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Abstract

The presented thesis contains and condenses seven original research articles on the
solid-state chemistry of the cubic perovskite-type oxides (Bag 551 5)(Cog sFeg.2)Os_s
(denoted as BSCF) and (Bag 5Sr¢5)(FegsZng2)O3_5 (denoted as BSFZ), which are
used as oxygen separating membranes.

Throughout this work integrative investigations such as results derived from pow-
der X-ray diffraction (XRD) and oxygen permeation experiments, are correlated
with microscopic investigations derived from analytical electron microscopy (AEM).
Results of the synthetic process towards BSCF and BSFZ powders via the com-
monly used sol-gel route are reflected in the first part of this thesis and are sum-
marised in chapters 2 and 3. Parallels as well as fundamental differences have
been found in the formation of BSCF and BSFZ. While the first part of the syn-
thesis is similar for both materials, the successive steps are different because of
the particular electronic spin-state behaviour of cobalt in BSCF. This generates
a large difference in the calcination temperatures necessary to synthesise the final
perovskites structures. In the case of BSCF, the temperature has to be set to T
= 1173 K, while the BSFZ can already be obtained at T = 1023 K.

The local charge disproportion in sintered BSCF membranes was investigated by
in situ electron energy-loss spectroscopy (EELS) on the ionization edges of cobalt,
iron and oxygen using monochromised electrons, where the results are discussed
in chapter 4. In order to investigate the electronic structure of BSCF, the cobalt-
Ly 3, the iron-Ls 3, and the oxygen K-edge were examined. The overall B-site was
shown to decreases from +2.7 at T = 298 K to +2.3 between T = 773 K and T =
1223 K, where the stronger effect was at the cobalt site.

A summary of the CO5 stability of BSCF membranes under oxygen permeation
conditions is presented in chapter 5. Pure CO, on the permeate side yielded an
immediate cessation in the oxygen permeation at T = 1148 K. It has been found
that both the microstructure as well as oxygen permeation are recovered in a
pure helium atmosphere. This indicates a reversible reaction with COs, which
has been found to penetrate the membrane only to a maximum depth of 50 um.
Furthermore, BSCF membranes are capable of sustaining CO, for 120 min if the
04:CO4 ratio does not fall significantly below 2:1 at T = 1148 K.

Chapter 6 deals with the microstructure’s influence on the oxygen permeation be-
haviour. Liquid-phase sintering with different concentrations of BN as a sintering
aid was applied to adjust the grain size distribution in both BSCF and BSFZ mem-
branes. Oxygen permeation experiments have shown that, the lower the average
grain size, the lower the oxygen permeation performance. TEM revealed that no
amorphous layer or any other interfacial phase was present at the grain boundary.







Zusammentassung

Die vorliegende Arbeit umfasst sieben Forschungsarbeiten zur Festkorperchemie
der kubischen perowskitischen Oxide (Bag5Srq5)(CogsFep2)O3-_s (BSCF) und
(Bag 5Srg.5)(FepsZng2)Os_5 (BSFZ) fiir die Sauerstoffabtrennung aus Gasgemischen.
Der methodische Ansatz dieser Arbeit besteht dabei in der Korrelation von inte-
grativen mit mikroskopischen Untersuchungsmethoden.

In Kap. 2 und 3 sind die Ergebnisse zur Untersuchung des Sol-Gel Synthesepro-
zesses der perowskitischen Oxide BSCF and BSFZ zusammengefasst. Wahrend
die ersten Schritte der Syntheseprozesse sehr dhnlich verlaufen, zeigen sich Unter-
schiede im weiteren Verlauf der Reaktion, welche auf das unterschiedliche Elek-
tronenspinverhalten des Cobalts zuriickzufiihren sind. Dieser Unterschied wirkt
sich mafigeblich auf die notwendigen Calcinationstemperaturen fiir die vollstandige
Reaktion zum kubischen Perowskiten aus. Kann BSFZ bereits bei Calcinations-
temperaturen von 1023 K synthetisiert werden, sind im Fall von BSCF Tempera-
turen von mindestens 1173 K notwendig.

Die Untersuchung der temperaturabhéngigen lokalen Ladungsverteilung in gesin-
terten BSCF-Membranen wurde mittels monochromatisierter Elektronen-Energie-
Verlust Spektroskopie (EELS) durchgefithrt und wird in Kap. 4 besprochen. An-
hand der Cobalt-Ly 3, der Eisen-Los und der Sauerstoff K-Kante wird gezeigt,
dass die gemittelte kationische B-Seite eine Valenz von +2.7 bei 298 K und +2.3
zwischen 773 - 1223 K aufweist und dass die Reduktion vornehmlich an Cobalt
stattfindet.

Kap. 5 analysiert die COo-Stabilitdt von BSCF-Membranen wéhrend Sauerstoff-
permeationsexperimenten. Reines COqy bewirkt, dass die Sauerstoffpermeation bei
einer Temperatur von 1148 K sofort zum Erliegen kommt. Sowohl Mikrostruk-
tur als auch Sauerstoffpermeation konnen jedoch in reinen Heliumatmosphéren
wiederhergestellt werden. Dies deutet auf eine reversible Reaktion von BSCF mit
COs hin, die eine Penetrationstiefe in die Membran von 50 pm nicht iiberschreitet.
Weiter zeigte sich, dass BSCF-Membranen eine COo-Toleranz vom mindestens 120
min bei 875 °C aufweisen, insofern ein Verhéltnis O,:CO4 von 2:1 nicht unterschrit-
ten wird.

Kap. 6 beinhaltet den Einfluss der Mikrostruktur von BSCF und BSFZ Membra-
nen auf die Sauerstoffpermeation. Fliissig-Phasen-Sintern mit unterschiedlichen
Konzentrationen von Bornitrid (BN) als Sinteradditiv wurde angewendet, um die
Korngrofkenverteilung dieser Membranen einzustellen. Es zeigte sich, dass kleinere
Koérner den Sauerstofftransport behindern, wahrend grofere Kérner den Sauer-
stofffluss begiinstigen. Anhand von TEM-Untersuchungen wurde deutlich, dass
die Korngrenzen keinerlei amorphe Filme oder andere Zwischenphasen enthalten.
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Preface

The presented thesis has been developed in the last 28 months during my work at
the Institut fiir Physikalische Chemie und Elektrochemie of the Gottfried Wilhelm
Leibniz Universitdt Hannover under the supervision of Prof. Dr. Jiirgen Caro.

In this time, I have been a scientific co-worker benefiting from the project FE 928
1-1 of the Deutsche Forschungsgemeinschaft. This project was conducted by Dr.
Armin Feldhoff and Prof. Dr. Haihui Wang.

Seven research articles are represented within this thesis. Five articles were writ-
ten by myself, whereas in two others I am the second author. In the following,
my contributions to these articles will be assigned. For all articles, I acknowledge
helpful discussions as well as support to the manuscript preparation from my co-
authors, particularly from Dr. Armin Feldhoff, Julia Martynczuk and Prof. Dr.
Haihui Wang.

The first two articles comprehend the synthetic process and the stability of the
perovskite-type oxide (BagsSrg5)(CopsFep2)Os_s (BSCF) and are presented in
chapter 2. All experimental results and data interpretation were done by my-
self within the first article, In situ Study of the Reaction Sequence in the Sol-Gel
Synthesis of a (BagsSros)(CoosFegs)Os_s Perovskite by X-Ray Diffraction and
Transmission Electron Microscopy. The second article in this assembly, Correla-
tion of the formation and decomposition process of the BSCF perovskite at inter-
mediate temperatures, was also written by myself and I acknowledge the fruitful
collaboration with Priv.-Doz. Dr. Thorsten Gesing on the X-ray refinements. He
measured the presented X-ray diffraction patterns at the Institut fiir Mineralogie
of the Gottfried Wilhelm Leibniz Universitdat Hannover, where the refinements and
the elaborated results regarding the X-ray diffraction experiments in this article
were done by him and me in equal shares. All other experiments and interpreta-
tion were carried out by myself.

In chapter 3, studies on the formation of the (BagsSro5)(FegsZng2)0s3_s (BSFZ)
perovskite-type oxide are summarized. Within this chapter, the first article How
(Bag 55105 ) (FeosZng2)Os_5 and (BagsSros)(CoosFegs)Os_s Perovskites Form via
an EDTA /Citric Acid Complexing Method was written by my colleague Julia Mar-
tynczuk. I kindly acknowledge the cooperation with her on this publication. My
contribution was to compare the initial stage of the reaction sequence of the BSFZ
to that of BSCF in order to draw a more general conclusion of the formation
process of perovskite-type oxides with similar stoichiometries. Additionally, I de-
livered support with the manuscript preparation.

Within the second article, The sol-gel synthesis of perovskites by an EDTA /citrate

5



complexing method involves nanoscale solid state reactions, sample preparation, ex-
periments, and data interpretation regarding the transmission electron microscopy
were conducted by Dr. Armin Feldhoff and me in similar shares. The Rietveld
refinement of the BSFZ was conducted by Priv.-Doz. Dr. Thorsten Gesing and
myself. Additionally, the investigation of the stuffed ~-tridymite-type structure
as an intermediate reaction product and the related discussion in this article was
done by me.

The article Local Charge Disproportion in a High Performance Perovskite in chap-
ter 4, regarding the temperature dependent and site specific charge disproportion
in BSCF, was elaborated together with Dr. Frans D. Tichelaar and Dr. Qiang Xu
from the National Centre for High Resolution Electron Microscopy at the Techni-
cal University of Delft, the Netherlands. I acknowledge the excellent collaboration
in acquiring the EELS data with their monochromised transmission electron mi-
croscope. Data processing and interpretation as well as manuscript preparation
was fully conducted by myself.

The investigation of BSCF in poisoning CO, atmospheres and the preparation of
the article, Influence of C'Oy on the oxygen permeation performance and the mi-
crostructure of perovskite-type (BagsSry5)(CoogFeys)Os_s membranes, presented
in chapter 5 was carried out entirely by myself at Prof. Dr. Haihui Wang’s sug-
gestion.

Membrane preparation, measurements of the oxygen permeation flux, and mem-
brane characterisation by X-ray diffraction and transmission electron microscopy
represented in the article, Grain boundaries as barrier for oxygen transport in
perovskite-type membranes, in chapter 6 were conducted by Konstantin Efimov
and me in equal shares.

The work on these materials was a great pleasure for me and I thank Prof. Dr.
Jiirgen Caro for the allocation of this research topic and for taking me as his
student. I am deeply indebted to him due to his excellent support in any kind
during my work in his group. His door was always open for me.

Furthermore, I thank Prof. Dr. Peter Behrens from the Institut fiir Anorganische
Chemie of the Gottfried Wilhelm Leibniz Universitat Hannover for his kind interest
in this work and for the acceptance to conduct the second expertise.

I greatly appreciate the professional supervision of the whole work by Dr. Armin
Feldhoff. Only due to his intensive assistance, the elaboration of this thesis became
a smooth and even quick process. At this point, I want to express my gratitude to
both Prof. Dr. Jiirgen Caro and Dr. Armin Feldhoff, because of their flexibility
regarding my timing in the spring of the year 2007.

The help of Prof. Dr. Haihui Wang, particularly with regard to the oxygen
permeation experiments, and the efficient discussions with him are also very kindly
acknowledged.

Writing down a doctoral thesis does mean that a lot of work has been conducted
priorily. Of course, that cannot be done without support from other people. There-
fore, I want to express my sincere thank to Dr. Cathrin Boeckler, and Konstantin
Efimov for sharing the office with me in such a nice manner and to the two Franks
for their calming influence — additionally to the people I mentioned already. Also,
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I thank all other group members for accomplishing a nice working atmosphere.
All mechanical and electronical issues, which arose during my time in this institute
did not turn into problems because of the great job done by the team of the me-
chanical workshop around Mr. Hartwin Bieder and done by Mr. Wolfgang Rogge,
respectively.

As a matter of fact, writing down a doctoral thesis does also mean that nice
people, who do not have anything to do with black powder or fast electrons, are
also getting involved. For their patience, my largest thank goes to my father
Stephan, Simone, Felix, Colin, Thomas, Jorg and my very good friends. Actually,
they are my fundament.
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1 Introduction

1.1 Mixed ionic and electronic conductors with perovskite
structure for oxygen separation

1.1.1 General considerations

Dramatic increases in the worldwide energy consumption coupled with the environ-
mental consequences of such increased consumption require more intelligent energy
usage. Improvements of established industrial processes, as well the development
of new techniques, are therefore necessary. Enhancements in the production of
pure oxygen or oxygen-enriched air, which have applications in the partial oxi-
dation of hydrocarbons, the synthesis of ammonia, the Claus-Process, and in the
furnace production of iron (to name only a few), would have immediate beneficial
consequences |1-7].

The most common methods for producing pure oxygen or oxygen-enriched air
are either by using the liquefaction of ambient air (Linde-Process) or by using
the pressure swing adsorption (PSA) [8]. These techniques are both energetically
and capitally intensive. Alternatives methods, such as those using membrane
technologies, are therefore desireable.

In view of prospective membrane processes, mixed ionic-electronic conducting
(MIEC) oxide membranes, based on a perovskite structure, are under considera-
tion for application in the industrial oxygen separating processes. Such membranes
can provide infinite oxygen permselectivies' next to remarkable high oxygen fluxes,
which meet the economic requirements [9]. Substitution of large scale cryogenic
facilities by membrane technologies seems to be rather improbable. However, in
the field of chemical processing, which includes the partial oxidation and oxida-
tive dehydrogenation of lighter hydrocarbons, and the employment as cathode
material in solid-oxide fuel cells (SOFCs), applications of perovskite membranes
seem to be promising. One other new and technologically promising method, the
Oxyfuel-process, might solve environmental problems with the exhaust emissions
from coal burning power plants. During the Oxyfuel-process, coal is burned with
a circulating mixture of fumes and pure oxygen. Product gases, such as water
and carbon dioxide, can be easily precipitated from the exhaust mixture, thereby
resulting in an exhaust free power plant. In the Oxycoal-AC-process, which is

IThe term permselectivity refers to the ratio of two or more different species that move through
a semipermeable membrane. Infinite permselectivity means that only one species can move
through the membrane.
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1. Introduction

basically a modified Oxyfuel-process, the oxygen delivery is realised by a MIEC
membrane. (see section 1.3.2 and [10,11]). Therefore, MIEC perovskite-type mem-
branes have attracted much interest in the last two decades, and it is likely that
MIEC perovskite-type membranes will find their way into the chemical process
technology in the near future [1,9,12-14].

The number of reported MIECs based on the perovskite structure is difficult to
survey, but in this large field, some materials have stood out and generated intense
study due to their exceptionally high oxygen fluxes and/or because of their excel-
lent phase stability. One of these famous materials is the (Bag 5Srq 5)(Cog sFeg2)O3_s
(denoted as BSCF') perovskite-type oxide, which exhibits one of the highest oxygen
permeation fluxes reported so far for a perovskite membrane as well as an excellent
phase stability over a wide temperature regime.? In the year 2000, the oxygen per-
meability as well as long-time phase stability of BSCF was first examined by Shao
et al. [15] and subsequent research has demonstrated the importance of BSCF.
Successful applications of BSCF in oxygen separation [15-18|, in membrane re-
actors [13,19-25], and as cathodes in SOFCs [14,26-28] have been previously
published. Despite the importance of BSCF in process applications, very little
basic research into BSCF has been conducted. Hence, research into understanding
of the formation process as well as of the long-time instability, which is strongly
related to the local charge disproportion of the transition metal cations in these
perovskites-type oxides, needs to be performed. Next to the long-time instability,
the effect of CO4 is an urgent issue that needs to be addressed since CO, is a
co-product in the partial oxidation of lighter hydrocarbons, which is one major
application of BSCF membranes.

Additionally, since BSCF membranes display ceramic properties and possess a
polycrystalline microstructure, the impact of the grain size distribution on the
oxygen permeation performance needs to be investigated since this directly relates
to economical issues.?

To gain deeper knowledge about these topics, the presented thesis condenses the
work from seven original research articles which focus on the solid state chemistry
of BSCF.

In order to draw more universal conclusions, the (BagsSro5)(FepsZng2)Os_s (de-
noted as BSFZ) perovskite was also investigated with regards to the synthetic pro-
cess as well as to the influence of grain size distributions on the oxygen permeation
performance. BSFZ was recently synthesised [29,30] to present an alternative to
BSCF due to BSCF’s poor long-time stability at intermediate temperatures. BSFZ
is also under consideration for prospective industrial applications.

Chapters 2 and 3 present an extensive study on the synthetic processes for BSCF
and BSFZ, and chapter 4 reports on the temperature dependent local charge dis-
proportion in BSCF'. In chapter 5 work into the CO, stability of BSCF membranes
under oxygen permeation conditions is presented. Finally, chapter 6 summarizes
the results of a study on the microstructure of BSCF and BSFZ membranes and
its impact on the oxygen permeability.

2At this point, the term phase stability is in reference only to short times, i.e. several hours.
3Tt is expected that the microstructure has a huge impact on the oxygen permeability, which
is directly connected to efficiency.
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1.1.

MIEC with perovskite structure for oxygen separation
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Figure 1.1: Matrix of the methodical approach of the presented thesis.”(XRD = X-
ray diffraction; TEM = transmission electron microscopy; EELS = electron energy-loss
spectroscopy; SEM = scanning electron microscopy; EDXS = energy-dispersive X-ray
spectroscopy.

The main goal of the presented thesis is to correlate integrative observations (i.e.
observations representing an average of the whole sample) with microscopic inves-
tigations for each topic. A matrix representing this methodical approach correlated
with the above mentioned topics can be found in fig. 1.1.

1.1.2  Structure of perovskite-type oxides

Compounds with ABOj3 stoichiometry (A = rare earth, alkaline earth; B = transi-
tion metal; O = oxygen) tend to form perovskite-type oxides, whereas the crystal
structure can be approximated by using Goldschmidt’s tolerance factor, ¢, which
is defined as the sum of the A-site cation’s and the oxygen ion’s radii divided by
the radii sum of the B-site cation’s and the oxygen ion’s radii multiplied by /2
(which follows from the Pythagorean Theorem as illustrated in Fig. 1.2).

2x (ra+710)=2%V2(rg+ro)
rA+To

V2(rp +10)
If t =1, the ideal cubic perovskite will be achieved as shown in Fig. 1.2.

An ideal undistorted cubic perovskite structure is relatively rare and realized in
SrFeO3 and SrTiOs. Several deviations from that are possible. For the case that

=>t=

5The domain coloured in light blue represents experiments that have not been carried out
during this work.
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1. Introduction

Figure 1.2: Geometric construction of Goldschmidt’s tolerance factor explained on the
ideal cubic perovskite structure.

the A-site cation has a small ionic radius, the tolerance factor decreases (t < 1),
which results in rhombohedral or orthorhombic distortions of the formerly cubic
structure. If the rare earth or alkaline earth is replaced by a transition metal
and t < 0.8, the ilmenite structure will be realised in the ABO3 compounds as is
the case with the mineral ilmenite FeTiO3. For ¢ > 1, the hexagonal perovskite
structure is found.

