δ perovskites for the dissociation reaction at elevated
temperatures is assumed to be attributed to the facile redox cycles of the praseodymium ions [5].
Additionally, these materials show an electrical conductivity of more than 200 S/cm at temperatures
of 500°C [6], which is due to the small polaron hopping mechanism of manganese ions [7,8] and
occurs three dimensionally throughout the perovskite material [9]. Strontium-substituted
praseodymium manganites meet the requirements for promising intermediate SOFC cathode
materials since they promote the oxygen dissociation also at lower temperatures and show high
conductivities. Since the oxygen dissociation is supposedly assisted by the valence change of
praseodymium ions (Pr3+/4+) and the electronic conductivity is a result of the valence change of
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manganese ions (Mn3+/4+) it is worthwhile to further investigate the valence states of both of these
ions. Starting from PrMnO3-δ we trace the evolution of the valence states when the Pr and Mn sites
are substituted stepwise by the divalent strontium ion (Sr2+) and the trivalent indium ion (In3+),
respectively. When a trivalent A-site cation is substituted by a divalent acceptor in the general
perovskite formula ABO3, electroneutrality requires that the imposed effective negative charge be
compensated by an increase in valence of the multivalent B-site cation and/or the formation of
oxygen vacancies [8]. Therefore, the addition of strontium is expected to increase the valence of the
praseodymium ions, manganese ions, or both in order to maintain charge balance. Additionally,
there is the possibility that vacancies in the oxygen sublattice are created. A substitution of indium
for manganese does not introduce a valence change, but does decrease the number of multivalent
manganese ions. Hence, the substitution of both strontium for praseodymium ions and indium for
manganese ions is expected to increase not only the valence state of the manganese ions but also the
valence state of praseodymium ions.
Prior investigations to reveal the valence states of transition metals often used redox titrations /
iodometry [10-12]. Spectroscopy techniques such as X-ray absorption spectroscopy (XAS) or
electron energy-loss spectroscopy (EELS) have also been successfully applied in the past in order to
determine the oxidation states of multivalent ions [13]. XAS is a broad technique and can be
divided into X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS). Likewise, for EELS there is energy-loss near-edge structure (ELNES) and
extended energy-loss fine structure (EXELFS). Both XANES and ELNES reveal element-specific
information as they measure the excitation of core electrons of selected atoms to unoccupied states.
Since ELNES measurements are performed in a transmission electron microscope the excitiation is
achieved by accelerated electrons whereas XANES measurements are typically performed at
synchrotron facilities in order to ensure a good signal to background ratio. ELNES combined with
TEM offers high spatial resolutions down to the sub-nanometer region with the possible drawback
of creating irradiation damages [13] whereas XANES usually reveals bulk information. Using
XANES and ELNES it is possible to independently determine the valence state of the multivalent
ions of praseodymium and manganese. Finally, the valence state results can be applied to the
discussion of conduction mechanisms that occur inside the material.

Experimental

The compositions PrMn1-yInyO3-δ (sample identification M1 relates to y=0, M3: y=0.5, M5: y=1),
Pr0.5Sr0.5Mn1-yInyO3-δ (M6: y=0, M7: y=0.5, M8: y=1), and SrMnO3-δ (M9) were synthesized by
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ball-milling stoichiometric amounts of the oxides and/or carbonates (Pr6O11: CAS No. 12037-29-5,
99.9%, Auer-Remy, Germany; MnO2: CAS No. 1313-13-9, Fluka AG, Switzerland; In2O3: CAS
No. 1312-43-2, 99.9%, Alfa Aesar, Germany; SrCO3: CAS No. 1633-05-2, 99.5%, Cerac
Incorporated, USA) for 96 hours in isopropanol, drying and subsequent calcination by solid state
reaction at 1100°C to 1200°C in air for up to 10 hours. X-ray diffraction (XRD) was used to
determine the phase composition and confirm phase purity of the powders. The analyses were
performed with a Siemens D500 diffractometer using Ni-filtered CuKα radiation. Afterwards the
powders were uniaxially pressed (50 MPa) into bars. The bars were sintered in air (1300°C to
1450°C), analyzed again by X-ray diffraction, confirming an orthorhombic phase, and provided the
basis for further analyses.
For the preparation of samples for XANES analysis, the sintered bars were reground in an agate
mortar to achieve fine powders, which were mixed with boron nitride (BN) and cellulose to prepare
pellets (approximately 1 mm thickness and 20 mm diameter). Thickness and mixing ratios with BN
and cellulose were adjusted to roughly obtain 1 absorption length at the Mn K-edge. XANES
spectra were recorded at beamline E4 EXAFS II at HASYLAB in Hamburg (Germany) at energies
ranging from 5900 eV to 6800 eV in steps of 0.2 eV at the relevant edge position energies (Pr LIIIand LII-edge, Mn K-edge). The energy resolution was better than 0.1 eV. Regarding manganese, the
absolute valence data are based on the assumption that manganese in SrMnO3-δ is Mn4+, and
manganese in PrMnO3-δ is Mn3+. To translate the chemical shift of the Mn K-edge spectra into
valence, data published by Wong et al. [14] and others [15-17] were used. The valence of
praseodymium ions was obtained by comparing the intensities of the two white lines characteristic
for Pr3+ and Pr4+ in our XANES spectra with data available in the literature [18-21]. Pure PrO2
contains solely Pr4+ ions, whereas Pr6O11 is a mixture of tri- and tetravalent praseodymium ions
with the ratio Pr3+/Pr4+=1/2.
Electron energy-loss spectroscopy (EELS) in the transmission electron microscope (TEM) was
performed on an FEI Tecnai F30 with a field emission gun (FEG). The operating voltage was
originally 300 kV, but with the Gatan Imaging Filter (GIF) activated for spectroscopy, this was
reduced to 297 kV. The energy resolution of the system for EELS was about 0.8-1.0 eV as
measured from the FWHM of the zero-loss peak (ZLP). TEM samples were prepared by crushing
small amounts of the sample powder in an agate mortar under ethanol, dispersing one drop onto a
holey carbon-filmed Cu grid, and moving the sample into the TEM as soon as possible to reduce the
time the samples were exposed to air. EEL spectra were gathered in the energy-filtered image mode
of the TEM, with the beam condensed to probe one particle at a time (ca. 20-50 nm in diameter).
Care was taken to minimize the time each particle was exposed to the electron beam. For each
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particle and each edge examined (Mn LII,III and Pr MIV,V) 15-35 spectra were taken each with
acquisition times of 0.5-1.5 s, depending on the concentration of the element and, therefore, its
signal intensity. The spectra were subsequently aligned and summed with Digital Micrograph
software in order to reduce energy fluctuations in the spectra and to increase the signal-to-noise
ratio. All spectra were automatically dark- and gain-subtracted at the time of acquisition. After
summing the spectra, the background was subtracted in the typical way with an I(E) = AE-r function
[22] in Digital Micrograph, deconvoluted with the low-loss region in a Fourier ratio method, and
the second derivative was determined to define the LII,III and MIV,V white lines. The differentiated
peaks were integrated over their positive values in order to find the LIII/LII and MV/MIV ratios [2325]. As reference materials for the EELS measurements Pr2O3 (CAS No. 12036-32-7, 99.9 %,
Sigma-Aldrich Logistik GmbH, Germany) containing solely Pr3+ ions and Pr6O11 (CAS No.
12037-29-5, 99.999 %, Sigma-Aldrich) were used. Mn2O3 (CAS No. 1317-34-6, 99.999 %, SigmaAldrich) was also used, which contains Mn3+ ions. Supplementary reference spectra and additional
information about different valence states of praseodymium and manganese ions can be found
elsewhere [23,25-31].

Results and discussion
Praseodymium

The X-ray absorption spectrum of PrMnO3-δ in Figure 1 shows the positions of the Pr LIII- and LIIedges and the Mn K-edge, the data on which we base our results. Although the Pr LII-edge is next to
the Mn K-edge, we anticipate that this has no significant effect on our quantitative analysis of the
spectra. Figure 2 shows the LIII-edge of PrMnO3-δ and the suggested peak deconvolution. For the
peak labeling, we follow the notation used by Hu et al. [32]. The peak heights of A and B and their
ratio (A/B) directly relate to the valence state of praseodymium ions since the strong peak B at
approximately 5970 eV indicates Pr3+, while the shoulder at approximately 5980 eV (peak A) points
to Pr4+. The spectra of the samples investigated in this study reveal a distinct, sharp peak B and only
a minor peak A, indicating a predominant oxidation state of Pr3+. For an accurate investigation the
peak ratios A/B (Pr4+/Pr3+) of the samples were calcuated from the recorded X-ray spectra. By using
the known valence states of PrO2 (peak ratio: 0.46 [19,21]), Pr6O11 (peak ratio: 0.23 [18]), and the
logical data point for Pr2O3 (no peak A) a spline function (Figure 3) can be fit that describes the
dependence of the valence state on the peak ratio. Adding the peak ratios of the samples to this
mathematical model reveals the unknown praseodymium valence state for each peak ratio. Figure 3
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clearly indicates that the average valence state of the praseodymium ions does not exceed +3.23,
which was obtained for Pr0.5Sr0.5InO3-δ.

Fig: 1: X-ray absorption spectrum of PrMnO3-δ after background subtraction and normalization

Fig. 2: Suggested peak deconvolution of the Pr LIII-edge
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Fig. 3: Known valence states of PrO2, Pr6O11, and Pr2O3 are used to form a spline function for the
determination of the praseodymium valence states of our samples by interpolation

The Pr MIV,V EEL spectra of praseodymium containing samples are depicted in Figure 4. Spectrum
A is that of Pr0.5Sr0.5InO3-δ, whereas spectrum B represents the results of the other Pr-containing
samples, PrMnO3-δ, PrMn0.5In0.5O3-δ, PrInO3-δ, Pr0.5Sr0.5MnO3-δ, and Pr0.5Sr0.5Mn0.5In0.5O3-δ. The
small peaks labeled x and y in the spectrum of Pr6O11 are due to the presence of Pr4+ ions in the
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reference sample and are apparent, though not as pronounced, also in spectrum A. The small
shoulder labeled z at 945 eV on the low energy side of the MIV peak in Pr2O3 is a characteristic of
the Pr3+ ion and is also present in spectrum B, while peaks x at 935 eV and y at 955 eV are absent.
The comparison of the peak shapes of our samples with the reference materials indicates that only
Pr0.5Sr0.5InO3-δ has a mixed valence state with both Pr3+ and Pr4+. Precise analysis was done by
calculating the MV/MIV ratios of each sample as described above. This revealed the average valence
state of praseodymium ions in Pr0.5Sr0.5InO3-δ to be almost +3.5 while it was close to +3.0 for the
other samples. In addition to the MV/MIV ratios the peak separations E(MIV)-E(MV) in eV were also
recorded. Although the values seem to steadily increase from 19.2 eV (M1) to 19.6 eV (M8) the
variations of the peak separations are basically statistical since the energy resolution was
0.8-1.0 eV.

Fig. 4: EEL spectra of Pr MIV,V edges: except Pr0.5Sr0.5InO3-δ (spectrum A) all the other Prcontaining samples revealed a similar spectrum (B)

Table 1 summarizes the results for the praseodymium valence. The XANES results are essentially
reflected by the ELNES results. For the samples with only praseodymium as the A-site cation the
average valence state appears systematically slightly higher than +3.0. Partial substitution of
praseodymium by Sr2+ decreased the valence of praseodymium to +3.0. The expected increase in
the praseodymium valence could not be observed, suggesting that manganese more easily
undergoes a valence change to compensate for the imposed charge imbalance. This assumption is
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assured by the result of Pr0.5Sr0.5InO3-δ: since this sample does not contain manganese, the
introduced charge imbalance forces the praseodymium as the only multivalent ion to adopt a mixed
valence state of 3.23 or 3.46 for the XANES or ELNES analysis, respectively. Conversely, this
indicates that compensation for the other samples was due to a valence change of manganese.