A convenient way to describe perovskite structures is to use the closest sphere
packing. The cubic and the hexagonal perovskite structure can be regarded as
hexagonally packed layers of A-site cations with oxygen ions (AO3). While the
stacking sequence of the (AO3) layers is ABCABCABC in cubic perovskites, the
stacking sequence for hexagonal perovskites is ABABABAB. Consequently, the
ideal cubic perovskite is based only on corner-sharing BOg octahedra, while the
hexagonal perovskite is build from chains of face-sharing BOg octahedra. The
ilmenite structure differs significantly from this building principle since only the
oxygen ions form a hexagonally close-packed structure, in which two-thirds of the
octahedral sites are occupied by both iron and titanium. Therefore, A-site and
B-site are equivalent in the ilmenite structure, which directly reflects the similarity
of A- and B-site cations in the ilmenite structure. Face- and edge-sharing A(B)Og
octahedra result from this building principle [31-34].6 Fig. 1.3 illustrates the three
different perovskite structures, simplified as connected BOg octahedra in the cubic
and the hexagonal perovskite structure and as connected A(B)Og octahedra in the
ilmenite structure.

According to the ionic radii presented by Shannon, the tolerance factors are t =
1.025 for BSCF and ¢ = 1.002 for BSFZ, where the weighted ionic radii from both
cations of the B-site as well as for the A-site were calculated in order to determine
the tolerance factor [35,36].” Hence, cubic perovskite structures with Pm3m sym-

6The ilmenite structure can be also derived from the cubic perovskite structure in which the
BOg are very strongly contorted in the direction of the room diagonale.

"Cobalt and iron were assumed to be in the +3 high spin state, and zinc was assumed to be
in +2 oxidation state. For a detailed discussion, see sections 2.3 and 4.2.
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1.1. MIEC with perovskite structure for oxygen separation

ilmenite structure cubic perovskite structure hexagonal perovskite structure

\\ sA%N A
// v// « /
\\l\\ ’\’\

FeTiO, BaNiO,
t<0.8 t=1 t>1
face- and edge-sharing corner-sharing face-sharing
octahedra octahedra octahedra

Figure 1.3: Survey of different ABQO3 perovskite-type structures. Displayed are the
BOg octahedra (in case of ilmenite: A(B)Og). Among these three ideal approximations,
several different distorted perovskite-type compounds have been reported.

metry were found [37,38]. However, this is only a simple approximation in order
to provide an idea of which structure might be formed, and a very important issue
has not been taken into account. By applying Goldschmidt’s tolerance factor, only
ionic bonding is consider important in these structures, which is generally not the
case. Following Goodenough and co-workers [34], strong contributions of covalent
bonding have to be considered, which will be discussed in the following section.
Another issue which has to be addressed in regards to deviations from the ideal
perovskite structure is oxygen non-stoichiometry. It is well known that perovskite-
type oxides tend to form oxygen vacancies in their crystal lattice. For example,
the above mentioned ideal cubic perovskite structure SrFeOs should actually be
written as SrFeO3_s with 3—¢§ = 2.97 in order to emphasise this non-stoichiometry.
Depending on the synthetic conditions, the stoichiometry of oxygen can largely
vary. For example, SrFeOs g7 with a more or less stoichiometric amount of oxygen,
can be successfully synthesised only under high oxygen pressures such as 500 atm
[39,40]. For BSCF, Mclntosh et al. reported an oxygen stoichiometry of 2.48 at
room temperature if the synthesis was carried out under ambient air conditions
[37], where the oxygen non-stoichiometry is balanced through the valence of the
B-site cation(s). In BSCF with stoichiometric oxygen, cobalt as well as iron should
be in the +4 oxidation state. However, at room temperature the average B-site
valence in BSCF is approximateley +2.7, according to McIntosh et al. [37], and,
from work presented in section 4.2 of this thesis, cobalt and iron are in the +2.6
and the +3 oxidation states, respectively. The average valence on the B-site is
therefore also +2.7. Under high temperature conditions (T ~ 1200 K') and low
oxygen partial pressures, the average valency of the B-site decreases actually down
to +2.4 [37] and +2.3 (see section 4.2). Considering that at least 20 % of the oxygen
positions remain vacant, the assumed octahedral coordination of the B-site cations
by oxygen is only a rough approximation.
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1. Introduction

1.1.3 Electronical considerations

Basically, the complex bonding conditions and the electronic structure in solids
can be described using two different concepts.

The first concept is based on the molecular orbital theory and is regarded as a
chemical view of solids. In the molecular orbital theory, the isolated atoms are
brought together to form a three dimensional array of atoms where, due to the
strong overlap of the individual atomic orbitals, molecular orbitals are created.
Within this atomic array, the molecular orbitals form bands, where the bandwidth
is determined by the overlap integral (i.e. extent of the orbital overlap) of the
molecular orbitals [31,41,42|. In metals where the coordination number is high,
the overlap integral is large, thereby resulting in a large bandwidth. This results
in a strong inter-band overlap, and hence, the electrons are mobile (also denoted
as delocalised or itinerant) throughout the whole crystal, and large electronic con-
ductivities are observed. Decrease in the overlap integral results in more separated
bands, finally resulting in isolated atomic orbitals. It is obvious that smooth tran-
sitions between the two limits are possible; however, predictions of the electronic
behaviour of solids are complex, particularly in case where several different kinds
of atoms or ions are involved.

The second major concept is based on the free electron gas theory and provides a
more physically motivated. In this approach, electrons are theoretically separated
from the atomic nuclei and are treated as an electron gas described by the three
dimensional Schrédinger equation for a free electron. Thus no interaction between
the nucleus and the electron wave is considered. The effect of the atomic nuclei
on the free electron waves can be included by introducing a potential term into
the Schrodinger equation, which can be adjusted for a particular solid in order to
describe the observed phenomena, for a detailed discussion see [43].

In the following discussion, the molecular orbital theory is used since it provides
a more intuitive picture of the electronic structure in perovskites. According to
Goodenough, the electronic structure of ABO3 perovskites containing 3d block
metals can be described in such a way that a bonding band with primarily oxygen
2p character is separated by a large energy gap of ~ 6 ¢V from an antibonding
band possessing cationic s and p character. These bands contribute very little to
the physical properties of the solid. The antibonding 3d orbitals of the transition-
metal parentage are located within the energy gap, and electrons within these
orbitals can be either localised or delocalised [34,44,45]. It follows from crystal-field
theory that under octahedral coordination, the five degenerated d-orbitals should
split into three 3 -orbitals and two eg-orbitals that are separated by the crystal
splitting energy. From symmetry considerations it follows further that the three
5,-0rbitals overlap with the nearest oxygen neighbours as well as with the nearest
cation neighbours. The two ej-orbitals overlap only with the neighbouring oxygen
atoms. Depending on the overlap integrals, the £3 - and ej-orbitals might form
bands, which can result in a narrow o*-band for the ej-orbitals or in narrow o*- and
m*-bands for both kinds of orbitals. A scheme showing a simplified band structure
as discussed above can be found in Fig. 1.4. It has to be emphasized at this point
that the oxygen p-orbitals are hybridised with both the metal d- and the outer
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1.2. Preparing perovskite-type membranes for oxygen separation

metal s- and p-orbitals in the transition-metal oxides,® which has been extensively
proven by electron energy-loss and X-ray absorption spectroscopy [46-55].

antibonding band antibonding band
primarily cation s and p character primarily cation s and p character

6*
TE,

valenc valen
primarily oxygen | primarily oxygen |

Figure 1.4: The simplified band structure in perovskites with a B-site transition metal in
d® (low-spin) configuration. The left part displays fully localised antibonding 3d-orbitals
split by the octahedral ligand field, whereas the right part exhibits fully delocalised
antibonding 3d-orbitals, i.e. o* and 7 bands. E, is the energy band gap.

This overlap also introduces an amount of covalency into this bonding, which re-
duces some charge from the metal cation and therefore leads to different ionic
radii observed in these structures than reported by Shannon [35]. The transi-
tion localised vs. itinerant electrons is the key to understanding the electronic
behaviour of perovskites and other transition metal oxides [34,42,44]. For BSCF,
semiconductivity has been reported [18|, which might be explained by the forma-
tion of a o*-band next to the ¢3 -orbitals. Since the energy gap between the filled
t3,-orbitals and the o*-band is small (= 1-2 eV), semiconductivity can be readily ra-
tionalised and is important, when discussing and observing mixed ionic-electronic
conductivity in perovskite-type oxides.

1.2 Preparing perovskite-type membranes for oxygen sep-
aration

1.2.1 Raw perovskite powders

To prepare perovskite-type oxygen separating membranes, the desired perovskite-
type oxides had to first be synthesised in a powder shape. Several methods are
available for powder preparation, which can be classified into:

1. solid state reactions
2. liquid phase reactions

3. vapour phase reactions

8They also include the perovskite-type oxides.
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In the particular case of BSCF and BSZF perovskite-type oxides, solid state re-
actions and liquid phase reactions are practical. In terms of the classical solid
state method, powders from the educt phase(s) are first finely ground (or even
ball milled) together and then heated to high temperatures for several hours or
days. This method is also called the ceramic method and is widespread used in
both industrial and laboratory settings [42,56,57|. Issues, which may arise by
applying this method are discussed in the following. Basically, the formation of
a product layer x in a solid state reaction between two ideally connected single
crystals of A and B (as in Fig. 1.5) follows a parabolic growth law, where « is the
proportionality constant and ¢ is the time [56, 58]:

z® = Kt (1.3)
It has to be stressed that x should not be confused with the Arrhenius rate constant
of the homogeneous reactions, because k includes not only kinetic parameters but
also thermodynamic parameter relating to the driving force of the reaction. Eqn.
1.3 is only valid for the ideal case mentioned above and breaks down, if powder
reactions, such as those used in the ceramic method, are applied. In order to
describe powder reactions more exactly, eqn. 1.3 has to be adjusted. Jander [59]
first derived an equation to take into account the spherical character of the reaction
layer by simply converting the one-dimensional case of parabolic growth given in
eqn. 1.3 to the three-dimensional case where o denotes the volume fraction which
has already reacted, and r is the initial radius of the reacting particles:
1,12 Kt

1—(1—a)3) = (1.4)
This model can only provide a superficial estimation of the reaction kinetics due
to the fact that the parabolic law for the thickness of the reaction product is
only valid for the one-dimensional case and that any change of the molar volume
between educt and product has been neglected [56]. These simplifications were
later taken into account by Carter [60], who derived the Carter equation, where Z
denotes the volume of the reaction product from the unit volume of the educt:

[1+(Z—1)a]3+(2—1)(1—a)§=Z+(1—Z)f—§ (1.5)
Despite the validity of eqn. 1.5 to describe the oxidation of nickel spheres, the
creation of a more fundamental, analytical model to describe complex solid state
reactions in such powders seems to be unrealistic because of both the complicated
topological and inhomogeneous temperature distributions. However, even though
a quantitative approach is difficult to develop, it follows from the above consider-
ations that one very important parameter, the particle size, has to be decreased.’
Short diffusion distances as well high concentrations of contact zones can be real-
ized in that way.
Despite the common use of the ceramic method, two major disadvantages are
obvious from the above discussion. First, particle sizes are comparably large (on

9 Additionally, high temperatures and high defect concentrations promote the solid state re-
action, but they will not be discussed here [57,58].
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Figure 1.5: Two possible mechanisms of solid state reactions. The reaction product can
be either formed on the expense of both educts (left side), or on the expense of only one
educt (right side). With increasing product concentration the diffusion pathway for the
reactands increases in both cases.

the micrometer scale) and therefore inappropriate under kinetic considerations.
Second, local inhomogeneities of the educts might result in a stoichiometry of the
product that varies across the sample.

In order to decrease the size of the reacting particles, liquid phase reactions, such
as the sol-gel method, can be used. During these reactions, the educts (e.g. metal
cations) are dissolved in a liquid (e.g., water), and then sol-forming additives (e.g.,
citric acid) are added to generate the sol. As the reaction progresses, the sol
starts to gel, and finally the gel can be calcined (firing of the organics) to give
the desired solid. Actually, during the calcination step also solid state reactions
are involved, and the sizes of the reacting particles are commonly on the order
of 30-50 nm. Fig. 1.6 shows both a high-angle annular dark-field micrograph of
the gel obtained after stirring for 24 h at T = 423 K from the BSCF formation
via the combined EDTA /citric acid sol-gel method and a Rietveld plot of the first
crystalline products obtained after a calcination for 10 h at T = 923 K. The gel is
characterized by a fine dispersion of metal complexes (high Z, bright contrast) in
a polymerized organic network (low Z, grey contrast). The Rietveld analysis has
proven, due to the determination of the crystallite sizes, the presence of the above
mentioned nano-scaled solid state reactions. A mixed carbonate (BagsSrg5)CO3
as well as a mixed spinel (FegCog4)Co020, are the dominant phases present in this
stage of the reaction. Thus, the sol-gel method provides an excellent method to
produce finely dispersed powder particles, which can easily react to form the final
solid [56,61,62]. Marcilly et al. first described the synthesis of perovskite-type
oxides from stoichiometric metal nitrates using a citrate process [62]. Shao et al.
further modified this method, by adding EDTA (ethylene-diamine-tetraacetic acid)
to the reaction in order to improve the dispersion of the metal cations [15]. This
method was also applied during this work and extensively studied as presented in
chapters 2 and 3. A flow chart representing the steps necessary to produce the
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Figure 1.6: Early stages of the BSCF formation via the combined EDTA /citric acid sol-
gel method. a) High-angle annular dark-field micrograph of the gel obtained after stirring
for 24 h at T = 423 K. b) Rietveld plot of the first crystalline products after calcination
for 10 h at T = 923 K (The measured data (blue), together with the calculated data
(red), and the difference between the observed and calculated data (grey) are given.

products BSCF and BSFZ is shown in Fig. 1.7.

For the case where very small particles (on the nanometer scale) are used in the
solid state reaction, the Carter-Equation (eqn. 1.5) for the formation of the prod-
uct layer becomes even more unreliable since very thin product layers are formed
during the reaction. A linear time law:

r ot (1.6)

should be therefore applied, where ¢ is the time and x is the product layer thickness
[63-65]. It is clear from eqn. 1.6, that particles on the nanometer scale clearly
promote the reaction rate, which now depends linearly on the time, compared to
the parabolic growth law observed for large particles.

o Ba(NO;), + Sr(NO;), + + Zn(NO;), + Fe(NOs);

+ EDTA, citric acid, NH; - sol-gel synthetic
route, T=423 K

pre-calcination, T = 873 K
1 hour
° pre-calcinated powder

calcination, T = 1223 K
5 hours
° (Bag sSrgs)( Feo2)0s.5 (Bag sSrg 5)(Feg eZng2)035

Figure 1.7: The flow chart of the sol-gel synthetic route in order to the prepare the
perovskite-type oxides BSCF and BSFZ.
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1.2.2  Perovskite ceramics — the sintering process

Once the raw perovskite powders have been synthesised, dense compacts (i.e. per-
ovskite membranes) have to be prepared. First, the raw powders need to be
consolidated (formed) into the desired shape. Several methods are available to
prepare these green bodies [56], but in the present work, the BSCF and BSFZ
powders were only uniaxially pressed to obtain green disc-shaped compacts. In
order to obtain dense perovskite membranes, the green disc membranes were next
pressurelessly sintered, e.g. T = 1423 K for 10 h.

Investigations into the sintering process are an important and even complex topic
in material science, and only a short summary will be provided (for a more detailed
discussion the reader is referred to common textbooks [56,66).

The driving force for the sintering process is the reduction of the free energy of
the system, which can be accomplished by reducing the surface free energy of
the consolidated particles and/or by applying pressure. Furthermore, a chemical
reaction can also lead to sintering. In the following, only the effects of reducing
the surface free energy will be discussed since the two other issues are not relevant
to present work on the sintering of BSCF and BSFZ membranes.

Generally, the sintering process can be divided into three stages: initial, interme-
diate, and final stage.

Initial stage During the initial stage, particles can rearrange and the coordi-
nation number can increase. Grain boundaries are formed, and the large discrep-
ancies between the surface curvatures are removed. Up to 65 % of the maximum
density are achieved at this stage. The end of the initial stage is characterized by
a pore equilibrium shape dictated by the surface and the grain boundary tension.
Porosity is still continuous at this point of the sintering process. Reduction of the
surface free energy can be accomplished by either densification (i.e., mass transport
from the grain into the pore) or coarsening (i.e. rearrangement of matter, without
transport from the grain into the pores). Densification and coarsening are often
discussed in terms of competiting mechanisms since coarsening reduces the driving
force for the densification, which is the desired process. The theoretical steps that
occur during the sintering process are illustrated in Fig. 1.8. Mechanism 1 (surface
diffusion), mechanism 2 (lattice diffusion), and mechanism 3 (vapour transport)
can only lead to coarsening and thereby decrease the driving force for densification.
Mechanism 4 (grain boundary diffusion), mechanism 5 (lattice diffusion from the
grain boundary), and mechanism 6 (plastic flow) can lead to densification.

Intermediate stage In the intermediate stage, a reduction in the pore cross-
section is accomplished by steps 1, 4, 5 of Fig. 1.8, whereas only steps 4 and 5 can
contribute to densification. Continuous porosity is replaced by isolated pores and
the intermediate stage is taken to have ended when a density of 90 % is reached.

Final stage The final stage is characterised by the elimination of isolated pores
and by the fact that grains start to grow at the expense of other grains. In the
final stage, the density further increases up to 95 % - 98 % and coarse grains form.
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Furthermore, pores potentially break from the grain boundaries into the grains,
which is an undesired process since the pores are even more difficult to remove
from the ceramic. In order to achieve high density ceramics, it is thus important
to avoid the inclusion of pores into the grains. High density ceramics are therefore
prepared starting with small particles and with relatively low heating rates during
the sintering process in order to remove the pores from the solid before they are
included into the grains [56,66].

As will be discussed in section 1.3.3 and in chapter 6, oxygen transport through
MIEC ceramic membranes is strongly affected by the ceramic’s grain size distribu-
tion. In order to study whether the oxygen transport is affected by the microstruc-
ture, it is necessary to prepare ceramic membranes with different microstructures.
For example, Wang et al. [17] and Diethelm et al. [67] reported that lowering the
sintering time led to smaller grains, while longer sintering times led to relatively
large grains.

Another way to influence the microstructure of the sintered ceramics is to use liquid
phase sintering, which has been described in detail by Rahaman [56]. Liquid phase
sintering is a widespread method which is used to achieve high density ceramics.
Due to the introduction of a liquid phase during the sintering process, matter
transport for densification as described above is facilitated. Two major liquid
phase processes can be applied: persistent liquid phase sintering and transient
liquid phase sintering. In persistent liquid phase sintering, the liquid additive
remains in the ceramic, e.g. as a glassy solid, while in transient liquid phase
sintering the liquid is completely removed. In chapter 6, the liquid phase sintering
of BSCF and BSFZ ceramic membranes with boron nitride (BN) as a sintering aid
is discussed with regards to controlling the grain size distribution of these ceramics
with similar relative densities.

grain boundary
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. grain boundary diffusion

. lattice diffusion from
grain boundary

. plastic flow

N —

abhw

Figure 1.8: Contributions to the sintering process. Mechanisms 1-3 lead to coarsen-
ing, mechanisms 4-6 lead to densification, while all influence the rate of densification.
According to [56].
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1.3 Application of perovskite-type membranes

1.3.1 Oxygen permeation through MIEC membranes

1.3.1.1 Theoretical considerations

As described in section 1.1.1, membranes with a perovskite structure and MIEC
are useful as oxygen separating membranes due to the high oxygen permeation
fluxes accessible through these membranes as well as their infinite permselectivity.
In order to achieve an oxygen permeation flux through the membrane, a gradient
Vg, of the oxygen chemical potential has to be produced. Due to this gradient,
oxygen is forced to travel from a higher oxygen chemical potential towards a lower
oxygen chemical potential. The basic principle of this mechanism is described in
Fig. 1.9.

The permeation process can be divided into three steps. First, an oxygen molecule
is inserted into the perovskite lattice by reducing the oxygen molecules to form
oxygen ions. Second, the oxygen ions move through perovskite membranes (by
at least two distinct mechanisms as discussed in section 1.3.3 and chapter 6).
Finally in the third step, the oxygen is removed from the perovskite membrane
(the opposite of step 1). It follows from the presented scheme that two types of
kinetics, bulk transport and surface exchange (assuming insertion and removal of
oxygen are comparable) contribute to the whole process and have to be discussed
separately.

Bulk Transport In order to describe the oxygen transport through the bulk of
mixed conducting perovskites, a counteracting transport of oxygen ions and elec-
trons due to charge compensation is assumed [9]. Following the idea of Wagner [68],
the single particle flux of the charge carrier is proportional to the conductivity of
each charge carrier as well as to the gradient of the electrochemical potential. Any
formula for the oxygen flux through the membrane must include the electron flux,
which is needed for charge balance. Strictly speaking, the oxygen flux through
the membrane is dependent on both, the single particle flux of oxygen ions (ionic
conductivity) and even on the single particle flux of the electrons (electronic con-
ductivity). As derived by Wagner, eqn. 1.7 provides the dependence of the oxygen
flux, jo,, upon on the electrical conductivity, o.;, the ionic conductivity, o;.,, and
the oxygen chemical potential, Vuo,.

Jou o =T, (L7)

Oel + Tion

For membrane applications, it is convenient to describe the oxygen chemical po-
tential in terms of the oxygen partial pressure gradient across the membrane. Eqn.
1.7 then becomes the usual Wagner-Equation (1.8), where ng denotes the oxygen
partial pressure of the low chemical potential side and pg,, denotes the oxygen par-
tial pressure of the high chemical potential side, and L is the membrane thickness.

. 1 lnpgz OelTion
Jo, OX ——/ ———dlnpo, (1.8)
L lnp“o2 Oel + Oion
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According to Bouwmeester [69], the oxygen ionic conductivity is much lower com-
pared to the electronic conductivity in perovskite-type oxides. Therefore, the
oxygen ionic conduction is the rate limiting step, and eqn. 1.8 can be simplified
as follows:

1 ("o,
Jo, X _Z/ Tiondlnpo, (1.9)
ln;oao2
While discussing the influence of the ceramic membrane’s microstructure on the
oxygen permeability, it is therefore important to consider the influence of the

microstructure on the oxygen ionic conductivity.

o, = Mo, +RT-1n[&]
i Py
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Figure 1.9: The fundamental principle of oxygen permeation through dense perovskite
membranes. Driving force is the gradient Vo, between the oxygen chemical potentials
of the air side (ug,) and the permeate side (ug),), where H002 denotes the standard
potential, p, the oxygen partial pressure on the air side, p, the oxygen partial pressure
on the permeate side, pg the standard pressure, ' the electron holes, and VI(/) the oxygen
ion vacancies.

Surface Exchange The oxygen surface exchange needs to be considered as a
multi-step process which includes adsorption, oxygen reduction (charge transfer),
surface diffusion of intermediate species, and the incorporation of oxygen into the
perovskite lattice. Obviously, surface exchange is a complex process that includes
several different parameters (for a detailed discussion the reader is referred to ref-
erences [9,58,70] and the citations therein).

Therefore, two different processes, bulk transport and surface exchange, contribute
to the oxygen permeation. Usually, the oxygen permeation flux is mainly dom-
inated by the bulk transport, as long as the membrane thickness does not drop
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below a critical value, which is referred to as the critical membrane thickness.
The above mentioned considerations are important in comparing permeation ex-
periments. In order to be able to draw meaningful conclusions from experiments
investigating the influence of the microstructure (such as those reported in chapter
6) the membrane thickness for each membrane studied needs to be of equal thick-
ness for each membrane and to be higher than the critical membrane thickness in
order to make the bulk transport the rate determining process.

1.3.1.2 Oxygen permeation experiments

As previously discussed, oxygen permeation across a perovskite membrane is re-
alised by an ambipolar transport of oxygen ions and electrons through the per-
ovskite lattice due to a gradient in the oxygen chemical potential (i.e. the oxygen
partial pressure). Experimentally, oxygen permeation is commonly conducted us-
ing a setup as illustrated in Fig. 1.10 for the disc-shaped membranes used in the
presented work.’® The perovskite membrane was gas tight sealed (e.g., with gold
paste) onto a hollow ceramic pipe, and synthetic air was flushed from the upper
side (high oxygen chemical potential). A stream of noble gases was supplied from
the lower membrane side (low oxygen chemical potential) in order to transport the
permeated oxygen away from the membrane and thus to keep the gradient of the
oxygen chemical potential across the membrane. Usually, permeation experiments
are conducted in a temperature range from t= 1023 K to T = 1273 K. For a fur-
ther description of such experiments, the reader is referred to reference 17| and
chapters 5 and 6.

1.3.2  Membrane stability

1.3.2.1 Phase stability

When discussing the potential application of perovskite-type membranes in indus-
trial processes, the long-time phase stability under different operating conditions
must be considered. Under standard process conditions, membranes need to be
stable under low oxygen partial pressures or even under reducing conditions as
represented by the permeate side of the membrane (see Fig. 1.9). Additionally,
the perovskite material must also be stable under relatively high oxygen partial
pressures, which is the typical case on the air side of the membrane. Also, the tem-
perature regime over which the perovskite material exhibits long-time phase stabil-
ity must also be determined. For membrane reactor purposes, membranes should
possess temperature stability between T = 1123 K and T = 1223 K [1,13,19,21].
For applications of perovskites as a cathode material in intermediate temperature
SOFCs (IT-SOFCs), the desired temperature regime is between T = 773 K and T
= 873 K [4,14].

For the BSCF perovskite-type oxide discussed in this work, excellent short-time
phase stability under reducing and oxidising conditions has been reported accom-
panied by temperature stability over the whole temperature regime needed for use

190ther membrane geometries, such as hollow-fibre membranes are also frequently used.
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Figure 1.10: Set up to measure the oxygen permeability of disc membranes with on-line
gas chromatography. Left: Photograph of the high temperature oxygen permeation cell;
middle: scheme of the membrane sealing and oxygen permeation through the membrane;
right: photographs of disc membrane and gas chromatograph.

in IT-SOFCs and for membrane reactor purposes [14,37,71]. However, it was also
reported for BSCF, that long-time instability at temperatures below T = 1173
K is a serious issue. Shao et al. [15]|, Rebeilleau-Dassonneville et al. [23], and
Svarcova et al. [72] described that if BSCF is kept either around or below 1123
K for several hours or days, a decomposition occurs which separates the former
single cubic phase perovskite into a (at least) two phase mixture of a cubic and
a hexagonal perovskite. Svarcové et al. proposed that the driving force for this
phase decomposition was related to the pronounced oxidation of the B-site cations
at intermediate temperatures, because oxidation of the perovskite at low temper-
atures led to a smaller effective ionic radius of the B-site cations. Therefore, the
formation of the hexagonal perovskite structure is preferred, because of the smaller
bonding distances between oxygen and the B-site cations in the hexagonal struc-
ture [32,33,72]. A detailed investigation of the driving force for this reaction and
a differentiation between the cobalt and the iron site will be given in section 2.3.

1.3.2.2 Stability in harsh environments

Besides the intrinsic phase stability, the perovskite-type oxide’s chemical stability
against harsh environments must also be considered. For the case that the A-site
cation of the perovskite-material is occupied by an alkaline earth, the chemical
stability in a CO4 atmosphere needs to be examined. During the partial oxidation,
the produced CO further reacts to produce CO, according to the following the
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scheme:

CHy+1/2 0y — 2H, + CO (1.10)
CO+1/2 Oy — CO, (1.11)

Depending on the concentration, COy can lead to membrane failures due to car-
bonate formation [13,22]. Additionally, when applying ambient air in intermedi-
ate SOFCs, even very low CO, concentrations can negatively influence the cath-
ode performance [26,27| as carbonate formation of alkaline earth cations is pro-
nounced at lower temperatures (see section 3.2). The oxygen separating mem-
brane must withstand even higher COy concentrations which are found during
the Oxycoal-AC-process [11], which is basically a modified Oxyfuel-process as ex-
plained above [10]. The fundamental idea behind the Oxyfuel-process is the com-
bustion of coal with a mixture of pure oxygen and CO,. The exhaust gases consist
then only of COy and H,O, which possess good properties in terms of easy pre-
cipitation. The Oxycoal-AC-process is different from the Oxyfuel-process in that
the pure oxygen is delivered via MIECs membranes and not via the liquefaction of
air. In this case, the MIEC membranes face very high COy concentrations up to
80% [1]. Therefore, the effect of CO2 on both the oxygen permeation performance
and the microstructure of the perovskite-type membrane needs to be investigated,
particularly if the perovskite contains alkaline earths cations. Several groups have
already reported on the impact of COy on alkaline earth containing perovskite
membranes [73-77|. In this work, the impact of COy on the oxygen permeability
and the microstructure of BSCF membranes was systematically studied, and the
results are presented in chapter 5.

1.3.3 Influence of the microstructure on the oxygen permeability

Perovskite-type membranes for oxygen separation are ceramics and therefore con-
sist of a large number of single crystals connected by grain boundaries. Therefore,
the oxygen transport through the bulk has to be separated into either lattice dif-
fusion (i.e., diffusion of oxygen in the perovskite lattice) or as oxygen transport
across the grain boundaries as sketched in Fig. 1.11. Whether the oxygen trans-
port through the grain boundary affects the oxygen in a positive way (i.e., in terms
of a higher oxygen flux) or negatively needs to be answered. Unfortunately, both
scenarios have been reported in the literature. Materials exhibiting either a block-
ing effect [17,78-85] or exhibiting a faster diffusion pathway [67,86] for the ionic
transport due to the grain boundaries have been reported and no general conclu-
sion can be drawn for the effects of grain boundaries on the electrical conductivity
in ceramics.!!

The fundamental work of Maier and co-workers delivers a possible explanation for
the blocking effect of the grain boundaries. Assuming an atomically thin grain
boundary between two grains, i.e. no amorphous or other interfacial phase are
present, a space-charge layer is produced on the grain boundary due to its struc-
tural singularity [58].

" The term electrical comprehends both the ionic and the electronic conductivity.
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Figure 1.11: Intracrystalline oxygen ion transport via the oxygen vacancies as well as
intercrystalline oxygen ion transport via grain boundaries.

The grain boundary displays a sink for charge carriers, which are therefore stuffed
in front of the grain boundary. Hence, these space-charge layers display deple-
tion layers of oxygen vacancies and electron holes, which results in lower transport
coefficients at this particular site [79,81,87,88|. In the case of an oxygen perme-
ation experiment, the lower mobility of the oxygen ions (and the electrons) on the
grain boundary leads to a further increase of the space-charge layer, and the grain
boundary blocks the oxygen ion transport. If the space-charge layer influence
significantly the charge carrier transport, a lower oxygen permeability through
membranes containing small grains (i.e. higher concentration of grain boundaries)
will be found, which is reported in chapter 6 for the materials under investigation.
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2 Formation and phase stability of
(Bag.5Sr0.5)(Cop.sFep2)O3—5

2.1 Summary

This chapter comprehends two original research articles dealing with the formation
of the (Bag5Srg5)(CogsFeg2)Os_s (BSCF) perovskite-type oxide. Intensive X-ray
diffraction (XRD) investigations, including in situ experiments and Rietveld/Le
Bail methods were applied to draw a detailed picture of the BSCF formation via
the sol-gel synthetic route. Analytical transmission electron microscopy (ATEM)
was further used to identify the stoichiometry of the reacting particles and to elu-
cidate the solid state reactions on the nanometer scale. For that purpose, the reac-
tion sequence was interrupted at different stages in order to obtain the individual
reactants for XRD and ATEM. In situ X-ray diffraction was used to confirm that
the intermediate products are indeed formed within the reaction sequence and that
they are not simply due to quenching effects. First crystalline products are formed
around 873 K and they were identified to be a mixed carbonate (Bag5Srg5)CO3_s
in aragonite modification as well as a mixed oxide (FeyCog.4)C0204 in spinel
modification.! No indication for additional phases is present, as verified by Ri-
etveld analysis. Increasing the reaction temperature between T = 923 K and T
= 973 K led to the formation of two different perovskite-type oxides. One was
identified to be a (Bag 75910.25)CoO3_s hexagonal perovskite and the second to be
a (Bag.25510.75) (Cog.¢Fen.s)O3_s cubic perovskite with relatively small lattice con-
stant. The reaction towards the final cubic perovskite (Bag 5Srg5)(CogsFeg2)Os3_s
was found to occur at the expense of both the hexagonal and the small cubic per-
ovskite. While the formation of BSCF at the expense of the small cubic perovskite
is simply due to increasing of the lattice constant, the formation at the expense
of the hexagonal occurs via the formation of a monoclinic superstructure.? This
reaction sequence was attributed to the preferred electronic low-spin configura-
tion of Co®" ions in octahedral oxygen environments compared to Fe3*, which is
preferably in the high-spin state. Large differences in the effective ionic radii are
the consequence. The phase pure, final perovskite structure was only obtained at
temperatures as high as T = 1173 K. The last step of the synthetic process was
found to be reversible and the presented results directly relate to the important
issue of the BSCF’s long-time instability at intermediate temperatures.

IThe stoichiometry claims no site attribution of iron an cobalt.
2In the first article 2.2 the monoclinic cell was misleadingly determined as a tetragonal cell.
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Examination of the complexing citric acid/EDTA synthesis of
(Bay 5sSrg 5)(CoggFey2)03_5 is presented by in situ X-ray
diffraction and transmission electron microscopy, which eluci-
date all intermediate phases and the formation of the perovskite
structure for the first time.

I

IXED ionic-electronic conductors (MIECs) with a perovs-

kite structure are of considerable interest for many indus-
trial processes because they allow the supply or removal of
oxygen to or from reaction mixtures with infinite selectivity and
high oxygen fluxes. Thus, many applications of MIECs have
already been reported, e.g. as cathode material in solid-oxide
fuel cells as well as in the production of oxygen-enriched air and
in the conversion of hydrocarbons to synthesis gas.'™

Particularly, membranes of the (Bag sSros)(CogsFen2)Os_s
(BSCF) type are regarded as state-of-the-art materials in view of
their high oxygen permeation performance. Although many re-
ports on this material are already available, a fundamental un-
derstanding of the synthesis process and thus the perovskite
formation is still lacking. Additionally, investigation of this pro-
cess is also believed to provide a clarification of the decompo-
sition reaction that takes place in long-term oxygen permeation
experiments in membranes of the BSCF material. Already in the
year 2000, the decomposition of BSCF into BaCoO, and
Sr(Cog ¢Fep.4)O;_5 was postulated but only due to X-ray diffrac-
tion (XRD) measurements of permeated membranes.* The
appearance of similar additional reflections was described in 2005
in a temperature-programmed XRD pattern of BSCF particu-
larly when the temperature was set below 700°C for 12 h. But no
phase attribution was given there.’

Because a real understanding of the BSCF formation and
decomposition does not exist, we present a detailed study of the
synthesis process of BSCF by in situ XRD as well as by trans-
mission electron microscopy (TEM) experiments.

Introduction

1L

The synthesis of BSCF was conducted via a sol-gel route as re-
ported by Shao et al.* An aqueous solution containing stoichio-
metric amounts of the metal nitrates, citric acid, EDTA, and
ammonia was stirred at 150°C until a purple-colored gel was

Experimental Procedures
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obtained. The gel was precalcined at 600°C for 1 h in order to
obtain the first crystalline products. XRD measurements were
taken with steps of 20 and 25 K, respectively, in order to achieve
a high resolution within the temperature dependence. Before
each data acquisition, an equilibrium time of 1 h was set. Syn-
thetic air was used as the atmosphere within the chamber. More-
over, an ex situ XRD study has been conducted in order to
confirm in situ XRD measurements, to exclude changes in the
unit cell dimensions simply due to heating, and as a reference to
calculate unit cell parameters. TEM experiments were per-
formed with a powder sample, which was preliminarily heated
to 700°C for 1 h, quenched to room temperature, and then glued
between silicon single crystals, polished, and finally Ar* sput-
tered to electron transparency.

111

Figure 1 shows the temperature-dependent XRD pattern of the
reaction mixture between 400° and 950°C. Up to 600°C, the re-
action mixture consists only of aragonite-type (Bay sSr 5)CO5 as
well as (Cog4Feq)Co,05_5 with spinel modification.®” At
600°C, two other phases start to form because additional reflec-
tions at 26.5° 32.3°, and 42.5° emerge in the XRD pattern.
These reflections are related to a cubic phase with a perovskite
structure (perovskite I) and an additional second phase, which is
attributed to (Bag75Srg25)CoO;_s (hexagonal). In 1977, Tagu-
chi et al. reported on a structure of BaCoOj3 that showed almost
the same diffraction pattern as the hexagonal phase found here.®
Therefore, the formation of a similar phase during the process
reported here can be assumed. A detailed calculation of the cell
dimensions shows a cell parameter for the initially formed
cubic perovskite phase (perovskite I) that is smaller than that
expected for BSCF.” Therefore, we postulate a strontium-
enriched perovskite phase, namely (Bag,sSrg.75)(Cog ¢Fe.4)O3.
Further proof for this supposition lies in the systematic shift of
the reflections that are related to the hexagonal phase (hexagonal)
toward greater angles, indicating a smaller unit cell based on
(Bag.75S1r9.25)C00;3. This has been proved by the synthesis of
several compositions within the system (Ba;_,Sr,)CoO;_;.