Tab. 1: Details of XANES and ELNES investigations and resulting valence states for praseodymium
XANES

ELNES

intended composition

ID

LIII(A)/LIII(B)

n (Prn+)

PrMnO3-δ

M1

0.0408

3.16

19.2

1.81

3.06

PrMn0.5In0.5O3-δ

M3

0.0380

3.15

19.2

1.85

3.01

PrInO3-δ

M5

0.0460

3.18

19.4

1.83

3.04

Pr0.5Sr0.5MnO3-δ

M6

0.0160

3.06

19.4

1.90

2.98

Pr0.5Sr0.5Mn0.5In0.5O3-δ M7

0.0130

3.05

19.4

1.87

3.00

M8

0.0600

3.23

19.6

1.54

3.46

Pr0.5Sr0.5InO3-δ

peak sep. (eV) MV/MIV

n (Prn+)

As described above, an acceptor substitution at the A-site requires charge compensation due to
electroneutrality conditions. Since praseodymium obviously resists further oxidation towards the
tetravalent state and both strontium and indium exhibit fixed valence states, the compensation can
only be provided by a distinct valence change of the manganese ions and can additionally be
supported by a formation of vacancies in the oxygen sublattice. The results of Pr0.5Sr0.5InO3-δ
demonstrate that in the absence of manganese praseodymium is able to perform a valence change,
though it does not reach the necessary tetravalent state for complete compensation. This implies that
oxygen vacancies are formed in this sample. The oxygen non-stoichiometry will be addressed in a
later section. Praseodymium appears to be virtually inactive with respect to a valence change unless
it is forced to compensate the imposed charge imbalance due to the absence of manganese ions.
Therefore, the previously mentioned assumption that the facile redox cycles of praseodymium ions
lead to the good performance of Pr1-xSrxMnO3-δ as SOFC cathode materials [5] cannot be
confirmed.

Manganese

Energy shifts of the X-ray absorption Mn K-edge are directly related to the average oxidation state,
and with an increase in oxidation state the absorption edge shifts to higher energies [14]. When a
valence electron is removed, the remaining electrons are more strongly held, which explains the
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larger energy necessary to ionize the atom [15]. By using the Mn K-edge shift in XANES spectra it
is possible to obtain a quantitative estimation for the average oxidation state for all the manganese
ions in a sample [15,17]. The absorption edges were determined by the position of the maximum of
the first derivative of the spectra. Here we applied an approach as already shown [15] where an
energy shift of 1 eV accounts for approximately 0.29 oxidation numbers for manganese. We
observed the chemical shifts of PrMnO3-δ and SrMnO3-δ to be most different. Since for neither
PrMnO3-δ nor for SrMnO3-δ the oxidation state is exactly known, we estimate the oxidation state of
manganese in PrMnO3-δ and SrMnO3-δ to be close to +3.0 as the lowest and close to +4.0 as the
highest values, respectively. Their difference in peak shift was as high as 2.81 eV resulting in an
oxidation number span of 0.81 and an error of ±0.09.

Fig. 5: Dependence of the chemical peak shift on the manganese valence state according to [17]

Figure 5 shows the linear dependence of the chemical peak shift on the manganese valence state
according to Figueroa et al. [15], to which we have also added our data. The results indicate the
average valence state of the manganese ions to be close to +3.0 for PrMnO3-δ and PrMn0.5In0.5O3-δ.
A distinct increase in manganese valence state could be observed when praseodymium is partly
substituted by Sr2+. The complete A-site substitution leads to a drastic increase in manganese
valence almost reaching the expected tetravalent state.
Figure 6 represents the Mn LII,III EEL spectra of the samples and of Mn2O3 as the reference
material, containing solely Mn3+. Spectrum B, representing samples PrMnO3-δ and PrMn0.5In0.5O3-δ
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is very similar to the spectrum of Mn2O3, indicating that the Mn in these samples persists mainly as
Mn3+ ions. In contrast, spectrum A (representing Pr0.5Sr0.5MnO3-δ and Pr0.5Sr0.5Mn0.5In0.5O3-δ) shows
the onset of a shoulder at the low energy side of the LIII-edge (labeled x) and a slight shift of the LII
towards the LIII peak. Here the energy scale was set in such a way that the LIII peak maxima were
always at 644 eV for each sample. Ordinarily, the LIII peak position would shift to higher energy
with increased valence. The changes observed in the peak shape for spectrum A indicate the
presence of Mn4+ ions as previously reported EELS results show [33]. Further investigation of the
Mn LII,III via the LIII/LII ratio followed the procedure as already described for praseodymium. The
analysis revealed the valence state of the manganese ions to be close to +3.0 for the samples
containing only praseodymium as the A-site cation and to be elevated when an A-site substitution
with Sr2+ took place (up to +3.5 for Pr0.5Sr0.5Mn0.5In0.5O3-δ). With respect to the energy resolution
the variations in the peak separations E(LII)-E(LIII) are not indicative.

Fig. 6: EEL spectra of Mn LII,III edges: spectrum A represents Pr0.5Sr0.5MnO3-δ and
Pr0.5Sr0.5Mn0.5In0.5O3-δ, spectrum B represents PrMnO3-δ and PrMn0.5In0.5O3-δ

Table 2 compares the results for the manganese valence states obtained by XANES and ELNES.
Similar trends are observed, although the valence states obtained by XANES are once again slightly
higher. Unless there is A-site substitution, the manganese exhibits a valence state close to +3.0. By
substitution of Sr2+ for praseodymium ions the average valence state of the multivalent B-site ion
manganese is increased drastically to +3.5. This result confirms the assumption made during the
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analysis of the praseodymium valence state that manganese performs a valence state change to
compensate the imposed charge imbalance. In SrMnO3-δ the manganese ions almost reach the
tetravalent valence state.
Tab. 2: Details of XANES and ELNES investigations and resulting valence states for manganese
XANES

ELNES

K peak pos. (eV) m (Mnm+) peak sep. (eV)

LIII/LII

m (Mnm+)

10.8

2.51

3.01

3.18

10.9

2.66

2.95

6555.85

3.52

10.5

2.34

3.26

Pr0.5Sr0.5Mn0.5In0.5O3-δ M7

6555.85

3.52

10.6

2.26

3.51

M9

6557.19

3.91

-

-

-

intended composition

ID

PrMnO3-δ

M1

6554.39

3.09

PrMn0.5In0.5O3-δ

M3

6554.68

Pr0.5Sr0.5MnO3-δ

M6

SrMnO3-δ

Using the obtained average valence states of praseodymium and manganese ions and assuming the
valence states of strontium and indium ions to be +2 and +3, respectively, it is now possible to
estimate the oxygen non-stoichiometry of the materials (Table 3). Due to the slightly higher valence
states obtained by XANES the corresponding oxygen stoichiometries are also higher than those
obtained with ELNES. Stoichiometries exceeding the value of 3.0 in Table 3 represent cation
deficiencies in the perovskite material [6]. The results indicate that the A-site substitution not only
resulted in a valence change of the B-site transition metal, but also in the formation of oxygen
vacancies. The obtained valences of the manganese do not counterbalance the imposed charge
imbalance to maintain the oxygen stoichiometry. Due to electroneutrality reasons an additional
oxygen vacancy formation took place.
The relatively easy valence change performed by the manganese ions provides the basis for the fast
electronic conductivity due to the small polaron hopping mechanism. As previously reported, the
addition of inert In3+ ions decreases the total conductivity due to a loss of the percolating
Mn3+/Mn4+ couples [34]. The formation of oxygen vacancies is supposed to lead to a certain oxygen
ionic conductivity at elevated temperatures since the oxygen ions can perform a diffusive jump
along the vacancies. Perovskites with both praseodymium and strontium ions as the A-site cations
show a distinct oxygen non-stoichiometry, suggesting they exhibit such an ionic conductivity. To
tailor a material with ionic conductivity, it is desirable to not completely compensate the imposed
charge imbalances. On one hand an addition of indium reduces the electronic conductivity, but on
the other hand it also hinders the compensation of the charge imbalance leading to an increased
oxygen non-stoichiometry.
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Tab. 3: Estimated oxygen stoichiometry
XANES

ELNES

intended composition

ID

oxygen stoichiometry

oxygen stoichiometry

PrMnO3-δ

M1

3.13

3.04

PrMn0.5In0.5O3-δ

M3

3.12

2.99

PrInO3-δ

M5

3.09

3.02

Pr0.5Sr0.5MnO3-δ

M6

3.03

2.88

Pr0.5Sr0.5Mn0.5In0.5O3-δ

M7

2.89

2.88

Pr0.5Sr0.5InO3-δ

M8

2.81

2.87

SrMnO3-δ

M9

2.96

-

Results obtained in this work display the behavior at room temperature. Elevated temperatures
involve a reduction of multivalent species which shifts the obtained valence states to lower values.
Furthermore, electron-beam-induced reduction of manganese due to oxygen loss has been already
reported [28] and both oxidation and reduction of praseodymium have been observed [35]. Since
the EELS analyses were performed in a transmission electron microscope, the beam current through
the oxide particles could have produced a localized temperature increase, though the exposure time
to the electron beam was minimized and there were no apparent changes in the particle morphology
or EEL spectra with time. ELNES results display slightly lower oxidation states in comparison to
the results obtained by XANES, possibly due to such a temperature increase, however, the
temperature increase while gathering the EEL spectra cannot be quantified.

Conclusions

Spectroscopy data reveal the praseodymium ions in the Pr1-xSrxMn1-yInyO3-δ perovskites to be
almost unchanged in their average valence state unless they are forced by the absence of other
multivalent ions, e.g. manganese ions (Pr0.5Sr0.5InO3-δ). For perovskites with praseodymium as the
only A-site cation (PrMnO3-δ, PrMn0.5In0.5O3-δ, PrInO3-δ) the average valence of praseodymium is
slightly above the trivalent state, which is reduced to the trivalent state by a partial substitution of
the praseodymium ions by Sr2+ ions (Pr0.5Sr0.5MnO3-δ, Pr0.5Sr0.5Mn0.5In0.5O3-δ). In contrast,
manganese undergoes a valence change, with average valences between +3.0 (PrMnO3-δ,
PrMn0.5In0.5O3-δ), +3.5 (Pr0.5Sr0.5MnO3-δ, Pr0.5Sr0.5Mn0.5In0.5O3-δ), and close to +4.0 (SrMnO3-δ)
depending on the A- and/or B-site substitutions. The valence state of manganese ions is more easily
changed, leading to the existence of Mn3+/Mn4+ couples that build a network throughout the
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perovskite and establish the basis for the small polaron conduction. The mixture of tri- and
tetravalent states yields the best conductivity values as long as the percolation can proceed
throughout the whole material [34]. However, the obtained valence states for manganese are
averaged values and there is still the possibility of a disproportionation of Mn3+ into Mn2+ and Mn4+
as reported and modeled by Grundy et al. [36] for La1-xSrxMnO3-δ. Indium addition leads to an
increased oxygen non-stoichiometry in the Pr1-xSrxMn1-yInyO3-δ perovskites in comparison to their
counterparts with only praseodymium as the A-site cation. Therefore, a certain oxygen ionic
conductivity is expected.
Since the praseodymium ions do not considerably change their average valence state, the
assumption that facile redox cycles lead to a good oxygen reduction at the cathode of the SOFC
cannot be confirmed. Measurements at defined elevated temperatures and different oxygen partial
pressures or quenched samples to simulate the operating conditions would help to clarify the
uncertainties.
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Abstract

Using a structural field map for ABO3 perovskites outlining the state of their d-electrons and their
conduction behavior, strategies for semi-conducting and metallic conducting perovskites can be
investigated. In this study the electrical properties of the Pr1-xSrxMn1-yInyO3-δ perovskites have been
characterized. The Pr1-xSrxMn1-yInyO3-δ perovskites show semi-conducting behavior for all
compositions. Indium decreases the conductivity and increases the activation energy. The
conductivity was found to be independent of oxygen partial pressure in the range from
approximately 20 % to 20 ppm and at temperatures up to 800°C. The highest conductivity value of
143 S/cm was recorded for Pr0.5Sr0.5MnO3-δ at 800°C.