Thus, the reaction of the first crystalline phases can be
described as follows:

Results and Discussion

2(B30_5Sr0,5)CO3 + 2/3(C00_4F60,6)C0204 + (4/3—6)02
— (Bayg 75S10.25)CoO3_5 + (Bag25Sr0.75)(Cop 6 Fep4)O03_s
+ 2CO,

On increasing the temperature, one observes a continuous
increase of the cell parameter of the perovskite structure (per-
ovskite I) until it reaches the maximum shift at 950°C. This can
be concluded as the reflection related to the (110) plane that
shifts toward lower angles (see Fig. 1). While the unit cell of the
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Fig.1. In situ powder X-ray diffraction pattern at different tempera-
tures of the synthesis process of (Bag sSrq 5)(Cog sFep2)O3_s. Reflections
marked with an asterix are related to the sample holder (Pt-Rh alloy).
(a) (Bag sSro5)CO;  (aragonite structure)

(b) (FepcC0p4)C0,0, (spinel structure)

() (Bag.75819.25)C00;3_5  (hexagonal) (/)

(d) (Bag¢Sro.4)(CogsFep2)03 5  (tetragonal) (£)

() (Bag25S19.75)(Cog 6Fep.4)O3_5  (perovskite I) (¢)

() (Bag sSro.5)(CoggFep2)O0s 5  (perovskite II) (c).

perovskite structure increases, a systematic change in the hex-
agonal structure occurs. From the XRD pattern, it can be seen
that the reflection related to the (101) plane of the hexagonal
phase shifts toward higher angles. A detailed examination of

@

Vol. 90, No. 11

ex situ XRD measurements further indicates that this shift is not
simply due to a further increase of the hexagonal unit cell as
reflections related to planes (110) and (201) are shifted differ-
ently, which indicates the formation of a different structure. We
believe that the change in the hexagonal phase (hexagonal) is
due to the intake of strontium and iron ions caused by a gradient
in the chemical potentials. This seems to be a logical step due to
the incorporation of barium ions into the cubic phase and the
cobalt-enriched hexagonal phase. Ex situ XRD patterns indicate
a phase transformation toward a tetragonal unit cell (tetrago-
nal), with cell parameters a = 5.63 A and ¢ = 4.01 A, which is in
good agreement with the findings of Yoshiya er al. in 2004.°
They applied the first principles method to calculate the free en-
ergies within the system Ba(Co;_,Fe,)O;_s. It has emerged that
increasing the iron content lowers the transition temperature
from the hexagonal to the above-mentioned tetragonal phase.
This tetragonal phase can be regarded as a distorted cubic per-
ovskite structure. The unit cell contains two formula units and
reflects a nonideal arrangement of the BOg octahedra resulting
in a tetragonal structure.

In order to support the XRD findings, TEM experiments
were conducted to analyze the microstructural arrangement
during the synthesis. Figure 2 shows an STEM bright-field
micrograph and corresponding HRTEM micrographs of two
grain contacts (Figs. 2(b) and (c)). Quantitative energy-dispersive
X-ray analysis (EDXS) of the elemental distribution shows that
the selected grain contacts are located between the cubic
(Bao_25Sr0_75)(C00_GFe0_4)O3 and the hexagonal (Ba0,755r0_25)C003.
The elemental distributions by EDXS of the cations are displayed
in Fig. 3. Figures 4 and 5 present the grain contacts as in Figs. 2(b)
and (c) but at higher magnifications. The related diffraction
information was created via fast Fourier transformation of the
HRTEM micrographs. The first grain contact (Fig. 4) is identified
to be between a grain with a perovskite structure (perovskite I)
and a grain with a hexagonal structure (hexagonal).

The combination of the diffraction information given by the
HRTEM with the elemental distribution of these two grains
underlines the XRD findings that indicated the coexistence of a
perovskite phase with a comparable high strontium amount and
a hexagonal structure with a high barium amount. The second

Fig.2. STEM bright-field micrograph showing a particle containing the intermediate phases during the synthesis process (a). HRTEM micrograph of
grain contact between hexagonal (1) and perovskite phases (2a) (b). HRTEM micrograph of grain contact between perovskite (2b) and tetragonal phase
(3). The sample was heated for 1 h at 700°C, followed by quenching to room temperature.
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Fig.3. STEM bright-field micrograph and elemental distributions by energy-dispersive X-ray analysis of the particle in Fig 2. The white contrast in the
maps corresponds to high elemental concentrations. The sample was heated for 1 h at 700°C, followed by quenching to room temperature.

contact (Fig. 5) even exhibits the contact zone between two
grains with the above-mentioned stoichiometries. Contrary to
the above-described contact between the perovskite and hexag-
onal phases, the contact in Fig. 5 is identified to separate a grain
with tetragonal modification and a second grain with perovskite.
As mentioned above, a phase transition of the hexagonal to a
tetragonal modification is observed. Thus, this particular grain
contact exhibits a contact zone between a former hexagonal
phase in which the postulated phase transition to the tetragonal
modification has taken place. A closer look at the diffraction
data shows that these grains are not randomly oriented but have
parallel zone axes as [1,0,0]./|[1,1,1], and parallel planes as
(—1,1,0)./1(0,1,0),. This finding gives rise to the assumption
that a reaction has occurred between these two grains and is
underlining the fact that during uptake of strontium and iron
ions into the hexagonal structure, a phase transition to a tetrag-
onal structure occurs.

When the temperature was increased further, reflections for
perovskite I shifted to lower angles (larger unit cell), which is
due to the further uptake of barium ions. Additionally, the

reflection for plane (101) of the tetragonal phase diminished,
which was clearly due to an increase of symmetry, and ended up
in a cubic perovskite structure. Thus, the first reaction is fol-
lowed by transformation of the hexagonal into the tetragonal
phase and the final formation of the perovskite; while the reac-
tion process is a dynamic rather than a static process, the
stoichiometry of the reactants vary within a certain tolerance.

h-(Bag 75810.25)CoO3_5 + ¢-(Bag 25Sr0.75) (Cog 6 Feoa) O35
— 1-(BagSro.4)(CopgFep2)O3_5 + c-(Bag.4Sro.6)(CopsFep2)03-s
— 2¢-(Bayg 5Srg.5)(Cog sFep2) 035

It has to be emphasized that the formation of the final cubic
BSCF perovskite (perovskite II) takes place in both the tetrag-
onal (former hexagonal) lattice and the cubic perovskite system
(perovskite I) with a smaller unit cell. If the BSCF structure
would only grow at the expense of the cubic phase by incorpo-
ration of barium ions, one would expect a simple diminution of
the hexagonal barium-rich phase. As shown, in fact, a phase

Fig.4. HRTEM micrograph of the grain contact shown in Fig. 2(b) (a). Diffraction data via fast Fourier-transformation from selected areas (b, c).
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Fig.5. HRTEM micrograph of grain contact shown in Fig. 2(c). Diffraction data taken via fast Fourier-transformation from selected areas (b—d).
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Fig.6. Scheme of the relationship between hexagonal and cubic perovskite structures visualized by the stacking sequence of the hexagonal layers of
barium and oxygen ions (gray ball, oxygen; white, barium; black, cobalt).
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transition of the hexagonal to a tetragonal structure occurs. The
oxide with a hexagonal structure is strongly related to the cubic
perovskite structure. Both the cubic perovskite as well as the
hexagonal oxide can be understood as close-packed hexagonal
layers of barium (strontium) and oxide ions that are stacked in
the hexagonal close packing in the first and in the cubic close
packing in the second. While the CoOg¢ octahedra share faces in
the first place, only corner-sharing (Co,Fe)Og4 octahedra are em-
inent in the second place. Thus, it seems likely that the final
perovskite is formed in both the hexagonal—via the formation
of the tetragonal unit cell—and in the cubic system by a simple
substitution of strontium by barium in the lattice, leading to a
larger unit cell.

Figure 6 schematically displays the relation between the hex-
agonal and the cubic perovskite structure. The stacking
sequence in the hexagonal cell is ABABABAB—containing
just face-sharing octahedra—while the stacking sequence in
the perovskite structure is ABCABCAB—containing just cor-
ner-sharing octahedra. The existence of fairly distorted close-
packed layers in the hexagonal structure is the reason for the
occurrence of an intermediate tetragonal phase, which can be
understood simply as a distorted perovskite structure explained
above.

Obviously, the last reaction of the above-presented reaction
sequence is a reversible process that becomes more favorable at
temperatures significantly higher than 800°C. This explains the
fast decomposition of BSCF below 800°C.

IV. Summary

The synthesis process of BSCF via the commonly applied sol—
gel method has been studied in considerable detail. First crys-
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talline intermediates have been identified as a mixed carbonate
and a mixed spinel. Second, two mixed oxides are formed: one
with a hexagonal structure and one with a cubic structure. Both
structures are related to the structure of the cubic BSCF and it
was shown that the cubic perovskite structure is finally formed
at the expense of both the hexagonal phase—via a tetragonal
phase—and the cubic structure.
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The mixed ionic-electronic conductor (MIEC) (BagsSrs)(CopsFey,)0;3; (BSCF) is a renowned material
with applications in membrane reactors and as cathodes in solid-oxide fuel cells. Despite BSCF’s large
oxygen permeabilities, long-time phase instability at intermediate temperatures has been reported.
However, the mechanism of this decomposition is still unclear. Here, we present a study of the synthesis of
BSCF and compare our results with those obtained from long-time decomposition. Rietveld and Le Bail
analysis as well as transmission electron microscopy studies were applied to investigate the reaction
sequence in BSCF formation. From our results, we are now able to draw the following conclusion about the
reaction mechanism: the formation as well as decomposition is due to a reversible re-ordering of the
hexagonal AOs-layer stacking sequence in the cubic perovskite, which can occur if the cubic BSCF is kept
at temperatures below T = 1173 K for long time periods, thereby leading to the decomposition of BSCF
into a three phase mixture. The driving force for this reaction was identified to be at the cobalt site since
cobalt prefers a low-spin configuration in the 3+ oxidation state. This reaction occurs only at temperatures

below 1173 K due to the oxidation of cobalt at low temperatures.
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Introduction

In the field of mixed ionic and electronic
conductors (MIECs) with high oxygen conductivity,
the (BagsSrys)(CopsFep2)O0s5 (denoted as BSCF)
with cubic perovskite structure (ABO;; A = alkaline
earth, B = transition metal, O = oxygen) is regarded
as one of the most promising materials."* MIECs
with oxygen conductivity can be employed as
membranes for oxygen separation™® and as
cathodes in solid-oxide fuel cells."™® Exceptionally
high concentrations of mobile oxygen vacancies
accompanied by excellent phase stability are
accountable for BSCF’s large oxygen transport
rates.” Despite its high oxygen permeability and
short-term stability, other issues have to be
examined in view of a BSCF’s prospective industrial
use.'” Among others, the chemical long-term
stability need to be discussed since membranes are
usually set up for longer time periods. Chemical
instability, i.e. the decomposition of the BSCEF,
could lead to membrane failures (cracking) as
different unit cell volumes may occur in these phase
mixtures at the same time. Secondly, decomposition
is also expected to degrade the oxygen permeation
fluxes which have to be avoided in industrial
applications in order to ensure smooth processes. '’

In the year 2000° and much more recently,”’12 the
long-term stability of BSCF has been investigated
and discussed. Shao et al. reported that BSCF
undergoes structural changes if the material is kept
at T = 1023 K under air for time periods of 500 h.
They attributed the observed additional peaks in the
X-ray diffraction (XRD) pattern to BaCoO,.* Further
indications of the decomposition in BSCF were
observed by Rebeilleau-Dassonneville et al. who
observed additional intensities (25°-30° and 42.5° 26
/ Cu-Kq > radiation) in the XRD pattern, if the BSCF
was kept below T = 1073 K, but no phase attribution

was provided in this study."' Svarcova stated that
around and below a critical temperature of T = 1123
K, the former single cubic perovskite phase
undergoes a decomposition into a hexagonal
perovskite and a cubic perovskite, thus exhibiting a
two phase region.'> Svarcova has also shown that the
decomposition process, which occurs from annealed
BSCF samples, possess presumably the same phases
as the raw powder re-annealed at T = 1023 K, thus
claiming that the decomposition process is
reversible.

We have already quoted that the synthetic
process of BSCF may provide useful information
about the decomposition as a reversible mechanism
might be present.”” We agree with Svarcové et al.,
that the decomposition of BSCF is characterized by
the same reaction pathway as the synthetic process
of BSCF because we found similar XRD patterns for
the synthetic process as well as for the decomposing
process. This presumption has been emphasized by
comparing the XRD pattern of a re-annealed cubic
perovskite powder with the XRD pattern of a BSCF
powder that had been interrupted in the synthetic
process. At this point we stress that Svarcova et al.
obtained the same intermediate perovskites using the
spray pyrolysis method as those reported using the
sol-gel method. This places the presented findings
about the sol-gel synthesis method in a more general
context. As previously discussed, the reaction
pathway of the BSCF formation via the sol-gel route
can be divided into three parts.'® The first part is the
formation of a mixed barium-strontium carbonate
(BagsSrp5)CO; and a mixed cobalt-iron spinel
(FepsC00.4)C0,04 (the stoichiometry claims no site
attribution of cobalt and iron and a real association
to either tetrahedral/octahedral occupation could not
be provided). The second part is the formation of an

intermediate hexagonal perovskite (SG: P6;/mmc)
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and an intermediate cubic perovskite (SG: Pm-3m).
Finally, the third part is the formation of the final
cubic perovskite structure at the expense on both the
hexagonal as well as the cubic perovskites.
However, it has been postulated by Svarcova et al.
that the decomposition of the BSCF at low
temperatures is due to the oxidation of the B-site
cations, which yields a hexagonal perovskite, due to
the fact that the smaller ionic radii favour the
formation of hexagonal perovskite structures. The
compositions as well as the structures formed
through this decomposition process remain
unknown.

The present study focuses on the second and on
the third part of the synthetic process. By applying
Rietveld"* and LeBail”® refinement procedures to
examine the final parts of the reaction sequence, we
are able to draw an even more detailed picture of the
reaction sequence from the picture presented in our
previous report. This was accompanied by
performing an intensive transmission electron
microscopy study combined with quantitative
energy dispersive X-ray spectroscopy (EDXS) of
partly reacted powders in order to support the XRD
findings.

Experimental Section
Powders of BSCF

synthesised by a sol-gel reaction procedure, as

stoichiometry ~ were

reported in detail elsewhere.*'*'*'" In order to
obtain partly reacted powders and to avoid the
complete reaction towards the BSCF, the final
calcinations steps were conducted at temperatures
below T = 1223 K. Detailed investigations of
powders that had been prepared in ambient air with
different dwell times in the temperature regime
between T = 923 K and T = 1223 led us to the

conclusion that five phases were involved during the

synthesis of the perovskite. This has also been
confirmed by a previously reported in situ X-ray
diffraction study.” Particular powders, which
represent the final steps in the synthetic process,
were selected in order to perform X-ray refinements
as well as transmission electron microscopy (TEM)
studies. In particular two powders, one at T =973 K,
10 h (sample 1) and the other T = 1023 K, 10 h
(sample 2), were investigated using the above
techniques.

For structure refinements of the product phase,
the X-ray powder diffraction data was collected on a
Bruker AXS D8 Advance diffractometer using a flat
sample geometry, a primary Goébel mirror and Cu-
K, radiation. Additionally, a secondary graphite
monochromator was used to suppress the
fluorescence radiation of the sample. A total of 3750
data points were collected with a step width of 0.02°
in the 20 range from 10° to 85°. Rietveld
refinements on the XRD powder data were carried
out by using the TOPAS 3.0 (Bruker AXS) software.
During refinements, general parameters, such as the
scale factor, a maximum of three or four background
parameters and the zero point of the counter, were
optimized. Profile shape calculations were carried
out on the basis of standard instrumental parameters
using the fundamental parameter approach
implemented in the program by varying also the
average crystal size (integral breadth) and the strain
parameter, g, Additionally, the cell parameter and
the displacement parameters were also refined. In
the case of site occupation with mixed atoms, linear
constraints were used for the occupancy (the
occupancy of atom B is equivalent to 1.0 minus the
occupancy of atom A) and the displacement
parameters (atoms on the same position have the

same displacement parameter).
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2. Formation and phase stability of (Bag5Srg5)(CopsFep2)Os3_s

TEM was performed at 200 kV on a field-
emission instrument (JEOL JEM-2100F). The
microscope was equipped with an ultra-high
resolution pole piece that provides a point-resolution
better than 0.19 nm (with a spherical aberration
constant, Cg = 0.5 mm, and a chromatic aberration
constant, Cc = 1.1 mm) and allowed us to perform
high-resolution transmission electron microscopy
(HRTEM) studies. The microscope was equipped
with a 1k charge-coupled-device (CCD) camera.
Diffraction data were obtained by fast Fourier
transformation (FFT) of the HRTEM micrographs
using the Gatan Digital Micrograph software
(Version 1.70.16). Quantitative elemental analysis
using energy-dispersive X-ray spectroscopy (EDXS)
was performed on an Oxford Instruments INCA-

200-TEM system with an ultra-thin window that was

attached to the microscope. A detailed description of
the TEM sample preparation can be found in our

previous reports. %!’

Results

Figure 1 shows the Rietveld refinement of
powder sample 1 that has been heated for 10 hat T =
973 K. Four phases were present, namely a mixed
carbonate, a mixed spinel, a hexagonal, and a cubic
perovskite. A detailed summary of the Rietveld
analysis of the phase mixture can be found in Table
1. The carbonate and spinel phases were present to a
minor extent (~ 8 %), whereas the hexagonal
perovskite (~ 58 %) and the cubic perovskite (~ 25
%) were the major phases. Also, an unknown

amount amorphous phase is present.
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Figure 1.

Rietveld plot of sample 1 (T = 973 K, 10 h). The observed (blue) and calculated intensities [brown, top:

(Bag25S10.75)(Cog 6Feg.4)Os.5 (cubic-perovskite); light brown: (Bag75Srg25)C00;.5 (hexagonal perovskite); red: (BagsSrys)CO3

(aragonite-modification); pink, bottom: (Fey¢Cop4)C0,04 (spinel-modification)] together with the difference (green) between

the observed and calculated pattern as well as the possible reflex position (tick marks) are given.
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2.3. Formation and demixing of (Bag5Srg5)(CogsFeg2)O03_s

The refinement converged to reliability factors of
Rwp =9.12 % and Rp = 7.52 % for the pattern with a
goodness of fit = 1.17, and a Durban-Watson
parameter of 1.47. We have assigned the following
stoichiometries to the perovskite structures:
(Bay.75S10.25)C00s.5 for the hexagonal perovskite and
(Bap25S10.75)(Cog Fep4)Os.5 for the cubic perovskite.
This was in excellent agreement with the reported
unit cell parameters for the cubic perovskite unit
cell’, and the hexagonal unit cell parameters were in
excellent agreement with the findings by Gushee et
al. and Taguchi et al.***. This is due to the fact that
the unit cell of the observed hexagonal perovskite
was smaller to that found in BaCo,g3;, and the unit
cell parameters of the observed cubic perovskite was

smaller than that reported for BSCF.