Keywords: Conductivity; Semi-conducting; Metallic; Perovskite; Structural field map

* According to new measurements the conductivity values and the activation energy of PrInO3-δ
have been updated in this chapter and differ from the values included in the original publication.
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Introduction

Solid oxide fuel cells (SOFC) are regarded as the energy conversion systems of the future since they
show high efficiencies and fuel flexibility. Lowering the operating temperature below 800°C
(intermediate temperature SOFC) is feasible, but currently the cathode material is still limiting the
performance. Since an increase of the total reaction zone of the three-phase boundary is favorable to
reduce the activation polarization [1], a material showing mixed ionic electronic conduction
(MIEC) is preferred for utilization as a SOFC cathode. State-of-the-art materials like (La,Sr)MnO3,
(La,Sr)FeO3, (La,Sr)(Co,Fe)O3 etc. are well examined [2-6], while research in alternative materials
with superior properties at intermediate temperatures is still ongoing [7]. Adequate cathodes have a
high oxygen surface exchange rate and a high electrical conductivity. Some of the materials show a
transition from itinerant (metallic) to localized (semi-conductor) electronic states as a function of
temperature and / or perovskite composition. Kamata et al. [8] showed that simple ABO3
perovskites can be structured regarding their conductivity behavior in a plot of ZA/rA over ZB/rB,
where ZA (or ZB) is the formal valence and rA (or rB) is the radius of the A-ion (or B-ion). A
borderline divides the two distinct areas of different conduction behavior and the previously
mentioned state-of-the-art materials are located relatively close to this borderline. Using
Shannon’s [9] set of ionic radii and the proposed borderline [7, 8] such a structural field map can be
created (figure 1) locating a given perovskite material either in the area of semi-conducting
electronic behavior or in the area of itinerant electronic behavior.

Fig. 1: Field map including the perovskites investigated in this work after [7]
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Since strontium doped praseodymium manganite shows significantly lower overpotential losses
than other strontium doped lanthanide manganites [10] and Pr0.6Sr0.4MnO3 has a high activity for
the dissociation of oxygen molecules to oxygen ions [11] this material system is interesting for
investigation. Further Pr1-xSrxMnO3 shows an electrical conductivity, which is about one order of
magnitude higher than that of La1-xSrxMnO3 [12]. Substituting manganese with indium will shift the
location of the perovskite to the itinerant region of the structural field map. With praseodymium and
strontium on the A-site in combination with manganese and indium on the B-site and in respect of
figure 1 it should be possible to obtain perovskites which show a transition from itinerant to
localized electronic behavior, i.e. they cross the borderline dependent upon their composition.
Therefore the conductivity behavior of Pr1-xSrxMn1-yInyO3-δ perovskites was investigated to check
the applicability of the structural field map.

Experimental

The different compositions were synthesized by ball-milling the appropriate amounts of the oxides
and/or carbonates (Pr6O11: 99.9%, Auer-Remy, Germany; MnO2: Fluka AG, Switzerland; In2O3:
99.9%, Alfa Aesar, Germany; SrCO3: 99.5%, Cerac Incorporated, USA) for 96 hours in
isopropanol, drying and calcined by subsequent solid state reaction at 1100 to 1200°C in air. X-ray
diffraction (XRD) was used to determine the phase composition of the powders. The analyses were
performed with a Siemens D500 instrument using Ni-filtered CuKα radiation. After grinding the
powders again with a planetary ball mill PM 400 (Retsch, Germany) the particle size distribution
was determined using a particle size analyzer LS230 (Beckman Coulter, USA). Afterwards the
powders were uniaxially pressed (50 MPa) into bars. The bars were sintered in air (1300 to
1450°C), analyzed again by X-ray and provided the basis for 4-point DC measurements using a
Milli-Ohmmeter RESISTOMAT 2318 (Burster Praezisionsmesstechnik GmbH & Co KG,
Germany). The atmosphere for the conductivity measurements was adjusted using a flowing gasmixture of Ar and O2 (Carbagas, Switzerland) regulated by mass-flow-controllers (Voegtlin
Instruments, Switzerland). The oxygen content of the atmosphere was recorded at the gas outlet of
the furnace via a Rapidox 2100 Oxygen Analyser (Cambridge Sensotec Limited, England).

Results

X-ray patterns of Pr0.5Sr0.5MnO3-δ and PrMn1-xInxO3-δ (x=0, 0.5, 1) are given in figure 2. The
diffractograms for PrMnO3-δ and Pr0.5Sr0.5MnO3-δ are in agreement with literature [13]. An addition
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of indium shifts the peaks to smaller 2Θ angles. The analysis suggests that the prepared
Pr1-xSrxMn1-yInyO3-δ materials have an orthorhombic structure after the solid state reaction at
1100°C -1200°C which does not change after sintering at 1300°C-1450°C. Using the planetary mill
reduces the median particle diameter of the investigated powders to 1-3 µm, suitable for uniaxial
pressing of the powders. The theoretical densities of the sintered samples vary from 88 % to 90 %.

Fig. 2: XRD patterns of Pr0.5Sr0.5MnO3-δ and PrMn1-yInyO3-δ (x=0, 0.5, 1)

Figure 3 shows the Arrhenius plots of the electrical conductivity in artificial air (80% Ar, 20% O2)
of PrMn1-yInyO3-δ examined in this study. The conductivity decreases with increasing In-content,
e.g. from 37 S/cm for PrMnO3-δ to 6.6·10-6 S/cm for PrInO3-δ at 800°C. All of the investigated
compositions show semi-conducting behavior, i.e. the conductivity increases with increasing
temperature. Increasing In-content leads to an increasing activation energy (table 1).
In figure 4 the Arrhenius plots of the electrical conductivity for the materials Pr0.5Sr0.5Mn1-yInyO3-δ
and SrMn1-yInyO3-δ are depicted. Compared to the afore mentioned materials, increasing In-content
decreases the electrical conductivity by several orders of magnitude. The compositions also show
semi-conducting behavior in the investigated temperature range. Compared to their counterparts
with only one A-site ion, the compositions of Pr0.5Sr0.5Mn1-yInyO3-δ show higher conductivities. The
conductivity of Pr0.5Sr0.5MnO3-δ attains up to 143 S/cm at 800°C and the slope yields an activation
energy of 0.115 eV. Again the increasing In-content leads to an increasing activation energy.
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Fig. 3: Arrhenius plot of PrMn1-yInyO3-δ in 20% O2 and 80% Ar

Fig. 4: Arrhenius plot of Pr0.5Sr0.5Mn1-yInyO3-δ and SrMn1-yInyO3-δ in 20% O2 and 80% Ar
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Tab. 1: Electrical conductivities σ at 500°C and 800°C and activation energies Ea with
corresponding temperature ranges
σ at 500°C

σ at 800°C

Ea

range

S/cm

S/cm

eV

°C

PrMnO3-δ

17.6 ± 0.5

36.7 ± 0.7

0.253 ± 0.002

590-900

PrMn0.75In0.25O3-δ

3.21 ± 0.10

8.69 ± 0.26

0.316 ± 0.005

225-900

PrMn0.5In0.5O3-δ

0.35 ± 0.01

1.16 ± 0.02

0.366 ± 0.002

440-900

PrMn0.25In0.75O3-δ

(71 ± 1)·10-4

(55 ± 1)·10-3

0.578 ± 0.008

630-900

(1.6 ± 0.7)·10-7

(6.6 ± 0.9)·10-6

1.222 ± 0.041

530-900

Pr0.5Sr0.5MnO3-δ

123.8 ± 1.2

143.1 ± 1.1

0.115 ± 0.001

225-900

Pr0.5Sr0.5Mn0.5In0.5O3-δ

4.62 ± 0.12

8.50 ± 0.21

0.224 ± 0.001

50-900

Pr0.5Sr0.5InO3-δ

(50 ± 3)·10-5

(57 ± 3)·10-4

0.600 ± 0.005

330-775

SrMnO3-δ

0.58 ± 0.08

3.70 ± 0.53

0.346 ± 0.006

50-500

SrMn0.5In0.5O3-δ

(24 ± 9)·10-6

(11 ± 1)·10-4

1.006 ± 0.059

530-900

intended composition

PrInO3-δ

Figure 5 shows four compositions where decreasing the oxygen partial pressure from artificial air
(80 % Ar, 20 % O2) down to 20 ppm does not influence the conductivities. Similar behavior has
been observed for all investigated Pr1-xSrxMn1-yInyO3-δ perovskites and for temperatures up to
800°C.

Fig. 5: p(O2)-dependence of the conductivity of Pr1-xSrxMn1-yInyO3-δ at 500°C
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Discussion

All compositions in this system show semi-conducting behavior. There is no indication for a change
to metallic conduction behavior due to a modification in the composition. Localized electronic
charge carriers show a thermally activated mobility [13]. Mn-based perovskite oxides mainly
exhibit an electronic conduction via the small polaron hopping mechanism [14]. Therefore the
Arrhenius plot should be linear regarding equation (1), where σ is the conductivity, A is the preexponential factor containing amongst others the charge carrier concentration, T is the absolute
temperature, k is the Boltzman constant, and Ea is the activation energy representing the enthalpy of
polaron migration [13]:
σ = (A/T)exp(− E a /kT)

Eq. 1

In general increasing Indium-content leads to decreasing conductivity and increasing activation
energy. This might be related to the loss of percolating Mn3+-Mn4+ clusters which are responsible
for the good electronic conductance in other Mn-containing systems. In a perovskite material the delectrons of the B-ion are permitted to drift from the t2g orbital of the B-ion to the t2g orbitals of the
neighboring B-ions through the pπ orbitals of O2--ion [8]. However, In3+ has a fully occupied d-shell
and therefore hinders the electrons to pass along this route, resulting in a decreased conductivity.
Aruna et al. [15] associated a decrease in Mn-O covalence with a reduced probability for the
electrons to move along the Mn-O-Mn network. Substituting the A-site of PrMn1-yInyO3-δ with
Strontium increases noticeably the conductivity due to the increased concentration of the charge
carrier Mn4+ [16, 17]. A similar correlation between the conductivity of substituted lanthanum
manganites and the concentration of Mn4+ has been reported for low to medium Mn4+
concentrations [14]. However, care has to be taken assessing the amount of the charge carriers,
since the Mn3+ can be disproportionated into Mn2+ and Mn4+ to a considerable amount. This has
been reported and modeled for LSM by Grundy et al. [18]. The conductivity values found for
Pr0.5Sr0.5MnO3-δ match those reported by Ishihara et al. [16] and Rim et al. [19]. If the A-sites of the
perovskite are occupied only by Sr2+-ions, the multivalent Mn-ions will adopt the 4-fold valence.
This results in a decreased probability for percolation and therefore reduced conductivity.
Since the variation of the oxygen partial pressure did not change the activation energies there is no
indication of a change in the conduction mechanism. Additional oxygen vacancy formation due to
low oxygen partial pressures could not be observed since the conductivities did not change at
elevated temperatures. Miscellaneous perovskite materials show a decreasing conductivity due to an
oxygen vacancy formation which is accompanied with a reduced amount of holes acting as the
charge carriers [20].
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Furthermore, there is no indication for a transition of the conduction behavior as it is predicted by
the structural field map. Therefore the approach to classify perovskites using this kind of structural
field map may need to be revised. The exact locations of these compounds are questionable as we
do not have any information about the actual valances of the cations. Beyond that for more
complicated perovskites the nominal valances and radii of the A- and B-ions have to be calculated
as a weighted average, which might not be justified.

Conclusions

Within the perovskite system Pr1-xSrxMn1-yInyO3-δ the electrical conductivity was studied as a
function of temperature and oxygen partial pressure. All materials showed semi-conducting
behavior that can be attributed to small polaron hopping as the predominant conduction mechanism.
Pr0.5Sr0.5MnO3-δ especially showed high conductivities at intermediate temperatures, while
increasing the In content significantly decreased the conductivity. However, the predicted change in
the conduction mechanism from semi-conducting to metallic conductivity could not be observed.
Refining the positions of the A and B cations in the map seems to be necessary to confirm the
validity of this approach for more complex oxides, e.g. by considering more realistic valence states
and radii.
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Abstract

Perovskites of the system Pr1-xSrxMn1-yInyO3-δ have been investigated in terms of their applicability
in high temperature electrochemical devices. Thereby the stability, thermal expansion and
conductivity properties in different oxygen partial pressures have been examined. Pr0.5Sr0.5MnO3-δ
shows a p-type conductivity of 135 S/cm at 700°C and in a partial pressure range from
p(O2)=20 kPa (air) to p(O2)=2·10-3 kPa (argon) which slightly decreases to 105 S/cm at
p(O2)=10-14 kPa. The coefficient of thermal expansion does not vary between air and argon and is
close to values of state of the art electrolytes. Therefore Pr0.5Sr0.5MnO3-δ is a promising candidate
for the application as the cathode material in a solid oxide fuel cell. Partial substitution of
praseodymium by strontium increases the amount of oxygen vacancies and therefore increases the
ionic conductivity when no multivalent B-site cation is involved. A solubility limit of x=0.2…0.3
exists for Pr1-xSrxMn1-yInyO3-δ (y=0.5; 1) perovskites. Exceeding this limit leads to the formation of
a secondary phase which is identified as SrIn2O4. The ionic conductivity of Pr0.5Sr0.5InO3-δ reaches
3·10-3 S/cm from air to p(O2)=4·10-16 kPa at 700°C. Due to the incorporation of the insulating
secondary phase SrIn2O4 the real ionic conductivity of the phase pure perovskite is expected to be
higher. Therefore this material is promising for the application in high temperature electrochemical
devices when oxygen ionic conductivity is required.

Keywords: Solid oxide fuel cell, cathode, conductivity, coefficient of thermal expansion, stability
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Introduction

Solid oxide fuel cells (SOFC) as one prominent example of high temperature electrochemical
devices offer a technology to electrochemically generate electricity at high efficiencies [1].
However, high operating temperatures up to 1000°C introduce severe problems such as degradation
phenomena due to reactions between the adjacent cell components and sealing problems. Therefore
research nowadays aims at developing systems operating at intermediate (IT-SOFC, 600…800°C)
or low temperatures (LT-SOFC, T<600°C). The decrease of temperature also lowers the overall
performance of the system since the kinetics of the cell components cathode, electrolyte and anode
are mostly thermally activated. The oxygen reduction reaction at the cathode side is known to be a
main limiting factor of the system performance [2]. Therefore the search for improved and new
cathode materials with superior properties even at intermediate or low temperatures is an ongoing
quest. La1-xSrxMnO3-δ (LSM) has been applied as the state of the art cathode material for SOFCs at
temperatures higher than 850°C. It belongs to the class of materials which crystallize in the
perovskite structure ABO3. This structure is usually composed of lanthanides and/or alkaline earths
as the A-site cation and transition metals as the B-site cation. These perovskite materials serve as
basis for further research since they provide the possibility to influence their properties by a
deliberate substitution of the constituent ions. Depending on the elemental composition for instance
the electrical conductivity can be predominantly electronic (e.g. LaNiO3-δ) or ionic as in doped
LaAlO3-δ [3]. One proposed solution to improve the cathode performance at intermediate operating
temperatures is the development of materials showing mixed ionic and electronic conductivity
(MIEC). For pure electronic conductors the oxygen reduction reaction is limited to the three phase
boundary (TPB) where cathode material, electrolyte material and gas (air, oxygen) meet. An
increase of the reaction zone throughout the porous cathode material by the parallel existence of
both electronic as well as ionic conductivity is expected to be advantageous. For example
La1-xSrxFeO3-δ (LSF) shows good performances as SOFC cathode material since it offers electronic
as well as oxygen ionic conductivity [4].
Pr1-xSrxMnO3-δ perovskites show conductivities of more than 200 S/cm at 500°C [5] which is due to
the small polaron hopping mechanism of manganese ions [6,7]. Furthermore they also exhibit the
lowest cathodic overpotentials in a series of Ln0.6Sr0.4MnO3-δ (Ln=La, Pr, Nd, Sm, Gd, Yb, and Y)
[8]. Since the coefficient of thermal expansion (CTE) of Pr0.5Sr0.5MnO3-δ is 12.2·10-6 K-1 this
material seems to be promising for the application at ceria based electrolytes [5] which exhibits a
CTE of 12.1·10-6 K-1 from room temperature to 1000°C [9]. A substitution of manganese by indium
decreases the available hopping sites and results in a decreased total electrical conductivity in air
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[10] since the electronic contribution drastically decreases. Perovskites containing solely indium as
the B-site cation are supposed to be ionic or proton conductors as already described for LaInO3-δ
[11,12]. Then a substitution of lanthanum by strontium only leads to the formation of oxygen
vacancies and therefore increases the ionic conductivity since there is no electronic compensation
[12]. A previous publication reported on the conductivity of Pr1-xSrxMn1-yInyO3-δ perovskites in air
and argon [10]. In the present work we want to gain further knowledge about the material properties
at elevated temperatures and reduced oxygen partial pressures. Therefore we start from PrMnO3-δ
and investigate the evolution of the total electrical conductivity, non-stoichiometry and coefficient
of thermal expansion in different oxygen partial pressures p(O2) and with substitutions both on the
A- and B-site with Sr2+ and In3+, respectively. Manganese containing materials are known to be
good electronic conductors whereas the indium containing materials are reported to be ionic
conductors. Therefore it seems to be possible to influence especially the conductivity in such a way
that the prevailing charge carriers change from electrons/holes to ions by a stepwise substitution of
manganese by indium.

Experimental

PrMn1-yInyO3-δ (sample identification M1 corresponds to: y=0, M3: y=0.5, M5: y=1),
Pr0.5Sr0.5Mn1-yInyO3-δ (M6: y=0, M7: y=0.5, M8: y=1), and SrMn1-yInyO3-δ (M9: y=0, M10: y=0.5).
were synthesized by ball-milling the appropriate amounts of the oxides and/or carbonates (Pr6O11:
99.9 %, Auer-Remy, Germany; MnO2: Fluka AG, Switzerland; In2O3: 99.9 %, Alfa Aesar,
Germany; SrCO3: 99.5 %, Cerac Incorporated, USA) for 96 hours in isopropanol, drying and
subsequent calcination by solid state reaction at 1100 to 1200°C in air. X-ray diffraction (XRD) was
used to determine the phase composition of the powders. The analyses were performed with a
Siemens D500 diffractometer using Ni-filtered CuKα radiation. After grinding the powders again
with a planetary ball mill PM 400 (Retsch, Germany) the particle size distribution was determined
using a particle size analyzer LS230 (Beckman Coulter, USA). Afterwards the powders were
uniaxially pressed (50 MPa) into bars. The bars were sintered in air (1300 to 1450°C), analyzed
again by X-ray and the density was measured by application of Archimedes method. Sintered
samples were utilized for 4-point DC measurements using a Keithley Multimeter Model 2750/E
(Keithley Instruments, Inc., USA) and for measurements of the thermal expansion in air and Ar
using a dilatometer 802 S (Baehr Thermoanalyse GmbH, Germany). The atmosphere for the
conductivity measurements was adjusted using a gas flow of N2, Ar, O2 and/or a mixture of 4 % H2
and 96 % N2 (Carbagas, Switzerland). Gas flow rates were regulated by mass-flow-controllers
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(Voegtlin Instruments, Switzerland). In order to stabilize the oxygen partial pressure in hydrogen
containing gases they were bubbled through water at room temperature. The oxygen content of the
atmosphere was recorded at the gas inlet of the furnace via a Rapidox 2100 Oxygen Analyser
(Cambridge Sensotec Limited, England). Conductivity measurements as a function of the oxygen
partial pressure were carried out in the isothermal mode at a constant temperature of 700°C. The
p(O2) was decreased stepwise from 20 kPa (air) to 2·10-3, 7·10-14, 4·10-16, 2·10-18, and 2·10-20 kPa.
The next lower p(O2) was only set, when the samples were equilibrated with the surrounding
atmosphere. Constant values of the conductivity were accepted as criterion for achieving the
equilibrium.
Thermogravimetric analyses (TGA) have been performed in synthetic air, argon, and a reducing gas
mixture (4 % H2 and 96 % He) in order to investigate the stability of the materials. The analyses in
synthetic air and argon were conducted on a Netzsch STA 449C Jupiter (Netzsch-Geraetebau
GmbH, Germany) whereas the measurements under reducing atmosphere were carried out on a
Netzsch STA 409. The sintered perovskites were reground to fine powder and heated with 5 K/min
to 1000°C while the weight loss was recorded. A dwell time of two hours at 1000°C was included if
the sample weight did not reach a stable plateau.

Results and discussion
Structural considerations

XRD patterns of sintered PrMn1-yInyO3-δ, Pr0.5Sr0.5Mn1-yInyO3-δ, and SrMn1-yInyO3-δ are given in
figure 1. The diffractograms for PrMnO3-δ and Pr0.5Sr0.5MnO3-δ are in agreement with literature [13]
and suggest the perovskite oxide phase with an orthorhombic unit cell. SrMnO3-δ shows a
hexagonal structure which is also consistent with literature [14]. Addition of indium generally shifts
the peaks to smaller 2Θ angles and results in an increase of the lattice parameters and the unit cell
volume. Addition of strontium slightly decreases the volume of the unit cell from 233.05 Å3 for
PrMnO3-δ to 226.95 Å3 for Pr0.5Sr0.5MnO3-δ. Although the radius of Sr2+ is larger than the one of
Pr3+ the associated valence change of manganese from Mn3+ (r=0.645 Å) to Mn4+ (r=0.530 Å)
results in a decrease of the unit cell volume due to the decreased ionic radius of manganese.
However, for the compositions Pr0.5Sr0.5Mn0.5In0.5O3-δ, Pr0.5Sr0.5InO3-δ , and SrMn0.5In0.5O3-δ phase
purity could not be achieved and the formation of secondary phases took place. Therefore there are
no unit cell values included in table 1 for these compositions. The solubility of Sr2+ in the
Pr1-xSrxInO3-δ perovskite structure is obviously limited to x<0.5 and the substitution of 50 mol%
Sr2+ for Pr3+ leads to the formation of a secondary phase which has been identified as SrIn2O4.
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Fig. 1: XRD patterns acquired at room temperature of a) PrMn1-yInyO3-δ, b) Pr0.5Sr0.5Mn1-yInyO3-δ,
and c) SrMn1-yInyO3-δ
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A formation of SrIn2O4 implies that for each ion Sr2+ which is absent in the perovskite structure also
two ions In3+ are not available for the perovskite structure. However, since the molar ratio of A/B=1
in the ABO3 perovskite structure needs to be obeyed, there is one excess Sr2+ ion which supposedly
forms

SrO.