In order to determine the B-site stoichiometry,
which is difficult to ascertain from the XRD data
alone, and to confirm the A-site occupancy obtained
from XRD analysis, we have conducted a
quantitative EDXS study on a TEM for sample 1
(data not shown). Additionally, we successfully
prepared samples of the hexagonal structure, within
the series (Ba;Stx)C00;.5, to prove the claimed the
hexagonal phase present here. Together with the
Rietveld analysis, we are able to provide a
reasonable determination of these stoichiometries.
However, since an amorphous part is still present,
the mass balance of the overall stoichiometry was

not only reflected by the crystalline part.
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Figure 2. Rietveld / Le Bail plot of sample 2 (T = 1023 K, 10 h). The observed (blue) and calculated intensities [red,

top: (Bag 6.xSro4+x)(Co;yFey)Os.5 (monoclinic-perovskite); light brown: (Bag ¢:xSr44)C005.5 (hexagonal-perovskite); brown,

bottom: (Bag25S10.75)(CogsFep4)0;.5 (cubic-perovskite)] together with the difference (green) between the observed and

calculated pattern as well as the possible reflex position (tick marks) are given.
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2. Formation and phase stability of (Bag5Srg5)(CopsFep2)Os3_s

A combined Rietveld/Le Bail analysis of the
powder sample 2 is shown in Figure 2. The
refinement converged to reliability factors of Ryp =
4.72 % and Rp = 3.45 % for the pattern with a
goodness of fit = 1.25 and a Durban-Watson
parameter of 1.41. The carbonate as well as spinel
phases have completely vanished and have reacted
towards the perovskite structures as they could not
be detected by XRD in this sample.

Superficial investigation of the XRD pattern led
to the conclusion that the hexagonal perovskite
simply undergoes a change in the lattice parameters
compared with the hexagonal perovskite observed in
sample 1. Attempts to refine the pattern with only

the hexagonal perovskite structure together with the

cubic perovskite structure failed, as well as attempts
using the tetragonal structure together with the cubic
structure, which was suggested by us in an earlier
report.”> We finally arrived at the conclusion that a
new structure (with lower symmetry) must be
formed at the expense of the hexagonal perovskite.
A Le Bail whole pattern decomposition method was
applied to refine the unit cell and a monoclinic unit
cell (SG: P2/m) with parameters obtained from the
refinement in Figure 2 and shown in Table 1 was
found to best fit the observed pattern. From our
studies, three phases are present in powder sample 2:
a cubic perovskite (~33 %), a hexagonal perovskite

(~33 %), and a new monoclinic phase (~33 %).

Phase Space goup Space group ref.

Lattice parameter /nm

Sample 1

(Bag5Sr.5)CO;3 Pmcn

De Villiers'® a=051911(48)

Kiseleva et al.” b=0.86708(91)
¢ =0.62752(67)
(Fep6C00.4)C0,04 Fd-3m Liu et al.” a=0.81073(42)
Gushee et al. *! a=0.55076(4)
(Ba04758r0425)C003,5 P63/mmc
Taguchi et al. % ¢ = 0.47409(5)
(Bag25S10.75)(Cog 6Feo.4)O3.s Pm-3m Mclntosh et al.? a=0.39145(3)
Sample 2
a=1.10307(62)
(Bag 6.xS19.4+x)(Coy.yFey)03.5 P2/m this work b =0.97080(53)
¢ =1.40776(92)
B=191.6526(45)°
21 _
(Bag 6., Sto.4)C00ss P6y/mme Gushee et al. a=0.56434(50)
Taguchi et al. % ¢ = 0.44478(49)
(Bag25S19.75)(Cog 6Fep4)05.5 Pm-3m Mclntosh et al.’ a=0.39063(17)

Table 1. Summary of the Rietveld refinement of sample 1 (T =973 K, 10 h) and the Rietveld/Le Bail refinement of sample 2

(T = 1023 K, 10h).
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2.3. Formation and demixing of (Bag5Srg5)(CogsFeg2)O03_s

The hexagonal perovskite undergoes a minor
change in the lattice parameters compared to those
observed in powder sample 1. It must be stressed
that the unit cell of the cubic perovskite did not
change significantly between sample 1 and sample
2, thus leading to the conclusion that no further
uptake of barium had occurred (because this would
have led to an increase in the unit cell parameters
since the unit cell parameters of the perovskite
structures strongly depend on the radii of the A-site
cation. According to Shannon®, Sr** = 0.144 nm,
while Ba®" = 0.161 nm, in the given twelve-fold
cuboctahedral coordination.).”® Quantitative EDXS
on a TEM, indicated that during the reaction from
sample 1 to sample 2, a slight change of the A-site
cation occupancy at the hexagonal site had occurred
(A-siteyecupancy = (Bag.755T0.25)samplel t0 (Bag 6:+xSTo 4.

Ksample2; @ smooth transition between the hexagonal

and the monoclinic phase is indicated by the variable
x). This is reflected in Table 1. Further on, minor
extents of iron (indicated by the variable y in the
stoichiometry) were found in the monoclinic phase.

Increasing the temperature leads then to a cubic
perovskite structure with the reported unit cell
parameter of ~ 0.4 nm (the data is not shown here
but can be found elsewhere'’). A summary of the
reaction sequence is displayed in Figure 3. We
emphasize that the presented stoichiometries of the
intermediate crystalline phases are idealized and
vary in certain tolerances since solid state reactions
are not static but rather dynamic processes.

In order to deliver further proof for the proposed
reaction mechanism, an HRTEM study was
conducted, combined with the quantitative EDXS

results mentioned previously.

Pmcn

(Bag ;551,,5)C00; 5

P6;/ mmc

(Ba 581 5)CO; + (Fey Co ,)C0,0,

Fd3m

. —————

reduction of B-site cation Pm3m

(Bag ;551 75)(Coy Feg )03 5

Stacking disorder
and formation of
monoclinic phase

(Bay 5.,51) 4 0)C00; 4
+

(Bag 6 .St 4:0(Coy yFe )O3 5 P2/m

P6./ mmc barium and strontium
5 cobalt and iron

reduction of B-site cation

(Bay 2551 75)(Coy 6Fey )05 5

Stacking disordem

formation of cubic phase

Pm3m

Figure 3.

(Ba, 58t 5)(Co, gFey )05 5

Increase of
lattice constant

Reaction scheme of the sol-gel synthetic route of BSCF.
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In Figure 4a and 4b, a representative HRTEM
micrograph acquired for sample 1 is displayed. It
shows the contact zone between a grain with cubic
perovskite symmetry (a = 0.39 nm) viewed along the
[111] zone axis (Figure 4c) and a grain with
hexagonal symmetry (a = 0.54 nm; ¢ = 0.47 nm)
viewed along the [122] zones axis (Figure 4d). The
hexagonal structure exhibits a slightly smaller unit
cell as that found for the hexagonal cell by Rietveld
analysis, as well as superlattice reflections orientated
along the [-210] direction, which indicates a cation
ordering along this direction as illustrated by arrows.
It has to be stressed that in nanosized powder
reactions, slight deviations from the macroscopic

observations (XRD) may occur as the cation

distribution can vary from grain to grain. Figure 5
exhibits the coexistence of the cubic perovskite (a =
0.408 nm) viewed along the [01-1] zone axis (Figure
5b) as well as the monoclinic structure (derived from
the Le Bail analysis) viewed along the [100] zone
axis (Figure 5c) in sample 2. The diffraction data
acquired directly from the contact zone (Figure 5d)
clearly shows streaky intensities. This indicates the
formation of stacking disordering with a vector q
orientated along the (111).wi direction, when
viewed from the cubic phase and along the
(003)monoctinic  direction, when viewed from the
monoclinic phase. Further on, the (111)c; plane is
parallel to (006)monociinic plane and exhibits the same

reciprocal length.

®[1 ’1 11]cubic

Figure 4. Transmission electron micrographs

® [1 ’2 ’2]hexagt->nal

showing the contact zone between the cubic perovskite

(Bag5S10.75)(Cop 6Feo4)Os.5 (c) and the hexagonal perovskite (Bag 75Stg25)Co0;.5 (d) in sample 1. a) and b) High-resolution

TEM micrographs at different magnifications, c) and d) diffraction data acquired via FFT related to the marked positions in

a). Arrows in d) indicate the direction of the cation ordering.
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2.3. Formation and demixing of (Bag5Srg5)(CogsFeg2)O03_s

® [071 ,-1 ]cubic

Figure S.

® [1 ’O’o]monoclinic

Transmission electron micrograph showing the contact zone between the cubic perovskite (b) and the

monoclinic perovskite (c) in sample 2. a) High-resolution TEM micrograph, b), c¢) and d) diffraction data acquired via FFT

related to the marked positions in a). The vector q (along [003 ] monoctinic and [111]ic) in d) indicates the direction of streaky

intensities that are present in the vicinity of the phase boundary.

Discussion

The work of Shao et al., Rebeilleau-
Dassonneville et al., and Svarcova et al. has shown
that if BSCF is kept below 1123 K for a long time
period, a decomposition occurs which separates the
former single cubic perovskite phase into (at least) a
two phase mixture.*'""'> The additional phase was
referred by Shao et al. to be BaCoO,. Svarcova et al.
found a hexagonal structure but without space group
determination. Rebeilleau-Dassonneville et al. also
reported the decomposition into an additional phase,
but here only the additional Bragg positions in the
XRD pattern were given. The results of Svarcova et

al. support the conclusion that a reversible process

was present since they found the same phase
separation in raw powders that had not been fully
calcined towards the BSCF. In our work, we also
found a clear evidence for the reversibility of this
process. First, we prepared a cubic BSCF powder
sample and verified the phase purity by XRD.
Second, we annealed this sample for 20 h at 923 K
in air and re-examined phase purity by XRD. This
sample already demonstrated minor contributions of
the hexagonal and the monoclinic phase found in
sample 1 and sample 2 as previously discussed in

this report.
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2. Formation and phase stability of (Bag5Srg5)(CopsFep2)Os3_s

The main goal of this study was to identify the
way the cubic perovskite is formed at the expense of
the hexagonal perovskite as well as to identify the
driving force for this reaction. As previously
mentioned, the first reaction products of the BSCF
formation are the mixed spinel (Fey C094)C0,04 and
the mixed carbonate (Bay 5Sro5)CO; followed by the
of the
(Bay25S19.75)(Coo 6Fe0.4)O3.5

cubic
the

formation perovskite

and hexagonal

perovskite (Bag 75S125)C0o0s.5 (see Figure 3). Due to
the fact that the reaction time was set to 10 hours for
sample 1, it is unlikely that different diffusion
kinetics yields the formation of the two different
perovskites, and we assume a thermodynamic effect

is responsible for this observation.
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Figure 6.

Refinement plots sample 2 (1023 K, 10 h) refined only with the hexagonal/cubic perovskite or the

tetragonal/cubic perovskite. a) Rietveld refinement: The observed (blue) and calculated intensities [light brown, top:

(Bag ¢Srp.4)C00;_5 (hexagonal-perovskite); brown, bottom: (Bag»5Srg.75)(CogsFep4)O;.5 (cubic-perovskite)] together with the

difference (green) between the observed and calculated pattern as well as the possible reflex position (tick marks) are given.

b) Rietveld / Le Bail refinement: The observed (blue) and calculated intensities [red, top: tetragonal cell (P4, a= 0.563 nm, ¢

= 0.401 nm; brown, bottom: (Bag,sS1¢.75)(CogsFe4)Os.5 (cubic-perovskite) together with the difference (grey) between the

observed and calculated pattern as well as the possible reflex position (tick marks) are given.

46
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Particularly, the separation of cobalt and iron
cannot be explained by diffusion kinetics.
Furthermore, a  successful preparation at
temperatures of T = 1023 K under similar reaction
conditions = was  previously  reported  for
(BaysSrg5)(FepsZng2)0s5, which displays a cobalt-
free cubic perovskite.'®'"?* That makes it even more
plausible that the reactions presented here are
thermodynamically controlled at this point of the
formation on BSCF.

The first question which needs to be answered is
why does the reaction follow this particular
pathway? In a simplified model, both B-site cations
are assumed to be initially in a +3 oxidation state.
Though they have the same formal valence, a
fundamental discrepancy between the preferred spin
state of iron and cobalt has to be considered. While
Fe’* is mostly found in the high-spin state
(octahedral oxygen environment), Co’* occupies
equivalent sites (octahedral oxygen environment) in
the low-spin state.”*’ This fact results in huge
differences in the ionic radii: Fe*" (HS) = 0.0645 nm
and for Co* (LS) = 0.0545 nm.” The basic
discrepancy between the cubic and hexagonal
perovskite is the connection of the B-site octahedra.
In case of the cubic structure, only corner-sharing
octahedra are present with a B-O distances of ~
0.195 nm, whereas in the hexagonal structure, face-
sharing octahedral with B-O distances of ~ 0.184 nm
are present. Considering the large difference
between the ionic radius of cobalt and iron, it is
clear why cobalt prefers to form the hexagonal
perovskite structure. At this point it has to be
stressed that the observed B-O bonding distance
clearly deviates from sum the of the effective ionic

radii*’, which can be attributed to a strong amount of

covalent character in the B-O bond.?

The second question to be answered is why does
the cubic perovskite BSCF form only above T =
1123 K and why does it exhibit a long time stability
only above this temperature? As a matter of fact, the
B-site cations of perovskite-type oxides possess
higher oxidation states at lower temperatures, while
increasing the temperature leads to a reduction of the
B-site cations.” This has been previously suggested
by Svarcové to be the reason for the stability of the
cubic perovskite at temperatures above T = 1123
K.'2 In other words, the decrease of the ionic radii of
the B-site cations was identified to be the driving
force for the formation of the hexagonal perovskite.
We partly agree with this argument, but we
emphasize that this is due to cobalt which is
occupying the hexagonal B-site. The redox
behaviour of cubic BSCF is mainly due to cobalt.*®
Furthermore, the oxidation from Co*" to Co®* is
accompanied by a change in the preferred spin state,
which is the real driving force (Co*" = 0.0745 nm
(HS), Co*" = 0.0545 nm (LS) compared to Fe*" =
0.0780 nm (HS), Fe*" = 0.0645 nm (HS)).”

The third question to be answered is how does the
reaction proceed from the hexagonal perovskite
structure towards the cubic perovskite structure, and
are there any other structures involved that have
been missed so far?

The structural relationships between the
hexagonal and cubic structures were discussed
already in our previous report.”> As also described
also by Negas et al.,* it is likely to assume that the
transition from hexagonal to cubic perovskite occurs
via a shear of the AOs-hexagonal layers.

As mentioned above, we successfully refined the
hexagonal perovskite together with the cubic

perovskite structure on our powder sample 1.
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According to Svarcova et al. our powder sample 2
should also exhibit only the hexagonal and the cubic
perovskite.

Their results for a “raw”-powder synthesized at T
= 1023 K were indexed with a hexagonal perovskite
metric and showed a very similar diffraction pattern
as the one reported here for our powder sample 2.
However, all attempts to refine the pattern with the
hexagonal perovskite structure failed.

Finally, a Le Bail refinement has provided
evidence that sample 2 consisted of a three phase
mixture containing a hexagonal, a cubic and a
monoclinic phase with unit cell parameters shown in
Table 1. To emphasize the three phase mixture
including the monoclinic phase claimed above, a
refinement of sample 2 with two phase mixtures is
given in Figure 6, namely hexagonal/cubic (Figure
6a) as well as tetragonal/cubic (Figure 6b). The large
discrepancies are immediately clear and are visible
by the difference curves. Obviously, the so far

unknown intermediate monoclinic structure must be

<:::_a.h =_a’0r::>

included in order to obtain probable refinement
results. The creation of the monoclinic structure can
be understood as described in Figure 7, where four
unit cells of the hexagonal perovskite along the
[001] zone axis are drawn. First, the hexagonal cell
must be transformed into a pseudo-orthorhombic
setting, which results in the following new unit cell
parameters: apexagonal > Aorthorhombics V3 x Bhexagonal =
DBorthorhombic and Chexagonal = Corthorhombic- 1 1€ monoclinic
unit cell can then be approximated as a
superstructure based on the pseudo-orthorhombic
setting With amonoctinic = 2 X Aorthorhombics Dmonoclinic =
DBorthorhombics Cmonoclinic = 3 X Corthorhombic- According to
the assumed shearing of the hexagonal AOs-layers,
the superstructure is probable, particularly in the c-
direction, which is the axis perpendicular to the
stacking sequence. A scheme of the AO;-layer
stacking sequence of the hexagonal and cubic

perovskite is shown in Figure 8.
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Figure 7.

setting. The hexagonal unit cell is plotted along the [001] zone axis. Additionally, the AO;-hexagonal layer stacking unit is

highlighted.
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O oxygen

O barium/strontium

O cobalt/iron

Transformation scheme of the hexagonal unit cell into the monoclinic unit cell via a pseudo-orthorhombic
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The monoclinic stacking sequence displays an
intermediate structure between these end members
and a possible shift in the AO;-layer stacking
sequence from the hexagonal towards the cubic
phase is indicated by arrows. The stacking sequence
in the hexagonal perovskite is 2H, thus owing only
face-sharing transition metal (TM) octahedra.
Reactions toward the monoclinic cell is
accompanied by a shift in some of the AO;-layers,
which results in a mixture of face-sharing as well as
corner-sharing TM octahedra. Therefore, within the
monoclinic unit cell, 3C as well as 2H stacking
ordering can be observed. The final cubic BSCF
perovskite is characterised by the normal 3C
stacking ordering. Thus, the intermediate stacking
sequence in the monoclinic cell directly reflects the
intermediate valence state of the cobalt as the

reaction temperature increased. As explained above,

the octahedral sites in the hexagonal stacking
sequence are preferably occupied by Co™, and the
octahedral sites in the cubic stacking are preferably
occupied by Co*". (Actually, Co™*" is present at
1223 K in BSCF according to in situ electron
energy-loss spectroscopy.”’) The development of the
corner-sharing octahedral sites are also in good
agreement with the fact, that iron was built into the
lattice during the reaction hexagonal - monoclinic
since iron preferably occupies corner-sharing
octahedral sites. Prolonged heating above the critical
temperature of T = 1173 K leads to a further
reordering of the stacking sequence of the
monoclinic cell, which ultimately results in the cubic
perovskite accompanied with an exchange of cobalt
and iron and barium strontium between these two
phases, where the latter was clearly determined by

in-situ XRD."
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Figure 8.

Stacking sequence of the AOs-hexagonal layers in the hexagonal, monoclinic and cubic perovskite

structure. Indicated is one possible re-arrangement of the stacking sequence from the hexagonal towards the cubic perovskite

structure.
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Further evidence for the reaction of the monoclinic
towards the cubic perovskite structure is shown
Figure 5d. The plane (111)¢wi is parallel to the
(006)monociinic plane of the monoclinic grain with the
same reciprocal length. Further on, a stacking
disordering along a vector ¢, which is orientated
along the [111]pi direction of the cubic cell is
indicated by stripes found in the diffraction data,
which were acquired directly from the contact zone.
This is in excellent agreement with the proposed
mechanism since the stacking of the hexagonal AO;-
layers is perpendicular to the [111] room diagonal of
the cubic perovskite. In view from the monoclinic
unit cell, the stacking disordering occurs along the
vector q, which is orientated along the [003 ]yonoclinic
direction. This is also in good agreement with the
proposed reaction mechanism because the stacking
of the hexagonal AOs-layers is perpendicular to the

[001] direction of the monoclinic cell.

Conclusions
We have presented further evidence that the
decomposition of the cubic (Bag sSrgs)(CogsFep2)0s.
s BSCF perovskite is a process that finally separates

the former cubic single phase BSCF into a two
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3 Formation of <Ba0.581”0.5>(Feo.gzn()Q)Og_(g

3.1 Summary

The results presented in the following two sections are about the formation of the
(Bag.5S10.5)(FegsZng.2)O3_5 (denoted as BSFZ) perovskite-type oxide as well as to
compare the intial formation steps with those from the (Bag 5Srg 5)(CogsFeg2)O3_s
(denoted as BSCF). An extensive ATEM study using electron energy-loss spec-
troscopy (EELS) and energy-filtered transmission electron microscopy (EFTEM)
is given. Additionally, XRD and scanning electron microscopy (SEM) was ap-
plied to characterise the formation of the BSFZ perovskite in the first article. The
second article emphasises the structural changes during the synthetic process by
XRD and by high-resolution TEM (HRTEM). Also, thermodynamical considera-
tions regarding the stability of the mixed carbonate were made.

As for the BSCF formation, reported in chapter 2, the first crystalline products
are formed around T = 873 K and were also identified to be a mixed carbonate
(Bag55r5)CO3_s in aragonite modification and a mixed oxide (ZnggFep4)FesOy
in spinel modification, as found by XRD and EELS. Furthermore, it was proven
by EFTEM and EELS that a nano-scaled solid state reaction between the spinel
and the carbonate led to the perovskite structure. XRD studies have revealed that
the phase pure perovskite BSFZ can be already obtained at temperatures of T =
1023 K.

A more detailed investigation regarding possible intermediate structures is out-
lined in the second article regarding this material. It was found that the reaction
between the spinel and the carbonate does not lead directly towards the perovskite
structure but a stuffed tridymite structure y-(Bag 5Srg 5)FeaO4 was observed, which
was accompanied by formation of the zinc enriched franklinite spinel.
Additionally, thermodynamic investigations revealed that the mixed carbonate re-
mains theoretically stable up to T = 1063 K under ambient air conditions, which
clearly delivers evidence that formation of BaO and SrO will not occur as the per-
ovskite formation already takes place at temperatures of T = 1023 K. Hence the
reaction takes place directly between the mixed spinel and the mixed carbonate.
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How (Bag 5Sr¢.5)(FegsZng )03 5 and (Bay sSrg5)(CogsFey2)03
Perovskites Form via an EDTA/Citric Acid Complexing Method**

By Julia Martynczuk, Mirko Arnold, Haihui Wang, Jiirgen Caro, and Armin Feldhoff*

Nowadays, numerous perovskite materials with different
elemental compositions are used in a range of applications.
Perovskite-based ceramics are applied to the combustion of
volatile organic compounds (VOCs), vehicular emission con-
trol, electrical pulse induced resistance-change and electric-
field devices, high-frequency capacitors, the plasma activation
of CO,, electro- and thermochromic devices, and microwave
applications such as mobile communication and satellite
broadcast systems.!] Furthermore, there is interest in perov-
skites for the chemical synthesis of ammonia at atmospheric
pressure, ammonia oxidation, and application as nanoparti-
cles.”! The electrochemical importance of perovskite oxides is
apparent in the case of solid oxide fuel cells (SOFCs).”) After
their first employment as cathode materials, perovskites are
now used as electrolyte and anode materials, and full inter-
mediate-temperature SOFCs are now being prepared.m Ce-
ramics with both ionic and electronic conductivities are often
of the perovskite type. Some basic work was carried out by
Teraoka et al., who proposed (La;_,Sry)(Coy_yFe,)O5 5 as a
membrane material with a high oxygen permeability.’! The
oxygen permeation property!® is used for the separation of
oxygen from air, partial oxidation of methane, ethane, and
propane, and oxygen enrichment in air.”!

Instead of the classical solid-state synthesis route, that is,
the blending and firing of powdered reactants, perovskite-type
oxides of complex stoichiometries are now widely synthesized
by wet-chemical methods, such as the combined citric acid
and EDTA (ethylenediaminetetraacetic acid) complexing
method,[gl which is investigated here, and which was first used
by Shao et al.”! The synthesis of mixed oxides by the decom-
position of complex organic mixtures was introduced in the
1960s by Paris et al.'” Some years later Marcilly et al. de-
scribed the first preparation of a perovskite-type oxide from
the respective metal nitrates in a citrate process.!'!! Up until
now the single stages of the latter described synthesis route,
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which maintains a fine-scale intermixing of the cations during
all processing steps, have been investigated insufficiently even
though this is essential for finding ways to utilize the full po-
tential of the material and to optimize its functional proper-
ties.

In our group, the novel perovskite-type material
(Bag sStg5)(FegsZng2)O5_s has been developed.“zl It shows
high oxygen permeation fluxes (2.55 mL min~ cm™ in the par-
tial catalytic oxidation of methane to syngas (POM) for
1.25 mm thick membrane disks) and an excellent phase stabil-
ity under low oxygen partial pressures (poz<1><10’8 Pain a
2% H,-Ar atmosphere).'¥] The doping of the B site of the
perovskite structure with a divalent metal like zinc, which ex-
hibits a constant oxidation state, leads to the elimination of
nonstoichiometric oxygen variations and lattice expansion
caused by variations of the temperature or the chemical po-
tential of oxygen. The procedure of the EDTA/citric acid
complexing synthesis route is usually a low-temperature heat-
ing of the sol until gelation, followed by a heat treatment re-
sulting in a pure perovskite powder. This workflow was inter-
rupted by quenching samples for a stepwise structure analysis.
The relevant stages from the gel to the pure perovskite pow-
der are the crystallization of the amorphous gel at about 550—
600 °C, the initiation of the perovskite structure formation at
600-650 °C, and the total disappearance of the intermediates
at 750 °C. With this stepwise refinement it was possible to de-
termine the crystalline intermediates formed during the prep-
aration of a (BagsSrgs)(FepsZng,)O5_s perovskite as a two-
phase mixture of ultrafinely dispersed (Zng ¢Feo 4)Fe,O4 (spi-
nel) and (BagsSrps)CO; (carbonate in aragonite modifica-
tion). It is interesting to note that there is obviously a prear-
rangement in groups of cations according to the later A
(barium and strontium) and B (iron and zinc) sites in the per-
ovskite on the nanometer scale.

This finding was verified by the following characterization
methods. First, we proved the nanometer scale location of the
perovskite formation between the intermediates by imaging
using transmission electron microscopy (TEM) for ten differ-
ent conglomerations, with homogeneous results. The speci-
men used was prepared, as described in the experimental part,
from a quenched powder calcined at 750°C for two hours.
The exemplary TEM bright-field images the reaction pathway
from spinel and carbonate to perovskite (Fig. 1a). The crystal
sizes are of about 100 nm, as confirmed by TEM dark-field
imaging. Having a particle with neighboring spinel and car-
bonate crystals, the perovskite is formed at their expense. The
identification of the three phases was carried out by electron

Adv. Mater. 2007, 19, 2134-2140
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Figure 1. Transmission electron microscopy images showing the

formation of the perovskite phase between the intermediates.
a) Insight into the EDTA/citric acid complexing synthesis of the
(BagsSro.s) (Feo.sZno2)Os_5 perovskite. Crystalline intermediates iden-
tified as (Zng¢Feo.4)Fe,04 spinel and (BagsSros)COs3 carbonate in ara-
gonite modification by transmission electron microscopy. b) Identifica-
tion of these three phases by electron energy-loss spectroscopy (EELS)
(top: spinel; middle: perovskite; bottom: carbonate). c—e) Accurate loca-
tion of the different particles illustrated by energy-filtered TEM images,
showing high elemental concentrations by bright contrast ((c) iron;
(d) barium) or in different colours ((e) blue=iron; green=barium).

energy-loss spectroscopy (EELS), energy-filtered trans-
mission electron microscopy (EFTEM) (Fig. 1b-1le) and
selected-area electron diffraction (SAED). The presence of
an Fe-L,; edge and the characteristic energy-loss near-edge
structure (ELNES) of the O-K ionization edge in the top
spectrum identify the spinel (Fig. 1b). The carbonate structure
is specified by the bottom spectrum using the Ba-M, s white
lines and the different characteristics of the O-K ELNES. In
the middle, the O-K, the Fe-L, 3, and the Ba-M, 5 edges iden-
tify the perovskite structure. The accurate locations of the
different particles are illustrated by Figure 1c—e, showing high
elemental concentrations of iron and barium by bright con-
trast and different colors, respectively. The particle in the mid-
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dle contains a high amount of iron (white in Fig. 1c, blue in
Fig. 1e) but no barium, whereas the bottom particle comprises
no iron but barium (white in Fig. 1d, green in Fig. 1e). The
perovskite appears with moderate bright contrast in Figure 1c
and d, and as a green/blue mixture in Figure le. For a more
detailed specification, an investigation on the particular com-
pounds was carried out by EELS in different energy ranges.

Electron energy-loss spectroscopy offers not only informa-
tion about the elements contained in the compound, but also
about their chemical environment. The inelastic scattered
electrons can be resolved energy-dependently, and the result-
ing energy distribution with its characteristic ionization edges
and energy-loss near-edge structures allows conclusions to be
drawn about the element itself and, moreover, on its bonds to
other elements.!¥

The specification of the carbonate structure comes to the
fore in Figure 2b-2d, which shows three EEL spectra in
different energy ranges. Two peaks in the C-K near-edge
structure (290, 300 eV, Fig. 2b) originate from excitations of
carbon 1s electrons into unoccupied non-bonding n* and o*
orbitals."™! They reflect directly the presence of C=0 double
bonds and C-O single bonds in the carbonate ion (Fig. 2a).
At 272 and 282 eV an Sr-M,; 3 ionization edge emerges. The
low-loss spectrum in Figure 2c is characterized by Ba-O;3
and Sr-N,3 edges at 15-29 eV. A Ba-N,s edge appears at
95 eV. O-K and Ba-M, 5 edges are shown in Figure 2d. The
fine structure of the O-K edge at 532 eV is in good agreement
with that reported for SrCO."! Furthermore, neither an
Fe-M,; edge is present at 54 eV nor an Fe-M,; edge at
708 eV.

The spinel is indicated by the two EEL spectra in Figure 2e
and f: in the low loss region by the presence of an Fe-M, 3
edge at 54 eV, and at higher energy losses by Fe-L, 3 white
lines (708 eV, 721 eV).' The characteristic ELNES of the
O-K ionization edge is typical for spinelsl!”) and distinctly
different from the one obtained for the carbonate in Fig-
ure 2c. Barium and strontium edges at 15-29 eV and 781 eV
are not found.

The formation of the perovskite between the spinel and car-
bonate phases is shown by Figure 2g and h. The low-loss spec-
trum shows Ba—O, ;5 and Sr-N; 5 edges at 15-29 eV. Addition-
ally, an Fe-M, 3 edge is found at 54 eV. At higher energies the
Fe-L,3 (708 eV, 721 eV) and Ba-M, 5 (781 eV, 796 eV) white
lines appear. In addition, the characteristic O-K ELNES con-
firms the perovskite structure.!'¥!

Exemplary SAED patterns of the three phases involved in
the formation of the perovskite are shown in Figure 3. For the
carbonate in aragonite modification (Fig. 3a) along the
[-1,7,-2] zone axis three different lattice plane distances
(d=1.77, 232, and 2.85 A) are indicated. The spinel exhibits
lattice plane distances of d=4.22 and 2.98 A along the [0,0,1]
zone axis. The orientation of a perovskite particle along
[1,-3,2] zone axis (Fig. 3b) resulted in lattice plane distances
of d=1.77,1.61,2.28, and 1.32 A (Fig. 3c).

On the basis of these results we reason that the perovskite
structure comprises the spinel and carbonate at their expense
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Figure 2. |dentification of intermediates by elements and their chemical environment. a-d) Carbonate structure specified by three EEL spectra in differ-
ent energy ranges by a closer look at the energy-loss near-edge structures (ELNES) at ionization edges for barium, strontium, carbon, and oxygen.
e,f) Spinel indicated by two EEL spectra: in the low-loss region and at higher energy losses by Fe-edges and the characteristic ELNES of the O-K ioniza-
tion edge. g,h) Formation of perovskite indicated by two EEL spectra. The low-loss spectrum shows Ba-O, 3, Sr-N; 3 and Fe-M, ; edges. At higher ener-
gies the characteristic O-K ELNES confirms the perovskite structure.
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Figure 3. Selected-area electron diffraction (SAED) of the three phases: a) carbonate along the [-1,7,-2] zone axis and lattice plane distances of
d=1.77 A (3,1,2; -1,1,4;, -3,-1,-2; 1,-1,-4), d=2.32 A (1,1,3; -1,-1,-3), d=2.85 A (-2,0,1; -1,1,2). b) Spinel along [0,0,1] zone axis and lattice plane
distances of d=4.22 A (0,-2,0; 2,0,0; 0,2,0; —2,0,0), d =2.98 A (2,-2,0; 2,2,0; -2,2,0; —=2,-2,0). ) Perovskite along [1,-3,2] zone axis and lattice plane dis-
tances of d=1.77 A (2,0,-1;-2,0,1),d=1.61 A (-1,1,2; 1,-1,-2),d=2.28 A (1,1,1; -1,-1,-1), d=1.32 A (3,1,0; -3,-1,0).

in a solid state reaction. Further, we expect that the grain sizes
of the primarily formed perovskite crystals are in the same
range as those of the crystalline intermediates, and coarsen
afterwards with time during temperature treatment.

The grain size distribution of the perovskite particles is of
high importance for the subsequent properties of the syn-
thesized ceramic. The smaller the grains of the powder under-
lying the green compact of the subsequent ceramic, the better is
the sintering behavior, for example, lower sintering temperature
and shorter time, giving less porosity and the possibility to ob-
tain highly dense ceramics. Thus, it is essential to find the opti-
mized calcination procedure to obtain a perovskite powder of
high purity, but with the smallest possible grains.

Thermogravimetric analyses (TGA) pointed out that the or-
ganic compounds are burned step-by-step, and CO3>, NO5",
and NH4NO;3 are eliminated."! After
crystallization of the amorphous gel at
about 550-600 °C, no nitrogen-contain-
ing compounds are found, indicating
the total release of NOy. Figure 4a and
b show scanning electron microscopy
(SEM) images of a powder calcined at
650°C for two hours, containing ap-
proximately equal amounts of inter-
mediates and perovskite, as estimated
by the XRD intensities. At the initiation
of the perovskite structure formation at
600-650°C, an evaporation of CO,
caused by the decomposition of the car-
bonate is observed. Due to this evapo-
ration the powder becomes porous, but
the grain sizes remain in the range of
400 nm and smaller. The total disap-
pearance of the intermediates is observ-
able after calcination at 750 °C for ten
hours (Fig. 4c, 4d). The grain coarsening
has proceeded slightly to grain sizes of
up to 700 nm. The calcination at 950 °C
for 2 h produces a powder run through
a coarsening of grains to sizes of around
one micrometer. On account of the
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grain growth at the expense of smaller grains the powder gets
more and more porous. Figure 4f images the presintering in
some parts of the powder. Based on these results a chemical
equation for the solid-state reaction between the intermedi-
ates has been established:

+0,
3 (Bag.5S10.5)COs3(5)+(Zng 6Feg.4)Fe,04(5)—
3 (Bag.sSt0.5)(Feo.8Zn02)O3_5()+3CO05g) (1)

This finding confirms that the primarily formed perovskite
crystals possess grain sizes of the same range as those of the
crystalline intermediates and that the usual calcination at
higher temperatures is not required, and is even undesirable

Figure 4. Grain coarsening and gaseous release during calcination at higher temperatures.
a,b) Scanning electron microscopy (SEM) images of an approximately equal amount of intermedi-
ates and perovskite containing powder calcined at 650 °C for two hours. Grains are of size 400 nm
and smaller. ¢,d) Pure perovskite powder in the SEM after calcination at 750 °C for ten hours. Sizes
of the grains are up to 700 nm. The powder gets highly porous because of the release of gaseous
CO; (Eq. (1)). &,f) Grain coarsening of perovskite powders to 1 um after calcination at 950°C for
two hours.
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due to grain coarsening during further heat treatment. Addi-
tionally, the presintering of the powder should be avoided in
order to facilitate the pressing of the green compact for the
ceramic production.

Why is the perovskite formed directly without the forma-
tion of barium strontium oxides? The decomposition of the
carbonate can take place only if it forces a CO, potential that
is higher than that in the surrounding atmosphere. The de-
composition temperature for the (BagsSrys)COs, which was
calculated from the thermodynamic data for barium and
strontium carbonate (see Supporting Information, Fig. S1), is
808 °C, higher than the temperature of the perovskite forma-
tion. Under the experimental conditions applied, zinc and
iron do not form carbonates because, as calculated from ther-
modynamic data (Supporting Information Fig. S1), in ambient
air, zinc carbonate and iron carbonate are not stable above
10 and 27 °C, respectively. Taking into account kinetic factors
that inhibit the decomposition process, the measured temper-
ature for zinc carbonate is in the range of 250-290°C, and
above 300°C for iron carbonate.”” Among the iron oxides,
the spinel phase is the most stable phase in the relevant tem-
perature range, as can be seen from AG curves.”! In the pres-

ence of Zn, however, the incorporation of Zn?" into the spinel
is energetically favorable as AGg lies in the range of 380 to —
260 kJ mole™ for 500-800 °C for the reaction:*?!

4FCF€204(5)+6ZI’)O(S)+Oz(g)—>6ZnFezo4(s) (2)

The basis of the perovskite formation process of
(Bag 5Stg.5)(FepsZng2)O5_s5 is now proved, and this knowl-
edge provides new possibilities for optimization of the
ceramic synthesis. But how general are these results? To
verify the assumption that perovskite oxide formation in an
EDTA/citric acid complexing synthesis route might proceed
over through analogous crystalline intermediates, the
(Bag 5S1g.5)(CopsFep2)Os_5 perovskite, which is a promising
reduced-temperature cathode for SOFCs,”>! was also investi-
gated. It was found that after gelation the first crystalline
phases were a (BagsSrys)CO; carbonate in the aragonite
modification and an (Fe(Cog4)C0,04 spinel documented by
X-ray diffraction. The diffraction pattern in Figure Sa was
measured for a (Bag 5Sr(5)(CogsFe2)Os_s perovskite powder
after calcination at 600 °C for two hours. In comparison to the
diffraction pattern above (Fig. 5b) the pattern detected for a
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Figure 5. Analogy with synthesis of another perovskite and development from intermediates to perovskite. X-ray diffraction pattern for
(Bag,5Sro.5) (Coo.sFep 2) O35 at 600 °C for two hours provides evidence that the perovskite formation proceeds through analogous intermediates (spinel
and carbonate) as for the synthesis of (Bag sSrq s) (Feo.sZno2)Os_s. The latter is formed by treatments from two hours at 600 °C to two hours at 750°C
to ten hours at 750°C. The intermediates start to vanish due to the formation of the perovskite.

www.advmat.de

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2007, 19, 2134-2140

99



3. Formation of (Bag5Srq5)(FepsZng2)Os_s

(BagsSrg5)(FepsZng2)O5_5 powder run through the same
temperature treatment indicates that the identified phases co-
incide with a difference in the spinel lattice caused by the di-
verse cations. With this result we can expect that the perov-
skite oxide synthesis with EDTA/citric acid complexing
methods can proceed with the formation of a spinel and car-
bonate after the gelation.