After

all

the

residual

perovskite

structure

can

be

described

as

1/(1-x) Pr0.5Sr0.5-xIn1-xO2.75-2.5x with the two additional phases x/2 SrIn2O4 and x/2 SrO where x
cannot be exactly quantified. A similar situation arises for the substitution of Pr3+ by Sr2+ in
Pr1-xSrxMn0.5In0.5O3-δ. He et al. [15] showed the limit of Sr-substitution in La1-xSrxInO3-δ to be
approximately 10 mol%. The solubility limit of Sr2+ in Pr1-xSrxInO3-δ is assumed to be slightly
larger than 10 mol% since praseodymium can also adopt the 4-fold valence state which could
compensate the substitution by Sr2+ to some extent. Assuming stoichiometric perovskites and taking
the results of investigations of the valence states of manganese and praseodymium into
consideration [16], a maximum solubility x in Pr1-xSrxBO3 can be calculated. In the case of M8 (In3+
as B-site) the praseodymium valence obtained by XANES (Pr3.23+) results in Pr0.81Sr0.19InO3 and the
valence obtained by ELNES (Pr3.46+) leads to Pr0.69Sr0.31InO3. For M7 (mixture of equal amounts of
indium and manganese at the B-site) the same calculations lead to Pr0.71Sr0.29Mn0.5In0.5O3 for the
valence states obtained by XANES (Pr3.05+, Mn3.52+) and to Pr0.75Sr0.25Mn0.5In0.5O3 for the valence
states obtained by ELNES (Pr3.00+, Mn3.51+). These theoretical calculations suggest the maximum
solubility of Sr2+ in the praseodymium network of Pr1-xSrxMn1-yInyO3-δ (y=0.5; 1) perovskites to be
in the range of x=0.2…0.3. Additionally the considerable size mismatch between In3+ (r=0.800 Å)
and Mn3+ (r=0.645 Å) and, in the case of strontium substitution, Mn4+ (r=0.530 Å) might also
induce stresses in the lattice and result in a formation of additional phases next to the intended
perovskite phase SrMn0.5In0.5O3-δ.
d th = z

M
V × 0.6023

Eq. 1

The densities of the sintered samples have been determined by Archimedes principle and are
displayed in table 1. Apparently increasing indium content increases the density of the material
although also the unit cell volume is increased. Addition of strontium decreases the density in
comparison to the counterpart materials with only praseodymium as the A-site cation. The
theoretical densities have been calculated for the orthorhombically indexed materials PrMnO3-δ,
PrMn0.5In0.5O3-δ, PrInO3-δ and Pr0.5Sr0.5MnO3-δ according to equation 1 [5,17] where z is the number
of chemical units in one unit cell of the crystal (for orthorhombic unit cells of the GdFeO3-structure
z=4), M is the atomic weight of one unit of the chemical formula, and V is the volume of the unit
cell as determined by X-ray diffraction. For these four materials the density reached more than 90%
of the theoretical density.
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Tab. 1: Tolerance factors t, orthorhombic unit cell parameters, and Archimedes densities of the
sintered Pr1-xSrxMn1-yInyO3-δ perovskites
intended composition

ID

a
Å

b
Å

c
Å

Volume
Å3

Archimedes density
g/cm3

PrMnO3-δ

M1

7.694(9)

5.542(4)

5.466(4)

233.05

6.29

PrMn0.5In0.5O3-δ

M3

8.001(8)

5.868(7)

5.596(7)

262.74

6.62

PrInO3-δ

M5

8.17(1)

5.900(6)

5.67(1)

273.23

6.88

Pr0.5Sr0.5MnO3-δ

M6

7.644(2)

5.474(2)

5.423(3)

226.95

5.75

Pr0.5Sr0.5Mn0.5In0.5O3-δ

M7

-

-

-

-

6.46

Pr0.5Sr0.5InO3-δ

M8

-

-

-

-

6.75

SrMnO3-δ (hexagonal)

M9

345.71

5.03

SrMn0.5In0.5O3-δ

M10

-

5.56

5.4450(4) 5.4450(4) 13.464(1)
-

-

-

Thermal expansion

A pronounced change of the thermal expansion depending on the temperature can suggest a
modification in the crystal structure whereas an increase of the thermal expansion at elevated
temperatures could also point to a loss of lattice oxygen. Therefore additionally to
thermogravimetric measurements the stability of the materials with respect to the p(O2) could be
traced by comparing the measurements of the thermal expansion of the same material in air and
argon. Due to stoichiometry reasons the formation of oxygen vacancies due to elevated
temperatures and/or reduced p(O2) decreases the valence of the transition metals and therefore
increases their radii which finally leads to an expansion of the lattice. In the case of oxygen release
this chemical expansion also contributes to the regular thermal expansion.
Figure 2 shows the graphs of the thermal expansion measurements in a) air and b) argon. In both of
the atmospheres the relative change in length was not linear along the entire temperature range.
Typically there exist two temperature ranges for each material where the relative change in length is
linear but with a different slope. The high temperature slopes are larger compared to the low
temperature slopes in either case. Except for PrMnO3-δ the slopes increase steadily with increasing
temperature. The thermal expansion of PrMnO3-δ in air reaches a plateau between 350°C and 450°C
where no further expansion can be measured. Afterwards the relative change in length increases
again with increasing temperature. A similar situation arises for the measurement in argon.
Therefore there is only the high temperature value of PrMnO3-δ included in table 2 which compares
the coefficients of thermal expansion of the Pr1-xSrxMn1-yInyO3-δ perovskites in air and argon.
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Fig. 2: Measurements of the thermal expansion in a) air and b) argon
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Tab. 2: Comparison of thermal expansion in 10-6 K-1 in air and argon and low and high temperature
region
intended composition

CTE in air CTE in Ar

T in °C

CTE in air

CTE in Ar

T in °C

-

-

-

9.78

9.63

650-1000

PrMn0.5In0.5O3-δ

8.51

8.75

RT-500

10.52

10.45

700-1000

PrInO3-δ

8.60

8.80

RT-500

9.48

9.62

600-1000

Pr0.5Sr0.5MnO3-δ

11.43

11.88

RT-300

13.93

13.82

700-1000

Pr0.5Sr0.5Mn0.5In0.5O3-δ

10.65

10.83

RT-400

12.32

12.47

700-1000

Pr0.5Sr0.5InO3-δ

10.05

10.47

RT-400

11.69

11.62

700-1000

SrMnO3-δ

12.70

13.61

RT-550

15.67

17.17

700-1000

SrMn0.5In0.5O3-δ

12.85

13.18

RT-600

14.07

13.96

750-1000

PrMnO3-δ

Increasing content of strontium increases the thermal expansion. There is no clear influence of
manganese substitution by indium detectable although it seems that especially in the high
temperature range increasing amount of indium inhibits the thermal expansion. This decreases the
difference between the low and high temperature values of the thermal expansion. Nevertheless all
materials show higher values of thermal expansion in the high temperature region which indicates a
possible overlap of chemical expansion and the regular thermal expansion.
Except for SrMnO3-δ and SrMn0.5In0.5O3-δ none of the investigated materials shows a significant
difference between the values of thermal expansion in air and argon. For both materials SrMnO3-δ
and SrMn0.5In0.5O3-δ the values of the thermal expansion increase in argon atmosphere. Therefore it
can be concluded for the Pr1-xSrxMn1-yInyO3-δ perovskites (x=0, 0.5) that there is an oxygen release
due to elevated temperatures and no clear influence of the oxygen partial pressure between air and
argon. SrMnO3-δ and SrMn0.5In0.5O3-δ additionally show increased values of thermal expansion
under argon atmosphere indicating also the release of oxygen due to reduced p(O2).
Pr0.5Sr0.5MnO3-δ as the material showing the best total conductivity of the Pr1-xSrxMn1-yInyO3-δ
perovskites [10] exhibits below 300°C a coefficient of thermal expansion of 11.4·10-6 K-1 and
11.9·10-6 K-1 in air and argon, respectively, which increases in the high temperature region to
13.9·10-6 K-1 and 13.8·10-6 K-1 in air and argon, respectively. These values meet the requirements
for a possible application as cathode material in a SOFC since established zirconia-based
electrolytes stabilized with yttria (YSZ) or scandia exhibit coefficients of thermal expansion
between 10…11·10-6 K-1 and ceria-based electrolytes (e.g. gadolinia stabilized ceria, GdC) show
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slightly higher values up to 12.5·10-6 K-1 [18]. PrInO3-δ and Pr0.5Sr0.5InO3-δ show small differences
between the low and the high temperature region.

Thermogravimetric analyses

Thermogravimetric analyses did not reveal considerable weight losses in air and argon up to
1000°C. In argon atmosphere only the samples without praseodymium (SrMnO3-δ and
SrMn0.5In0.5O3-δ) showed slight weight losses. However, the weight losses at the end of the
temperature treatment did not exceed 0.15 % in air and 0.50 % in argon and the differences between
the different compositions are very small. Therefore in figure 3 only the measurements in reducing
atmosphere (p(O2)~10-20 kPa) are displayed. Heating the materials in reducing atmosphere
apparently enhances the weight loss. After a dwell time of 2 hours at 1000°C the weight loss of all
materials approaches a stable plateau except for Pr0.5Sr0.5InO3-δ. X-ray analysis of the sample
powders after the treatment in reducing atmosphere revealed the breakdown of the perovskite
structures into metal oxides and even pure metals.