For the (BagsSros)(FepsZng,)Os s perovskite oxide the
two diffraction patterns in Figure 5c and d exhibit the reaction
pathway from the intermediates (BagsSrys)COs and
(Zng ¢Feq 4)Fe,04 towards the perovskite. Increasing the calci-
nation temperature step by step no other phase transition is
detected, and the perovskite formation at the expense of the
carbonate and the spinel can be observed continuously. This
was investigated in steps of 10°C from 600-750°C, and is
shown for the heat treatment from two hours at 600 °C to two
hours at 750 °C, to finally pure perovskite after ten hours at
750 °C. With increasing sizes of crystallites the perovskite re-
flexes narrow during calcinations, indicating a grain coarsen-
ing that was also observed by electron microscopy.

Advanced TEM methods together with SEM and XRD can
give important new insights into the initial formation of a per-
ovskite phase. A profound knowledge of the perovskite for-
mation process opens new ways to engage the microstructure
of the underlying ceramic material, for example, to fine-tune
both grain stoichiometries and grain boundaries in the ceram-
ic material and hence to optimize the sintering behavior (low-
er temperature and shorter time) in order to achieve fewer
pores and highly dense ceramics.

We achieved a structural determination of the fine-scale in-
termixed intermediates formed during the perovskite prepa-
ration by employing an EDTA/citrate process as a spinel, and
carbonate in the aragonite polymorph. Thus, prearrangement
in groups of cations according to the later A and B sites in the
perovskite structure is indicated. TEM and EFTEM as well as
EELS provide evidence that the perovskite structure is
formed in a nanometer-scale solid-state reaction between the
above mentioned intermediates and at their expense. For this
purpose not only the elemental composition of the three
phases were determined, but also the near-edge structures
were considered for chemical environment cognition and
compared with current literature.

Grain sizes obtained in different perovskite synthesis steps
show that the primarily formed perovskite crystals are of the
same size as the intermediates and coarsen afterwards during
temperature treatment. The common calcination temperature
of 950 °C can be decreased to 750 °C to avoid presintering and
therefore facilitate the pressing of the green compact for the
ceramic production.

In the synthesis of two distinct perovskite oxides by an
EDTA/citric acid complexing method it was shown that the
perovskites form in nanometer-scale solid-state reactions be-
tween finely dispersed crystalline intermediates, and that the
first crystalline intermediates are a complex spinel of the later
B site ions and a complex carbonate of the later A site ions of
the perovskite. Hence, it is expected that perovskite oxide
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ADVANCED
MATERIALS

syntheses via EDTA/citric acid complexing methods will gen-
erally proceed with the formation of a spinel and a carbonate
after gelation.

Experimental

A synthesis method with combined citric acid and EDTA acid as
the complexing agents was applied. A given amount of Ba(NOj3),
powder was dissolved in an aqueous solution of Zn(NO3),, Fe(NO3)3,
and Sr(NOs),, followed by the addition of EDTA acid. After agitation
for a certain time, a proper amount of citric acid was introduced, with
the molar ratio of EDTA acid : citric acid : total of metal cations con-
trolled at around 1:1.5:1. After addition of NH;3-H,O, the pH value of
the solution was adjusted in the range of 6-9 by the addition of sup-
plementary NH;3-H,O. Water was evaporated with stirring in the tem-
perature range of 120-150 °C. After evaporation for several hours, the
transparent solution transformed into a dark purple gel. Further heat
treatments were applied at temperatures up to 950 °C.

Transmission electron microscopy (TEM) was performed at 200 kV
on a field-emission instrument of type JEOL JEM-2100F with an
ultra-high resolution pole piece (Cs=0.5 mm) that provides a point-
resolution better than 0.19 nm. Moreover, the microscope was
equipped with an energy filter (Gatan GIF 2001) with a 1k-CCD cam-
era. The filter was employed to acquire energy-filtered transmission
electron microscopy (EFTEM) images and electron energy-loss spec-
tra (EELS), with a special emphasis on energy-loss near-edge struc-
tures (ELNES) at ionization edges. Powders were prepared for TEM
investigation by crushing them by mortar and pestle and afterwards
epoxy-gluing them between two silicon single crystals. 1x1.5x3 mm
pieces were cut and polished on polymer embedded diamond lapping
films to 0.01x1x2.5 mm, approximately. Finally, Ar" ion sputtering
was employed at 3 kV (Gatan, model 691 PIPS, precision ion polish-
ing system) under shallow incident angles of 4-8° until electron trans-
parency was achieved.

Scanning electron microscopy (SEM) was employed on a field-
emission instrument (JEOL JSM-6700F). Secondary electron (SE)
microscopy images were taken at low excitation voltages in the range
of 0.5-2 kV.

X-ray diffraction (XRD) was performed on a Philips X’pert-MPD
instrument using monochromator-filtered CuKoa radiation at 40 kV
and 40 mA, receiving slit of 0.15 mm and count times of 3 sstep™.
Data were collected in a step-scan mode in the range of 20-50° with
intervals of 0.03°. Data for interpretation were taken from the PDF-2
database with PDF numbers FeFe,O, [19-629], ZnFe,O, [22-1012],
CoFe,0, [3-864], BaCO; [45-1471], SrCO; [5-418], StFeO5_ [34-641],
BaFeOj; [14-80]. Lattice parameters for the exact stoichiometries were
calculated according to homogeneous solid solutions.
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Abstract

Nowadays, sol—gel procedures are well established in the synthesis of complex oxides as they allow to obtain phase pure products and to
control precisely their stoichiometry. This quality makes them a tool of choice for the preparation of perovskite-type oxides. To optimize the
functional properties of these materials, it is essential to set accurately their possible complex stoichiometries. However, details of the formation
of the perovskite crystal remain obscure. Different stages of an ethylene-diamine-tetraacetic acid (EDTA)/citrate-gel based synthesis process for
mixed conducting (Bag 5Srg 5)(Fep gZng 2)O5_;s of cubic perovskite structure are elucidated. The combination of analytical transmission electron
microscopy with X-ray diffraction reveals that the perovskite-type oxide is formed already at moderate temperatures at around 700 °C via
nanoscale solid state reactions between finely-dispersed crystalline intermediates identified as a spinel and a carbonate. The reaction scheme,
however, is intricate and includes stuffed tridymite structures as transient phases. The ultrafine intermixing of extremely small reactants makes
EDTA/citrate-gel based procedures superior to classical solid state routes with respect to applications that demand phase purity and stoichiom-
etry control.
© 2007 Elsevier Masson SAS. All rights reserved.

Keywords: Sol—gel synthesis; Perovskite; Reaction mechanism; Transmission electron microscopy; Carbonate; Spinel; Stuffed tridymite; Rietveld refinement;
Ellingham diagram

1. Introduction

Conventionally, complex oxides are prepared by the solid
state route that is the blending of powdered reactants, mostly
oxides and carbonates, and their firing at temperatures as
high as 1200 °C. At these high temperatures the loss of the
most volatile component may easily occur leading to non-
stoichiometric products with decreased functional properties.

* Corresponding author. Tel.: 449 511 762 2940; fax: +49 511 762 19121.
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(H. Wang).
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Alternative chemical synthesis processes have been introduced
in the 1960s by the thermal decomposition of stirred metal—
organic complexes that employ distinctly lower temperatures
in the range of 600—700 °C [1,2,3]. All these processes rely
on the chemistry of gels that contain all the cations in the
desired ratios [4,5]. Even though variants of these sol—gel pro-
cedures are widely used today, details of the formation of the
final crystalline product are still little known. The combined
ethylene-diamine-tetraacetic acid (EDTA)/citrate complexing
method under investigation has been introduced some years
ago [6]. It has been shown elsewhere [7—9] that complex
oxides of cubic perovskite structure are formed in nanoscale
solid state reactions between carbonate and spinel intermedi-
ates. The general reaction scheme has been outlined for the
perovskite stoichiometries (BagsSrgs)(FegsZng,)O03_ 5 and
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(Bay 5519 5)(Cog.gFep )05 _s. The present study is devoted to
details of the formation of the Zn-containing perovskite that
turns out to be intricate on the atomic scale.

2. Materials and methods

The synthesis process is evaluated for a perovskite-type
oxide that is a prospective membrane material for oxygen
separation technologies [10—12] or electrode material for
solid oxide fuel cells [13]. In the temperature range of 700—
950 °C, (Bag 5Srg5)(FeggZng,)O5_s [14,15] is a mixed elec-
tron and oxygen conductor that provides high oxygen fluxes
and exhibits an excellent phase stability even under low
oxygen partial pressures, superior to other compositions.

The processing route employs both citric acid and EDTA as
the complexing and gelation agents [6] and has been adapted
for the specific stoichiometry under investigation. Proper
amounts of Ba(NOj),, Sr(NOs3),, Fe(NO3);, and Zn(NOs),
were dissolved in water followed by the addition of citric
acid, EDTA and NHj. In the temperature range of 120—
150 °C, the reaction mixture was then heated under constant
stirring to obtain a purple-coloured gel. Afterwards, the gel
was pre-calcined for 1 h at 700 °C. The pre-calcined powders
were grounded and heated at temperatures up to 750 °C with
a heating rate of 3 °C/min. Intermediates as well as final pro-
ducts were analyzed by several techniques that are described
below.

X-ray diffraction (XRD) was conducted in a /20 geometry
on a Philips X’pert-MPD instrument using monochromated Cu
Ko , radiation at 40 kV and 40 mA, receiving slit of 0.15 mm
and count times of 5 s/step. Data were collected in a step-scan
mode in the 26 range of 20—50° with intervals of 0.03°.

Data for interpretation were taken from the ICDD PDF-2
database with PDF numbers FeFe,O, [19-629], ZnFe,O,
[22-1012], Fe,05 [33-664], SrFeO;_, [34-641], and BaFeO;_,
[147-180]. Lattice parameters for the exact stoichiometries
have been calculated according to homogeneous solid solu-
tions. To index experimental data related to (Bag 5Srgs)COs3,
the structure has been described with unit cell parameters ac-
cording to Ref. [16]. To index data related to (Ba; _,Sr,)Fe,0y,
the structure has been described in space group Cmc2; (No.
36) based on the structure given in Ref. [17].

For structure refinements of the product phase, X-ray
powder diffraction data were collected on a Bruker AXS D8
Advance diffractometer using a transmission geometry, a Go-
bel mirror and Cu Ko, , radiation. Six thousand data points
were collected with a step width of 0.02° in the 26 range
from 20° to 140°. XRD powder data Rietveld refinements
were carried out by using TOPAS 3.0 (Bruker AXS) software.
During refinements, general parameters such as the scale fac-
tor, seven background parameters and the zero point of the
counter were optimized. Profile shape calculations were car-
ried out on the basis of standard instrumental parameters using
the fundamental parameter method implemented in the pro-
gram, varying also the average crystal size (integral breadth)
and the strain parameter ¢, (FWHM based strain calculation
assuming intermediate strain broadening modelled by a Voigt

function giving Ad/260 with a 50% probability). Additionally,
the cell parameter and the displacement parameters were re-
fined. In the case of site occupation with mixed atoms, linear
constraints were used for occupancy (occupancy of atom B is
equivalent to 1.0 minus occupancy of atom A) and displace-
ment parameters (atoms on the same position have the same
displacement parameter).

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) were performed
at 200 kV on a field-emission instrument of the type JEOL
JEM-2100F. The microscope was equipped with an ultra-
high-resolution pole piece that provides a point-resolution
better than 0.19 nm (spherical aberration constant Cg=
0.5 mm, chromatic aberration constant Cc=0.5 mm) and
allowed to make high-resolution transmission electron micros-
copy (HRTEM). STEM was conducted in high-angle annular
dark-field (HAADF) contrast that allows to obtain mass-thick-
ness information. The microscope was equipped with an
energy filter of the type Gatan GIF 2001 with a 1k charge-
coupled-device (CCD) camera. The filter was used to enhance
the dynamics in selected area electron diffraction (SAED) pat-
tern by elastic filtering with a bandwidth of 15 eV. The filter
was employed as well to acquire electron energy-loss spectra
(EELS) of core-loss energies with a special emphasis on
energy-loss near-edge structures (ELNES) at ionization edges.
To obtain elemental maps via energy-filtered transmission
electron microscopy (EFTEM), the three-window technique
was utilized with 40 eV energy slit and power law model
[18]. For the Fe-L edge energy slits were centered at 643,
683 eV (pre-edge) and 728 eV (post-edge). To avoid any over-
lap with Fe-L signals, for the Ba-M edge energy slits were
centered at 661, 751 eV (pre-edge) and 801 eV (post-edge).
Individual exposure times were 30 s, respectively. Elemental
analysis by energy-dispersive X-ray spectroscopy (EDXS)
was made using an Oxford Instruments INCA-200-TEM
system with an ultra-thin window that was attached to the
microscope.

To obtain specimen for TEM, dried gel was crushed in
ethanol by mortar and pestle. The suspension was dropped
from a pipette to a 300-mesh copper-supported carbon foil
(Quantifoil) that was placed on a piece of filter paper to
wick away excess ethanol. Calcined powders were prepared
for TEM investigations by epoxy gluing them between two
pieces of silicon wafer. These sandwiches were cut into
1 x 1.5 x 3 mm rectangular pieces and polished in cross-
section on polymer embedded diamond lapping films down
to 0.01 x 1 x 2.5 mm, approximately (Allied High Tech, Mul-
tiprep). Thinned sandwiches were glued onto a copper slot
grid, respectively, and Ar" ion sputtered at 3 kV under an
incident angle of 6° (Gatan, model 691 PIPS, precision ion
polishing system) until electron transparency was achieved.

A quantity of 2 g of pure (BagsSrgs)CO; powder and
(Zng gFeg 4)Fe,04 powder was synthesized by the EDTA/
citrate method, and phase purity and crystal size were deter-
mined by SEM (JEOL JSM-6700F), respectively. Experimen-
tal determination of the CO, equilibrium pressure above the
carbonate as a function of temperatures was performed in
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a quartz glass equipment flanged to a turbo molecular pump.
After sealing and evacuating the equipment from atmospheric
pressure to 1 Pa and heating to 700 °C, the pressure was mea-
sured with a Pirani gage in steps of 50 °C up to 1000 °C after
equilibration times of ca. 1/2 h, respectively.

3. Results and discussion
3.1. Early stages

Gelation takes place in the temperature range of 120—
150 °C due to the release of water and is accompanied by the
evaporation of ammonia. This leads to a decrease of the
nitrogen and oxygen content as it is shown elsewhere [7].
Fig. 1 shows a magnification series of Z-contrast HAADF
micrographs of the gel after 18 h at 150 °C. The gel is charac-
terized by a fine dispersion of metal complexes (high Z) in
a polymerized network (low Z). Individual metal atoms or clus-
tered metal complexes give rise to strong electron scattering

and thus bright contrast in the micrographs. The polymeric
matrix composed of atoms with much lower scattering cross-
sections appears with grey contrast. Concerning the stability
constants for the complex formation K given logarithmically
in Table 1, the distinctly higher K-values for EDTA for all
four cations make a total complexation with EDTA most likely.
On the contrary, the citric acid contributes to the gelation, and
formation of a polymeric network, by a condensation due to the
esterification of the alcohol group of the citric acid molecule
with the carboxyl group of another citric acid molecule or an
EDTA molecule. In Fig. 1a and b some relatively large clusters
of metal complexes with sizes of around 15 nm are present.
Predominantly, cluster sizes are distinctly smaller as it can be
seen in Fig. 1c and d. An eminent fraction of clusters is around
5 nm in size. Moreover, the close-up in Fig. 1d shows structural
details with sizes of just 1 nm that hint to the presence of very
small individual clusters of metal complexes. In conclusion, the
sol—gel method prevails a very fine intermixing of metal cat-
ions on the nanometer scale.

Fig. 1. Magnification series in high-angle annular dark-field contrast of the gel after 18 h at 150 °C.
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Table 1 Fig. 2c, the reflections of the intermediate phases become

Complex forming constants of metal cations (from Refs. [19,20]) smaller, reflections of a further transient phase of stuffed tridy-
EDTA, log K Citric acid, log K mite-type oxide arise (Fig. 2d), and finally the perovskite

Ba*" 7.86 2.73 structure is formed (Fig. 2e).

St 8.74 3.02 Fig. 2d shows an XRD pattern after heating the powder ad-

F 6321 2.1 11.2 ditionally 12 h at 700 °C. The reflections of the intermediates

Zn 16.5 4.76

3.2. Crystalline intermediates and perovskite

During further heating the gel starts to crystallize at about
550—600 °C under the formation of intermediate phases that
can be detected by XRD. Typical diffraction pattern after 1 h
at 700 °C are given for three preparations in Fig. 2a—c show-
ing reflections from an aragonite-type carbonate (Fig. 2a,c and
f) and spinel-type (ZngeFeq4)Fe,0,4 oxide (Fig. 2b,c and g).
During cumulated further heat treatments of the powder in
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Fig. 2. X-ray powder diffraction of intermediates and perovskite. (a) Taken
from the synthesis of (BagsSrys)CO; after 10 h at 750 °C, (b) taken from
the synthesis of (Zng ¢Feg 4)Fe 0, after 1 h at 700 °C, (c—e) taken from the
synthesis of (Bag sSrg 5)(Fep sZng2)O05_s after (c) 1 h at 700 °C, (d) additional
12 h at 700 °C, (e) additional 10 h at 750 °C. (f—i) Assignment of diffraction
lines for different phases: (f) aragonite-type (BagsSros)COs3 carbonate, (g)
(Zng 6Feo.4)Fe;04  spinel, (h) y-(BagsSros)Fe;O4, (i) perovskite-type
(Bay 5St0.5)(Feg 8Zn2)03 5.

are less pronounced and broad reflections of a Ba—Sr—Fe
oxide dominate (marked by stars), which can be compared
to a y-(BagsSrgs5)Fe,O4-type phase (Fig. 2h). More details
concerning the transient phase are discussed below in context
of Fig. 7. After additional heating for 10 h at 750 °C, the inter-
mediate and transient phases are completely vanished and
a pure perovskite powder is obtained (Fig. 2e and i).

The XRD analysis points to a solid state reaction in the
nanoscale powder between the intermediates of the following
simplified type:

carbonate soiia) + Spinel ;g

o . L
= perovskite ) + carbon dioxide gaseous) (1)

The liberation of gaseous CO, is manifested in the evolu-
tion of a porous sponge-like solid that has been investigated
by scanning electron microscopy [7,8]. Details of this reaction
are, however, more intricate as it is manifested in additional
transient phases. All involved phases are discussed in the
following.