Fig. 3: Thermogravimetry in reducing gas mixture (4% H2, 96 %He)
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As can be deduced from figure 3 the onset of the measured weight loss shifts to higher temperatures
for higher indium contents in each series PrMn1-yInyO3-δ, Pr0.5Sr0.5Mn1-yInyO3-δ, and SrMn1-yInyO3-δ
which might be related to the stable trivalent valence state. Indium keeps the trivalent state before it
is reduced in one step completely to the elementary metal state whereas manganese containing
compositions can show a stepwise reduction according to the multivalent valence states. However,
the overall weight loss at the end of the temperature treatment increases with increasing indium
content. The substitution of praseodymium by strontium leads to a lower temperature stability.
Whereas Pr0.5Sr0.5MnO3-δ and Pr0.5Sr0.5Mn0.5In0.5O3-δ start to loose considerably weight at
approximately 500°C their counterpart materials with only praseodymium at the A-site show the
onset of the weight loss at higher temperatures and the ones with only strontium already at lower
temperatures. The absolute weight loss is much higher when only strontium is the A-site cation.
After the temperature treatment the weight loss of PrMnO3-δ and Pr0.5Sr0.5MnO3-δ reaches between
3…4%. In contrast for SrMnO3-δ the weight loss exceeds 7%. The same situation arises by
comparing PrMn0.5In0.5O3-δ and Pr0.5Sr0.5Mn0.5In0.5O3-δ (8…9% weight loss) with SrMn0.5In0.5O3-δ
(approximately 14% weight loss).
In perovskite materials an oxygen release occurs at elevated temperatures and/or due to reduced
p(O2) and leads to the formation of randomly distributed oxygen vacancies (equation 2, [19]) which
are necessary for the oxygen ion conductivity. Further oxygen release might lead to oxygen vacancy
ordering which is accompanied by a decrease in ionic conductivity and finally results in the
decomposition of the perovskite structure into suboxides and pure metals. The observed overall
weight loss of the samples is therefore only attributed to a loss of the perovskite’s lattice oxygen.
Assuming the stoichiometric composition ABO3 at the starting point of each measurement and
correlating the entire weight loss to a release of only oxygen, the new oxygen stoichiometry can be
calculated at the end of the measurement. Table 3 compares the calculated oxygen stoichiometries
for the different compositions. In air there is no considerable non-stoichiometry observable and in
argon atmosphere only SrMnO3-δ and SrMn0.5In0.5O3-δ show a small weight loss, i.e. the tendency
towards a small oxygen non-stoichiometry at 1000°C. The temperature treatment in reducing
atmosphere reveals slight weight losses for Pr-containing perovskites at 700°C which result in only
small oxygen deficiencies as indicated in table 3. In contrast the samples without praseodymium
already show considerable oxygen deficiencies. Up to 700°C increasing indium-content stabilizes
the material whereas a substitution of strontium for praseodymium increases the oxygen release.

[

]

Pr1×− x Srx' B1×− x B•x O 3 → Pr1×− x Srx' B1×− x + 2δ B•x − 2δ O 3−δ δVO•• + δ2 O 2

Eq. 2
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Tab. 3: Calculated oxygen non-stoichiometry δ in Pr1-xSrxMn1-yInyO3-δ based on TGA results
synthetic air

argon

1000°C

1000°C

700°C

1000°C

PrMnO3-δ

0.00

0.01

0.08

0.50

PrMn0.5In0.5O3-δ

0.00

0.00

0.06

1.46

PrInO3-δ

-0.02

0.00

0.02

2.30

Pr0.5Sr0.5MnO3-δ

0.01

0.01

0.31

0.53

Pr0.5Sr0.5Mn0.5In0.5O3-δ

0.01

0.01

0.18

1.27

Pr0.5Sr0.5InO3-δ

0.00

0.02

0.05

2.03

SrMnO3-δ

0.02

0.06

0.50

0.86

SrMn0.5In0.5O3-δ

0.00

0.03

0.30

1.87

intended composition

4 % H2, 96 % He

Except SrMnO3-δ, SrMn0.5In0.5O3-δ, and Pr0.5Sr0.5MnO3-δ the investigated Pr1-xSrxMn1-yInyO3-δ
perovskites still seem to be stable even under reducing conditions at 700°C since there are only
slight weight losses observable. Since 700°C is in the range of the foreseen operating temperature
of IT-SOFCs we decided to perform electrical conductivity measurements at 700°C and at varying
oxygen partial pressures p(O2).

Conductivity as a function of oxygen partial pressure

Earlier investigations [10] revealed that the Arrhenius plots of Pr1-xSrxMn1-yInyO3-δ did not change
when the oxygen content in the atmosphere was decreased to 20 ppm (2·10-3 kPa). In order to
investigate the conduction mechanism of the perovskites and to crosscheck their stability in
reducing atmospheres 4-point conductivity measurements were performed also at lower oxygen
partial pressures. As afore mentioned and revealed by TGA perovskite materials release oxygen.
The amount of oxygen loss depends on the composition and increases with increasing temperature
and with decreasing oxygen partial pressure. This oxygen release results in a non-stoichiometry δ>0
which has a profound effect on the conductivity. The amount of oxygen vacancies along which the
oxygen ions can perform their diffusive jump is increased with decreasing p(O2) whereas, due to
electroneutrality reasons, the amount of the electronic charge carriers (holes) is decreased since the
oxygen release leads to a reduction of the transition metals. Therefore the ratio between the
prevailing charge carriers changes depending on the oxygen partial pressure and temperature. An
additional factor influencing the level of conductivity is the temperature dependent different
mobility of the different charge carriers. A possibility to display these characteristics is the plot of
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the logarithm of the conductivity at isothermal conditions vs. the logarithm of the oxygen partial
pressure which results in a specially shaped graph (figure 4). This so-called Patterson-diagram gives
the possibility to distinguish between electronic conductivity (electrons or holes) and ionic
conductivity. At high p(O2) the p-type conductivity is prevailing which decreases towards lower
p(O2) with a certain slope according to the defect model until a plateau of constant (and therefore
p(O2) independent) conductivity values is reached. This plateau probably indicates prevailing ionic
conductivity. Further p(O2) lowering leads in turn to an increase of the conductivity with a certain
slope which can be attributed to electronic (n-type) conductivity.
Figure 4 displays the evolution of the total conductivity at 700°C with changing oxygen partial
pressure for a) the Pr1-xSrxMn1-yInyO3-δ perovskites and b) the Pr1-xSrxInO3-δ perovskites. In air
manganese containing perovskites show p-type conductivity due to the exchange of charge carriers
between Mn4+ and Mn3+. Due to their low oxygen release at 700°C in reducing conditions PrMnO3-δ
and PrMn0.5In0.5O3-δ do not show a strong dependence of the electrical conductivity on the oxygen
partial pressure in the range from air to p(O2)=10-20 kPa at a constant temperature of 700°C. The
small decrease in conductivity at very low oxygen partial pressures (p(O2)=10-16 kPa) indicates the
onset of the oxygen release which results in a slightly lower amount of the holes acting as the
charge carriers. As indicated by TGA the partial substitution of Pr3+ by Sr2+ in Pr1-xSrxMnO3-δ and
Pr1-xSrxMn0.5In0.5O3-δ results in an increased loss of oxygen suggesting the materials not to be as
stable as prior to substitution. Furthermore the onset of oxygen release is shifted to higher p(O2).
This results in a decrease of the electrical conductivity which is much more pronounced and which
occurs already at higher p(O2) due to the reduced amount of holes acting as the charge carriers.
Although the oxygen ionic conductivity might increase due to an increased concentration of oxygen
vacancies, it does not counterbalance the effect of decreasing electronic conductivity. Figure 4a)
shows the onset of a plateau for Pr0.5Sr0.5MnO3-δ and Pr0.5Sr0.5Mn0.5In0.5O3-δ at the low p(O2) side,
which indicates that oxygen ions may become the prevailing charge carriers. Pr0.5Sr0.5MnO3-δ shows
the highest conductivity of the Pr1-ySryMn1-xInxO3-δ perovskites with a total conductivity of
135 S/cm at 700°C in air and argon which slightly decreases to 105 S/cm at p(O2)=10-14 kPa. At
even lower oxygen partial pressures the total conductivity decreases drastically before it seems to
reach a stable plateau. Since thermogravimetric analyses revealed considerable weight losses for
Pr0.5Sr0.5MnO3-δ already at 700°C a possible influence of incipient phase decomposition on the total
conductivity should also be considered. Insulating phases such as metal oxides might temporarily
emerge during the phase decomposition processes and could also be held responsible for a decrease
in conductivity. However, the conductivity drop already appears at p(O2)~10-14 kPa, which is above
the value of the thermogravimetric analyses (p(O2)~10-20 kPa) where the weight losses have been
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observed. Therefore the conductivity drop in figure 4a) points towards a change in transport
properties rather than a phase decomposition.

Fig. 4: Oxygen partial pressure dependence of the conductivity for a) Pr1-xSrxMn1-yInyO3-δ
perovskites and b) Pr1-xSrxInO3-δ perovskites at 700°C
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Figure 4b) shows that the materials without any manganese (PrInO3-δ and Pr0.5Sr0.5InO3-δ) exhibit a
completely different oxygen partial pressure dependence of the conductivity. First of all their
conductivities are much lower and in contrast to the afore mentioned manganese containing samples
the conductivity is stable within a broad range and increases at low p(O2) indicating n-type
conductivity. PrInO3-δ shows a conductivity of 2·10-6 S/cm from air to p(O2)=10-14 kPa which can
be drastically increased by 3 orders of magnitude by a substitution of 50 mol% strontium for
praseodymium. Owing to the absence of mobile electrons/holes at the B-site the oxygen partial
pressure dependences of the electrical conductivity have a different character for PrInO3-δ and
Pr0.5Sr0.5InO3-δ. The two materials PrInO3-δ and Pr0.5Sr0.5InO3-δ are suspected to be ionic conductors
since strontium substituted LaInO3-δ has already been reported to be either an oxygen ionic or
protonic conductor depending on the temperature and oxygen partial pressure [11,12]. The ionic
conductivity of LaInO3-δ reaches a value of σi=7.3·10-5 S/cm at 700°C in air which can be increased
by a substitution of strontium for lanthanum [20]. Since there are no multivalent ions included in
the B-site the A-site substitution in Pr1-xSrxInO3-δ is possibly accompanied by a formation of oxygen
vacancies to maintain the charge neutrality. Thus the oxygen ions find much more possible
pathways to perform their diffusive jump from their position in the lattice to an adjacent vacancy.
Finally the conductivity of Pr0.5Sr0.5InO3-δ reaches a constant value of 3·10-3 S/cm from air to
p(O2)=4·10-16 kPa at 700°C and increases at lower oxygen partial pressures. Similar values of the
oxygen ionic conductivity have been reported for La0.9Sr0.1InO3-δ with σi=5.4·10-3 S/cm at 700°C in
air [21]. Since the intended perovskite composition Pr0.5Sr0.5InO3-δ was not achieved due to a limit
of Sr2+-solubility, the effect of the secondary phase SrIn2O4 needs to be clarified in terms of
conductivity. SrIn2O4 is known to have semiconducting properties with a large bandgap of 3.6 eV
[22]. Therefore it seems to be likely, that the perovskite 1/(1-x) Pr0.5Sr0.5-xIn1-xO2.75-2.5x is a better
oxygen ionic conductor than indicated by the electrical measurements since the level of
conductivity might be deteriorated due to a dilution of the conductive perovskite phase with the
insulating secondary phase.

Conclusions

For the compositions Pr0.5Sr0.5Mn0.5In0.5O3-δ, Pr0.5Sr0.5InO3-δ, and SrMn0.5In0.5O3-δ phase purity
could not be achieved. A secondary phase formation took place which has been identified as
SrIn2O4. With the aid of former investigations of manganese and praseodymium valence states the
solubility limit of Sr2+ in the praseodymium network of the Pr1-xSrxMn1-yInyO3-δ (y=0.5; 1)
perovskites can be estimated to be x=0.2…0.3. However, the compositions PrMn1-yInyO3-δ (y=0.0,
91

Non-Stoichiometry, Thermal Expansion, and Electrical Properties of Pr1-xSrxMn1-yInyO3-δ Perovskites

0.5, 1.0) and Pr0.5Sr0.5MnO3-δ could be indexed as orthorhombic phases and SrMnO3-δ as a
hexagonal one. Increasing amount of indium leads to an increase of the unit cell parameters and
therefore also of the unit cell volume since the radius of trivalent indium (r=0.800 Å) is much larger
than the one for trivalent manganese (r=0.645 Å). Substitution of 50 mol% strontium for
praseodymium in PrMnO3-δ leads to a slight decrease in the unit cell volume which is due to the
associated valence change of the B-site ion manganese from Mn3+ to a mixed valence state between
Mn3+ (r=0.645 Å) and Mn4+ (r=0.530 Å) in order to obey the electroneutrality condition.
In terms of conductivity and thermal expansion the composition Pr0.5Sr0.5MnO3-δ is a promising
candidate for the application as the cathode material in an IT-SOFC or even LT-SOFC. The total
conductivity reaches 135 S/cm at 700°C and is not dependent on the oxygen partial pressure in the
range from air to 2·10-3 kPa (argon) which is already below the oxygen partial pressure being
expected to occur in the cathode side of a solid oxide fuel cell during operation. However, the
substitution of praseodymium by strontium in general destabilizes the compounds, i.e. the materials
start to release oxygen already at higher oxygen partial pressures at a constant temperature.
Nevertheless the coefficient of thermal expansion of Pr0.5Sr0.5MnO3-δ did not vary between air and
argon and matches the values of state of the art electrolyte materials YSZ and GdC. Substitution of
trivalent indium for the transition metal manganese decreases the available hopping sites for the
charge carriers and consequently lowers the conductivity drastically. The total conductivity of
PrInO3-δ and Pr0.5Sr0.5InO3-δ is supposed to be of oxygen ionic nature since there are no multivalent
B-site cations incorporated. Pr0.5Sr0.5InO3-δ shows a constant ionic conductivity of 3·10-3 S/cm from
air to p(O2)=4·10-16 kPa. However, Pr0.5Sr0.5InO3-δ is not phase pure and the conductivity is reduced
by the insulating secondary phase SrIn2O4. The theoretically calculated solubility limit of Sr2+ in the
praseodymium network should be confirmed by experimental results in order to measure the
corresponding oxygen ionic conductivity which is expected to be much higher than indicated in this
work.
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X.

Validation of the Potential Map

The potential map of perovskites suggests the d-electrons to change from the semi-conducting state
to the itinerant state depending on the composition of the perovskite. Thereby a compositional
change in the ABO3 perovskite results in a change of the Coulomb-potentials of the A- and/or the
B-site cation which influences the overlap of the anionic pπ-orbitals and the t2g orbitals of the
B-cation along which the charge carriers move. State-of-the-art SOFC cathode materials are located
close to the borderline of changing conduction behavior.
Pr1-xSrxMn1-yInyO3-δ perovskites have been chosen in order to cross the suggested line of changing
conduction behavior in the potential map of perovskites. In the present case a stepwise B-site
substitution from manganese to indium should be sufficient in order to undergo this change. The
compositions have been prepared using the solid state reaction method. Although previous
calculations of Goldschmidt’s tolerance factor indicated the formation of perovskite structures in
each case the compositions Pr0.5Sr0.5Mn0.5In0.5O3-δ, Pr0.5Sr0.5InO3-δ, and SrMn0.5In0.5O3-δ were not
phase pure. A secondary phase formation took place which has been identified as SrIn2O4. Except
SrMnO3-δ (hexagonal) the phase pure materials have been orthorhombically indexed.
Nevertheless all of the prepared compositions have been investigated in terms of the temperature
dependence of their total electrical conductivity. The temperature dependences of the conductivities
in air show positive values for the entire compositions, i.e. a semi-conducting behavior of the
electrical conductivity which can be attributed to the small polaron hopping model for electronic
charge carriers.
Investigations of the stability, thermal expansion, and conductivity at reduced oxygen partial
pressures revealed the perovskites with only praseodymium at the A-site to be the most stable ones.
A substitution of praseodymium by strontium leads to a lower temperature stability. Indium
addition shifts the onset of the oxygen release to higher temperatures. Pr0.5Sr0.5MnO3-δ shows
acceptable conductivity values in terms of an application as a SOFC cathode material. The total
conductivity reaches 135 S/cm in air and argon and the thermal expansion coefficient fits well to
state-of-the-art electrolytes such as YSZ and GdC. With increasing amount of indium the total
conductivity decreases in all series PrMn1-yInyO3-δ, Pr0.5Sr0.5Mn1-yInyO3-δ, and SrMn1-yInyO3-δ.
Furthermore the activation energy increases with increasing indium content. The compositions
without any manganese, namely PrInO3-δ and Pr0.5Sr0.5InO3-δ show most probably oxygen ionic
conductivities.
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The original intention of this survey has been the validation of the potential map of perovskites. As
previously mentioned all of the investigated compositions show a positive temperature dependence
of the conductivity in air and no indication for the expected change to the itinerant state of the
d-electrons. In order to ensure the right positions of the materials in the potential map of perovskites
the knowledge of the true valence states and therewith associated the true radii is essential. Since
both praseodymium and manganese are multivalent ions the theoretical calculation of the materials
position in the potential map of perovskites (compare figure 1 in chapter V) may show considerable
deviations to the accurate positions. In order to eliminate one possible source of inaccuracy the true
valence states of praseodymium and manganese in the Pr1-xSrxMn1-yInyO3-δ perovskites have been
acquired by XANES and ELNES measurements as described in chapter VII. With the knowledge of
the true valence states the associated true average radii can be calculated as a weighted average. The
results are depicted in figure 1 which includes the theoretical positions and the positions which have
been calculated from the results which are revealed by XANES and ELNES investigations. Figure 1
also contains the results for the two assumed oxygen ion conductors PrInO3-δ and Pr0.5Sr0.5InO3-δ as
well as for the compositions which are not phase pure.

Fig. 1: Potential map of perovskites showing the theoretical positions (circles) of the
Pr1-xSrxMn1-yInyO3-δ perovskites and the ones calculated from the results of XANES
(squares) and ELNES measurements (triangles)

96

Validation of the Potential Map

As can be deduced from figure 1 there are certain differences between the assumed positions by
previous theoretical calculations and the novel calculated positions from the results obtained by
XANES and ELNES. However, even the comparison of the positions revealed by XANES and
ELNES investigations show slight deviations. Nevertheless the positions are still mainly located in
the expected area of the potential map which was suggested by the previous theoretical calculations.
For the PrMn1-yInyO3-δ perovskites the results calculated from the valence states as revealed by
ELNES confirm the theoretical ones. XANES results show a vertical shift to larger ZA/rA so that the
positions are located entirely in the part of localized electrons. However, for the other compositions
the shift is mostly directed into the area of itinerant electrons. Furthermore the position shifts are
relatively small so that the theoretical positions are closely located to the ones which are newly
obtained. Therefore it can be concluded, that the positions of the materials in the potential map may
vary depending on the method of acquiring the valence states. However, the variations of the
valence states are small and do not introduce serious shifts of the perovskite positions.
Due to these results the presumed nonconformity of the conductivity measurements with the theory
of the potential map has to be related to another issue. The reevaluation of the original approach of
the potential map of perovskites reveals that there are only simple ABO3-δ perovskites included.
Therefore the decision to include perovskites with the structure A’1-xA”xB’1-yB”yO3-δ and the
therewith associated calculation of weighted average valence states and radii might not be justified.
Although measurements of the valence states might reveal proper values, the calculation of the
average radii can still be uncertain due to the possibility of B-site ordering as described in
chapter IV. However, in the case of Pr1-xSrxMn1-yInyO3-δ perovskites a cation ordering and the
associated lattice contraction could not be observed by XRD. The unit cell volumes increased with a
stepwise substitution of manganese by indium which is due to the larger radius of the trivalent
indium cation compared to the radii of manganese in the tri- and tetravalent state. A lattice
contraction has been observed for the substitution of 50 mol% praseodymium by strontium which
can be correlated to the reduced average manganese radius due to its increased valence state in
order to keep the electroneutrality.
Nevertheless the issue of crystal structure might play an important role. Perfectly cubic ABO3-δ
structures reveal a B-O-B bond angle of 180°. As soon as there is a drift away from the perfect
cubic structure this bond angle decreases which has an effect on the integral overlap of the orbitals.
Decreasing bond angles narrow the conduction band and increase the band gap. This implies that
for structures which are away from cubic symmetry (as it is the case for Pr1-xSrxMn1-yInyO3-δ
perovskites) the theory of interacting orbitals needs to be revised if it is still fully applicable or if it
needs an adjustment according to the bond angles. However, since some of the ABO3-δ perovskites
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which are included in the original potential map of perovskites do also not crystallize in the perfect
cubic structure the influence of the bond angle decrease on the orbital overlap is possibly not as
crucial as assumed. Nevertheless it is an issue which also has to be considered in the theory.
On the way of trying to solve the problem of the nonconformity of theory and experiment also the
choice of the elemental composition of the Pr1-xSrxMn1-yInyO3-δ perovskites needs to be critically
reviewed. Since strontium and manganese are already included in the original potential map both
are not subject to any discussion. Except its two possible valence states praseodymium is
chemically very similar to lanthanum which is also included in the original map. Therefore the
focus is put on the trivalent indium ions which possess fully occupied 3d- and 4d-shells. Therefore
indium was supposed to be an inert constituent which affects the average radius of the B-site cation.
Since the trivalent state is stable, there is no benefit for indium ions to participate in the exchange of
electronic charge carriers. On the one hand this leads to a decreasing total conductivity with
increasing indium concentration. However, on the other hand this fully occupied d-shells might be a
reason that indium does not belong to the group of B-site ions for which the approach is applicable
since only ions with partially filled d-shells take part in the conduction process along the B-O-B
bonds of the perovskite structure.
The original intention of the potential map has been the classification of perovskites according to
the states of their d-electrons which have been recorded at room temperature. This convenient
approach and the detail that state-of-the-art perovskite materials for SOFC cathodes are located
close to the borderline of changing conduction behavior are attractive facts to apply the approach
additionally as a tool to find new materials to be applied in high temperature electrochemical
devices. The valence states obtained by XANES and ELNES result from room temperature
measurements and should therefore lead to reliable positions according to the original approach.
However, the temperature dependence of the total electric conductivity has been measured from
room temperature up to 900°C but has been related to the positions obtained from room temperature
measurements. Although the Pr1-xSrxMn1-yInyO3-δ perovskites did not show considerable weight
losses in air up to 1000°C perovskite materials usually release oxygen at elevated temperatures
which has an influence on the valence states of multivalent ions. This may lead to considerable
position changes in the potential map of perovskites depending on the temperature due to different
average valence states and average radii. Furthermore the crystal structure may change to higher
symmetries at elevated temperatures and the bond angle will approach 180° with increasing
temperature. Both facts also have an influence on the integral orbital overlap. Therefore the
correlation of this room temperature approach with material properties which are obtained at
elevated temperatures might not be justified.
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Since the borderline of changing conduction behavior was not subject of this survey the shape and
the position have been adopted from the original approach. Nevertheless the linearity of the line is
uncertain since large A-site Coulomb-potentials may overcompensate low B-site Coulombpotentials and vice versa. Therefore the two distinct regions in the potential map could be divided
by a differently shaped borderline. As a result the position of a certain perovskite material could be
assigned to the other electronic state. Depending on the temperature the borderline may also shift to
other regions of the potential map of perovskites.
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XI.

Conclusions

Although some compositions of the Pr1-xSrxMn1-yInyO3-δ perovskites are located in the itinerant part
of the potential map of perovskites the temperature dependence of the electrical conductivity in air
is positive (semi-conducting behavior) for each material investigated in this survey. Even though
possible sources of inaccuracy have been addressed, the strategy to structure the states of
d-electrons of perovskites according to compositional changes could not be confirmed for the
Pr1-xSrxMn1-yInyO3-δ perovskites. Nevertheless the successful application of this promising approach
should be investigated more in detail for other perovskite systems.
Initial theoretical considerations revealed, that structural parameters such as Goldschmidt’s
tolerance factor t, critical radius rcr, and lattice free volume Vf only give certain tendencies when
they are calculated for certain material compositions. They should not be used as a sufficient
condition in order to describe the evolution of a material property with a stepwise change in
composition due to substitution processes. A redundancy between these structural parameters is also
existent since they are all based on the radii of the constituent ions. Although differently indicated
by the calculation of Goldschmidt’s tolerance factor not all of the intended compositions formed
phase pure perovskites. Due to a solubility limit of Sr2+ in the praseodymium networks of
Pr1-xSrxMn0.5In0.5O3-δ and Pr1-xSrxInO3-δ the substitution of 50 mol% strontium for praseodymium
resulted in a formation of the secondary phase SrIn2O4.
In general increasing substitution of manganese by indium leads to decreasing total conductivity
and increasing activation energy. Indium does not actively take part in the process of exchanging
electronic charge carriers and acts as a diluting agent. Nevertheless indium addition shifts the onset
of the oxygen loss in reducing atmospheres to higher temperatures. However, if the material starts
to release oxygen the process is much more pronounced and faster when indium is incorporated.
Partial substitution of strontium for praseodymium increases the amount of Mn4+ charge carriers
and therefore increases the total conductivity. However, addition of strontium decreases the
temperature stability in reducing atmospheres. The substitution of praseodymium by strontium is
therefore a compromise between good conductivity values and temperature stability. For the
application as cathode material in intermediate or low temperature fuel cells Pr0.5Sr0.5MnO3-δ seems
to be adequate. It shows acceptable total conductivities of 135 S/cm at 700°C which do not depend
on the oxygen partial pressure between air (p(O2)=20 kPa) and argon (p(O2)=2·10-3 kPa).
Furthermore the thermal expansion coefficient fits well to electrolyte materials such as YSZ and
GdC. Due to the absence of multivalent B-site ions the perovskites with only indium at the B-site
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show oxygen ionic conductivity. Although there is a second phase formation in Pr0.5Sr0.5InO3-δ it
reaches conductivities of 3·10-3 S/cm at 700°C and in the oxygen partial pressure range from air to
p(O2)=4·10-16 kPa.
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XII. Outlook

The approach of the potential map of perovskites, which describes a change of the state of
d-electrons due to compositional changes, could not be validated for the Pr1-xSrxMn1-yInyO3-δ
perovskites. Nevertheless with the knowledge gained during this survey a few restrictions and
suggestions can be stated for further investigations:

-

To re-start the validation process simple ABO3-δ perovskites should be investigated. Later
on partial substitutions can be made on the A-site and on the B-site to investigate the
influence of substitutions. With a stepwise substitution it is possible to track the evolution of
the crystal structure. This also prevents the possible influence of B-site ordering which could
be investigated at a later stage.

-

In order to further validate the approach it seems to be necessary to use B-site ions with only
partially filled d-shells, i.e. ions with fully occupied d-shells (e.g. In3+) should be excluded.

-

Measurement techniques such as XANES and ELNES are helpful in order to investigate the
true valence states of multivalent ions and the therewith associated radii. However, it would
be helpful to perform such measurements also at elevated temperatures in order to gain
knowledge about the materials behavior at operating conditions.

-

The same holds for high temperature X-ray diffraction analyses in order to follow structural
changes more in detail also at elevated temperatures.

-

Additionally it would be helpful to produce perovskite compositions with a structure close
to the cubic one in order to minimize one source of inaccuracy. Perovskites with structures
close to the cubic one show B-O-B angles close to 180° and therefore the influence of band
narrowing could be minimized.

-

Nevertheless with the analysis of e.g. EXAFS data (extended X-ray absorption fine
structure: also a part of X-ray absorption spectroscopy like XANES, but at energies above
the absorption edge) information can be extracted which describes the fine structures, i.e.
coordination numbers, ionic distances and therefore bond lengths and also bond angles.
Such information would have a tremendous impact on further understanding of the approach
of overlapping orbitals.
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-

After all the potential map could be designed for different temperature regions since some
perovskite materials show a transition from a positive to a negative temperature dependence
of their total conductivity at certain elevated temperatures.

-

Depending on the high temperature positions of the materials the position of the borderline
might also need a fine adjustment. So far the present shape and position of the borderline is
adopted from the original approach.

The materials investigated here have been produced in order to validate the potential map of
perovskites. However, the materials have not been tuned in terms of their application potential.
Therefore it seems to be likely, that for instance the conductivity of the promising material
Pr0.5Sr0.5MnO3-δ can still be enhanced by a different production route or in general by a fine tuning
of the A-site composition. In terms of maximum electrical conductivity the ratio Mn3+/Mn4+ should
be close to unity. Furthermore it is worthwhile to investigate the oxygen exchange and oxygen
transport properties in order to compare this material with competing state-of-the-art SOFC
cathodes. In order to further investigate the promising oxygen ionic conductivity of the A-site
substituted PrInO3-δ the solubility limit of strontium in the praseodymium network needs to be
studied more in detail.
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Preparation of the compounds Pr1-xSrxMn1-yInyO3-δ

The

intended

perovskite

compositions

PrMn1-yInyO3-δ

(y=0.0,

0.25,

0.5,

0.75,

1.0),

Pr0.5Sr0.5Mn1-yInyO3-δ (y=0.0, 0.5, 1.0), and SrMn1-yInyO3-δ (y=0.0, 0.5) have been prepared by the
solid state reaction route. Appropriate amounts of the raw materials (oxides and/or carbonates,
table 1) were ball milled with zirconia grinding balls (diameter: 3 mm) for 96 hours in isopropanol.

Tab. 1: Raw materials for the preparation of Pr1-xSrxMn1-yInyO3-δ perovskites
raw material

Supplier

CAS No.

database No.

Pr6O11

Auer-Remy, Germany

12037-29-5

1147

SrCO3

Cerac Incorporated, USA

1633-05-2

88.6

MnO2

Fluka AG, Switzerland

1313-13-9

310.1

In2O3

Alfa Aesar, Germany

1312-43-2

1129.1

After subsequent drying the powder mixtures were calcined in air at temperatures ranging from
1100°C to 1200°C with different dwell times. Following this solid state reaction the powders were
reground in a planetary ball mill PM 400 (Retsch, Germany) for 3 hours at 300 rpm with zirconia
grinding balls (diameter: 1 mm) in isopropanol. Afterwards the particle size distribution has been
determined with a particle size analyzer LS230 (Beckman Coulter, USA). An average particle size
between 1 µm and 5 µm was considered to be advantageous for the following pressing process. Dry
powders were uniaxially pressed (50 MPa) into bars with an approximate length of 50 mm and a
cross-sectional area of roughly 4 x 4 mm. The bars were then sintered in air (1300°C to 1450°C) in
powder beds of yttria stabilized zirconia. Table 2 displays the details about the calcination and
sintering conditions. X-ray analyses have been performed after the solid state reaction and after
sintering in order to control the crystallographic phases. Except PrInO3-δ (greenish) and
Pr0.5Sr0.5InO3-δ (brownish) the entire samples have been black. For further investigations such as
X-ray analyses or measurements of the electrical conductivity the sample surfaces have been
ground in order to prevent incorrect results due to oxide layers at the surface.
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Tab. 2: Conditions for calcination and sintering of Pr1-xSrxMn1-yInyO3-δ perovskite compositions
sample identification
intended composition

Label

PrMnO3-δ

calcination

planetary mill

sintering

T in °C

dwell in h

d50 in µm

T in °C

dwell in h

M1

1200

12

0.98

1400

15

PrMn0.75In0.25O3-δ

M2

1200

4

1.17

1450

4

PrMn0.5In0.5O3-δ

M3

1200

4

1.25

1450

4

PrMn0.25In0.75O3-δ

M4

1200

4

2.48

1450

4

PrInO3-δ

M5

1200

4

2.98

1450

4

Pr0.5Sr0.5MnO3-δ

M6

1100

10

1.42

1400

15

Pr0.5Sr0.5Mn0.5In0.5O3-δ

M7

1100

10

1.14

1400

15

Pr0.5Sr0.5InO3-δ

M8

1100

10

1.47

1400

15

SrMnO3-δ

M9

1100

10

2.52

1400

15

SrMn0.5In0.5O3-δ

M10

1100

10

-

1300

15
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Conductivity Measurements as a Function of Oxygen Partial Pressure

The materials under investigation are supposed to be applied in high temperature electrochemical
devices. Depending on their properties at different temperatures and oxygen partial pressures their
final application may vary. In order to characterize the materials accordingly it should be possible to
simulate different prevailing conditions during the measurement of the electrical conductivity.
Therefore a test bench has been built where the samples can be heated up to 1200°C while their
electrical resistance is constantly recorded. An existing furnace has been used and upgraded with a
transformer, a controller, a gas supply unit, an oxygen analyzer, and a multimeter (figure 1) in order
to fulfill the requirements. Finally the electrical conductivity can continuously be monitored as a
function of the temperature and the oxygen partial pressure.

Fig. 1: Principle of the test bench for monitoring σ=f(p(O2), T). In the bottom center the furnace is
shown in which the sample is located. Platinum wires are lead outside via horizontal
alumina tubes to the fixed base where the connectors and also the gas inlet and outlet are
located.
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Due to the given dimensions of the furnace and the furnace tube, the maximum size of the sample
holder and therefore also the sample size have been predetermined. However, the limited space
inside the furnace also results in a small free volume which has to be flushed with the gases and a
fast gas exchange in the measurement chamber can be realized. Figure 2 shows a contacted sample
in the sample receiver. The push rod is spring loaded in order to accommodate samples of different
lengths. It has four capillaries through which platinum wires are led (I+, I-, U+, U-). The current load
is realized by one platinum wire at the end of the push rod and another one which passes beneath
the sample until the end of the receiver (the small loop of platinum wire at the top of the inner tube
in figure 2). It is prevented from touching the sample by an alumina plate on top of which the
sample is located. Two platinum wires leave the push rod on the sides and serve as contacts for
measuring the voltage drop. A thermocouple can be adjusted according to the sample size in order
to measure the correct sample temperature.

Fig. 2: Contacted sample in the sample receiver: the current load is realized by contacts at the two
ends of the sample and the voltage drop is measured at the two additional platinum wires;
the thermocouple can be adjusted in order to measure the temperature close to the sample
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Sintered samples provided the basis for 4-point DC measurements as a function of temperature and
oxygen partial pressure using either a Milli-Ohmmeter RESISTOMAT 2318 (Burster
Praezisionsmesstechnik GmbH & Co KG, Germany) or a Keithley Multimeter Model 2750/E
(Keithley Instruments, Inc., USA). Bar-shaped samples with an approximate length of 25…35 mm
and a cross-section of approximately 3 x 4 mm2 were used whereby the planar ends served as
contact area for the current loads and the contacts to measure the voltage drop were made by wiring
platinum wires around the sample. Both the planar ends and the wired area were painted with
platinum paste (CL11-5100, W. C. Heraeus GmbH & Co. KG, Germany) to ensure good contacting
between the sample and the measurement device. The atmosphere for the conductivity
measurements was adjusted using a flowing gas-mixture of N2, Ar, O2 and a mixture of 4 % H2 and
96 % N2 (Carbagas, Switzerland) regulated by mass-flow-controllers (Voegtlin Instruments,
Switzerland). Hydrogen containing gases were saturated with water by bubbling the gases through a
water bath at room temperature to stabilize the oxygen partial pressure. The oxygen content of the
atmosphere was recorded at the gas inlet of the furnace via a Rapidox 2100 Oxygen Analyser
(Cambridge Sensotec Limited, England).
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