3.2.1. Rietveld refinement of the
(Bay.sSro.s)(FepsZnp2)03_s product

The stoichiometry of the product has been determined by
EDXS during TEM experiments to be close to (BagsSrgs)
(FepgZny,)O5_s as is described elsewhere [14]. By XRD
(Fig. 3), the perovskite was found to crystallize in the cubic
space group Pm-3m (No. 221) with a lattice parameter of
0.39900(2) nm. Barium and strontium were refined on the
same crystallographic position 1a (0,0,0) with 52(2)% occupa-
tion for the barium atoms corresponding to the chemical anal-
ysis and a displacement parameter of B = 1.4(1). Iron (80%)
and zinc (20%) were calculated on the 1b (1/2,1/2,1/2) posi-
tion showing a high displacement of B =2.4(1). An individual
refinement of the occupancy parameters for this position is not
possible. An equivalent high displacement of B =3.1(5) was
found for the oxygen atoms on the 3c (0,1/2,1/2) site. These
higher displacement parameters correspond to a strain param-
eter of &y =0.157(5) expressing the high distortion in the
structure caused by the mixed occupancy of the anionic posi-
tions in combination with the oxygen deficit introduced by the
lower 2+ charge of the zinc atoms in relation to the 2+4-/3+/4+
charge value of iron atoms. Refining the occupancy parameters
of the oxygen atoms, only 81(2)% could be found. This could
be a hint for a mainly 2+/3+ oxidation state for the iron
atoms, but it has to be taken into account that the error for
the occupancy parameter is difficult to calculate caused by
the high scattering power of the cations in the structure. The
refinement converged to reliability factors of Rwp=0.053
and Pp=0.042 for the pattern with a goodness of fit=1.01,
a Durban—Watson parameter of 1.92, and Bragg R-value of

66



3.3. The sol-gel synthesis of perovskites by an EDTA /citrate complexing method

A. Feldhoff et al. | Solid State Sciences xx (2008) 1—13 5

3800
3600
3400
3200
3000
2800
2600
2400
2200
2000
1800
1600
1400
1200

Intensity / Counts

200 4 )

1000
€00
600 ‘|
400 4 PR i

blue: experiment
red. Rietveld plot
grey: difference

D sy ‘ v
200 !

20 25 3 35 4 45 S0 55 60 65 0O W 80 85 90 95 100 105 110 115 12 125 130 135 140

20 (CuKa) []

Fig. 3. Rietveld plot of (Bag sSrg s)(FepgZng2)O3_s. The observed (blue) and calculated (red) intensities together with the difference between the observed and
calculated pattern (grey) as well as the possible reflex position (tick marks) are given.

0.007 for the perovskite structure. Further details could be
taken from CSD-No. 418850 [40]. Additionally, the average
crystal size was found to be 56(2) nm (Lyo-IB).

3.2.2. The mixed carbonate (Bay sSry5)CO3

Very detailed considerations on the structure of the arago-
nite-type (Bag 551y s)CO5 carbonate are given elsewhere [7].
XRD pattern of the mixed carbonate indicates unit cell param-
eters a = 0.62450 nm, b = 0.52020 nm, and ¢ = 0.86420 nm in
space group Pnma (No. 62) which agrees well with data ac-
cording to Ref. [16] but deviates slightly from values given
by us elsewhere [7]. However, regarding the stability of the
carbonate at the applied temperatures, an Ellingham diagram
has been examined which is based on calculations that are
valid for bulk phases [7]. For nanocrystalline powders, the in-
fluence of the surface cannot be neglected, and the Thomson—
Freundlich equation [21] predicts a higher chemical potential
of carbon dioxide, co,, with respect to bulk phases. Conse-
quently, the decarbonation temperature will decrease with
decreasing particle size.

Thus, a pure (BagsSrgs)CO3; powder with crystal sizes
below 100 nm has been synthesized, and CO, equilibrium
pressures have been measured. In the temperature range of
850—1000 °C, the CO, pressure above the nano-sized carbon-
ate increases from about 100 Pa to 2.3 kPa. Data points have
been connected with a spline function, and within the experi-
mental error, the experimental curve lies slightly above the
estimation from the Ellingham diagram (Fig. 4a). Considering
the corresponding chemical potential, uco,, €ach experimental
data point has been put into the Ellingham diagram in Fig. 4b
by squared points. Their positions deviate slightly to higher
values compared to the calculated mixed carbonate in bulk
phase (dashed line) are interpolated by the respective solid
line.

In contrast to the presentation in Ref. [7], the calculated El-
lingham diagram in Fig. 4b gives directly the chemical poten-
tial of carbon dioxide, ucq,, in dependence of the temperature.

Different partial pressures of CO, are considered as well as
equilibrium values over mixtures of carbonates (BaCOs,
SrCOj3) and rocksalt-type oxides (BaO, SrO). The line that
presents puco, above a mixture of (BagsSrys)CO3; and
(Bag 5Srg5)O is assumed to lie symmetrically between those
of the simple carbonate/oxide mixtures, indicated by a dashed
line.

As mentioned above, liberated CO, can easily evaporate
through the porous sponge-like body of the reaction product.
As all experiments were done under ambient atmospheres, it
is assumed that isobaric conditions apply; with the partial
pressure of CO, being that in air, pco, = 30 Pa. The carbonate
would thermally decompose if its oxidation forces a chemical
potential of CO, that is higher than in the surrounding atmo-
sphere. Considering bulk (BagsSrgs)COs3, a decomposition
temperature of 808 °C is read from Fig. 4b as the intersection
point of the “pco, in air” line with the respective carbonate
line (dashed). Considering the experimental data points
(square brackets), the line valid for the nano-sized carbonate
is shifted up by approximately 4 kJ/mol (solid line) so that
the decomposition temperature lies at about 790 °C. The anal-
ysis indicates that the decarbonation temperature of the nano-
sized carbonate is decreased by ca. 20 °C with respect to bulk
carbonate. But it is still approximately 40 °C higher than the
highest applied temperature of 750 °C, and thus stability
considerations support the solid state reaction pathway that
is given in Eq. (1).

However, in powder reactions the reaction interface is
large; especially if nanoscale powders are considered. This
can lead to the liberation of large amounts of heat [23,24]
and consequently to local overheating. Despite the moderate
heating rate of 3 °C/min up to a nominal maximum tempera-
ture of just 750 °C makes it unlikely that in any of the exper-
iments discussed here, the decomposition temperature of the
carbonate (ca. 790 °C) has been exceeded. This is supported
also by the fact that there have been observed in nanoscale re-
actions neither BaO nor SrO nor (Bag 5Srg 5)O.
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Fig. 5. X-ray powder diffraction: taken from the synthesis of (Zng ¢Feg 4)Fe>O4
(a) after 1 h at 700 °C, (b) after 10 h at 750 °C, (c) FeFe,O4 (magnetite), (d)
ZnFe,0, (franklinite), (e) a-Fe,O5 (hematite).

Fig. 4b contains also pco, plots for ZnCO3 and FeCOjs to
illustrate that a formation of these carbonates do not play
any role in the solid state reaction scheme.

3.2.3. The complex spinel (Zng sFep.4)Fe;0y4
To prove the formation of the (ZnggFeq4)Fe>O4 spinel
during the perovskite synthesis, the sol—gel method was
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Fig. 6. Thermodynamic calculations for the system Zn—Fe—O under different
O, partial pressures [22]. Free enthalpy of formation for the (Zng ¢Feq 4)Fe,O4
spinel has been calculated in consideration of the activities according to
Ref. [26]. Standard free enthalpies of O, versus temperature plots for different
partial pressures are shown with dashed lines in the range of 1-10" Pa (p%’ =
101.3 kPa). All reactions illustrated proceed under atmosphere conditions
(po, in air = 21.3 kPa).
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Fig. 7. Close-up X-ray powder diffraction of intermediates and perovskite in the 26 range between 22° and 34°. (a) Taken from the synthesis of (Bag 5Sr(s)CO5
after 10 h at 750 °C, (b) taken from the synthesis of (Zng ¢Feg 4)Fe,O4 after 1 h at 700 °C, (c—e) taken from the synthesis of (Bag 5S¢ s)(Feo sZng2)O5_; after (c)
1h at 700 °C, (d) additional 12h at 700 °C, (e) additional 10h at 750 °C. (f—i) Assignment of diffraction lines for different phases: (f) aragonite-type
(Bag 5Srp.5)CO; carbonate, (g) (Zng ¢Feg 4)Fe;04 spinel, (h) y-(Bag sSrgs)Fe,0y, (i) perovskite-type (Bag sSrg s)(Fep gZng»)0s3_s, (j) close-up of peaks related to
240 and 221 of (Ba,_,Sr,)Fe,0y4, (k) close-up of peaks 061 and 002 of (Ba,_,Sr,)Fe,0,.

performed without barium and strontium. After calcination for
1 h at 700 °C the formation of a (Zng ¢Feq 4)Fe,O4 spinel was
confirmed by XRD measurements (Fig. 2b) and EDXS. Fig. Sa
(1 h at 700 °C) shows details of the diffraction pattern in the 26
range of 34—37.5° in the vicinity of the most intense (311)
spinel reflex. After heat treatment in air for additional 10 h

Table 2

Crystallographic data for y-(Bag sSrg s)Fe,O4

Atom Site X y z Occ
Ba 4(a) 0 0.1307 0.2500 0.5
Sr 4(a) 0 0.1307 0.2500 0.5
Ba 4(a) 0 0.6173 0.2270 0.5
Sr 4(a) 0 0.6173 0.2270 0.5
Fe 8(b) 0.2776 0.0424 0.7320 1
Fe 8(b) 0.2913 0.2803 0.7740 1
(6] 8(b) 0.2430 0.0370 0.4030 1
(6] 8(b) 0.2250 0.1230 0.9170 1
(6] 8(b) 0.2913 0.2090 0.4170 1
(6] 4(a) 0 0.4530 0.2260 1
(6] 4(a) 0 0.2800 0.2260 1
Space group Cmc2; (No. 36) with a=0.8448 nm, b =1.9050 nm,

¢=10.5390 nm (unit cell dimensions according to Ref. [17]).

at 750 °C, the (311) and (222) spinel reflexes shift by about
0.14° to smaller diffraction angles 26. That indicates an incor-
poration of a larger ion like Zn*" for Fe>" (61 pm — 75 pm
[25]) into the A site of the spinel structure. A slightly larger
shift in the diffraction angle 26 by about 0.16° is noticed
between FeFe,O, (Fig. 5c) and ZnFe,0, (Fig. 5d) that corre-
sponds to an increase of the unit cell dimension from 0.8394 to
0.8442 nm. Additionally, another reflection occurs at 35.6°
(see Fig. 5b), which was identified with attention to comple-
mental diffraction peaks in the 2¢ range of 20—60° (Fig. 2b)
as belonging to a-Fe,O5; (hematite, Fig. Se). In conclusion,
the (Zng¢Fe4)Fe,O4 spinel formed at 700 °C decomposes
in the absence of (Bay sSrys)CO3 carbonate at higher temper-
atures to a spinel with ZnFe,O, stoichiometry and Fe,O3 as
hematite.

To check whether this conclusion is in agreement with ther-
modynamics, calculations have been performed, the results of
which are displayed in Fig. 6. Free enthalpy of formation for
the (Zng¢Fep4)Fe,0,4 spinel has been calculated considering
the activities according to Ref. [26]. Because the graph for
AGg lies lower than that for O, partial pressure in air
(po, in air = 21.228 kPa), dashed line in Fig. 6, the oxidation
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i

Fig. 8. Transmission electron micrographs showing the formation of the (Ba, ,Sr,)Fe,O,4 phase between the ZnFe,0, spinel and (Bay 5Sr( 5)CO; carbonate in the
aragonite modification. (a) Bright-field micrograph with indicated area of high-resolution TEM, of Fig. 9, (b—c) location of the different particles illustrated by
energy-filtered transmission electron micrographs showing high elemental concentrations by bright contrast: (b) iron, (c) barium, (d) location of the different par-
ticles illustrated by energy-filtered transmission electron micrographs showing high elemental concentrations by different colours (blue = iron, green = barium).

of the (Zng¢Feq4)Fe,0, spinel to ZnFe,O4 and Fe,O5 takes
place at atmospheric conditions in the whole temperature
range of 20—1300 °C. Due to the fact that all graphs in
Fig. 6 are below the “po, in air” line, these reactions proceed
regarding thermodynamics. In the presence of zinc oxide, the
iron spinel favours to form the (Zng¢Feq 4)Fe,O04 or ZnFe,Oy4
spinels, and in its absence hematite is formed. However, in
presence of zinc oxide, the reaction of hematite to ZnFe,O,4
spinel is thermodynamically advantageous, too. Strictly speak-
ing, these thermodynamic considerations are valid for bulk
phases only and not for nanoscale powders. But with the con-
templations that have been made in context of Fig. 4, all AGg
curves in Fig. 6 would be shifted slightly down to represent the
situation for nanopowders. Anyway, the relative stabilities of
the different phases would not be affected.

Recapitulatory, the (Zng ¢Feg 4)Fe,04 spinel is not the most
stable spinel in the Zn—Fe—O system due to its decomposition
at elevated temperatures. Thus, it is essential that the reaction
towards the perovskite with the carbonate takes place immedi-
ately after the formation of the (Zng¢Feq 4)Fe>O4 spinel.

3.2.4. Complex (Ba,Sr)-Fe oxide intermediates
Asinvestigated by XRD pattern, crystalline intermediates that
are formed during the synthesis process are (Zngg¢Feg.4)Fe,Oy
spinel and (Bag sSry5)CO5 carbonate in the aragonite modifi-
cation. Against our previous assumption, the final perovskite
might be formed directly between the spinel and the carbonate
[7,8], we now deliver results that indicate a more complex re-
action pathway. This is due to the consideration of quenched
specimen that represents earlier intermediate stages in that
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c)

Fig. 9. (a and b) High-resolution transmission electron micrographs as indicated in Fig. 8a. (c) Diffraction data via FFT related to ZnFe,O, spinel. (d) Diffraction

data via FFT related to (Ba,Sr;_,)Fe,0y4.

the perovskite structure is not yet clearly developed compared
to Refs. [7,8]. Fig. 7 displays XRD patterns given in Fig. 2
with special emphasize on the 26 range between 22° and
35°. A first glance on the XRD pattern of Fig. 2d might lead
to the conclusion the perovskite structure is already evident
in the intermediate powder. Against this, a detailed examina-
tion of the XRD pattern in Fig. 7d indicates that a different
phase is formed in the first place. The XRD pattern of Fig. 7d
could be satisfactorily indexed by a mixed oxide, namely
(Ba;_,Sr,)Fe,O,4. Oxides of this kind have been intensively
discussed by several authors in the past decades [17,27—31].
These oxides can be regarded as stuffed tridymite structures
which are build of six-membered rings of corner-sharing
FeOy,-tetrahedra while the arrangement of the tetrahedra cor-
ners within the rings determine the crystal structure [27]. Be-
cause of the particular arrangement of the FeO,-tetrahedra
within these structures, a channel-like network is evident

which can be occupied by the larger Ba®t (160 pm [25])
and Sr** (144 pm [25]) ions, respectively. We found that the
orthorhombic crystal structure of y-BaFe,O, fits best to the
obtained XRD pattern [26].

In order to index XRD pattern as well as HRTEM micro-
graphs, the structure has been described in space group
Cmc2, (No. 36), see Table 2. It differs from Bb2;m given in
Ref. [17] by a permutation of the crystal axes. At this point,
it has to be stressed, that the investigated phases are deter-
mined within a mixture that contains at least three different
phases. Additionally, it should be considered that the ideal
stoichiometry of y-BaFe,O,4 should not be found in the reac-
tion sequence, due to the cation ratio that has been applied
in the reaction mixture. Thus, various stoichiometries like
(Ba,_,Sr,)Fe,0, should be evident. The existence of crystals
with various, slightly different, lattice parameter can be con-
cluded from Fig. 7j and k as many reflections for the same

71



3. Formation of (Bag5Srq5)(FepsZng2)Os_s

10 A. Feldhoff et al. | Solid State Sciences xx (2008) 1—13

Fig. 10. (a) High-resolution transmission electron micrograph of contact zone of two (Ba,Sr,_,)Fe,0, grains. (b—d) Diffraction data via FFT related to grains as

indicated in (a).

plane are observed. This seems to be reasonable as similar
structures like (Bag sSrg5)Fe,O4 have been already described
[28], and they show polymorphism [29]. In order to support
XRD findings, TEM bright-field experiments have been
conducted with powders as in the XRD pattern in Fig. 7d.
Fig. 8 shows a TEM micrograph exhibiting the reaction
zone between ZnFe,O, spinel (i), the above mentioned
(Ba;_,Sr)Fe,O, phase (ii) and (BagsSrys)CO5; carbonate
(iii). Energy-filtered TEM (EFTEM) micrographs of this par-
ticle display the cation distributions by colours. Obviously,
the inner core (i) contains no barium, whereas barium is
evident in the border (ii) as well as in site (iii). Contrary to
barium, iron can be found in the inner core as well in the bor-
der (ii) but not in site (iii). EFTEM investigations have been
confirmed by quantitative EDXS of respective specimen areas.
It has been found that the inner core (i) exhibits a stoichiometry
like ZnFe,O,4, whereas no zinc can be found in the border (ii)

and in site (iii). Further proof for this supposition can be found
in Fig. 9a and b in which HRTEM micrographs of the contact
zone between ZnFe,O, and (Ba,_,Sr,)Fe,O, are displayed.
Structure determinations have been conducted via two-dimen-
sional fast Fourier transformation (FFT) of the corresponding
areas (Fig. 9c and d). The indexed pattern in Fig. 9c and d give
hint to an orientation relationship between spinel (c) and stuf-
fed tridymite (d) of the following type: (0,2,—2). || (0,—2,1)4
and [4,1,1]. || [1,1,2]g. These findings agree well with the
observations displayed in Figs. 5 and 6. Below 1400 °C, the
(Zng ¢Fep 4)Fe,O4 spinel structure tends to separate into
ZnFe,0, and Fe,05; with hematite structure (Fig. 6). Taken
this into account, it can be concluded, that the (Ba;_,Sr,)FeO,4
phase has been grown at the expense of the Fe,O3 which is one
reaction product of the spinel separation. In order to underline
the assumption of the formation of a (Ba;_,Sr,)Fe,O, phase,
several other particles have been investigated with respect to
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this phase. Fig. 10a displays an HRTEM micrograph exhibit-
ing two grains of the (Ba,_,Sr,)Fe,O,4 phase, but in different
orientation. As it can be seen from FFTs in Fig. 10b—d, the
grain related to (b) is viewed along the [0,1,4] zone axis, while
grain related to (d) is viewed along [3,2,4]. Thus, (—1,4,—1),, ||
(0,—2,3)4 and [0,1,4], || [3,2,4]4. Additionally, Fig. 10d shows
an FFT of the contact zone as indicated in Fig 10c. Fig. 11
displays an HRTEM micrograph of the same grain as in
Fig. 10d now viewed along the [2,1,2] zone axis instead of
[3,2,4] (after tilting the sample holder). Summing up the above
findings, we postulate a rather complicated reaction sequence.
After formation of spinel and carbonate, the formation of
a (Ba;_,Sr,)Fe,O4 phase is postulated. Considering that the
spinel structure (B;O,4) consists only of type-B cations (ac-
cording to the perovskite terminology ABO3) it is not surpris-
ing that structures like AB,O, are evident which can be
understood as intermediate compositions regarding the type-
A cation concentration in the spinel and the perovskite. After
prolonged reaction time, the diffusion processes, which have
to be studied in more detail, between ZnFe,O, spinel and
the (Ba,;_,Sr,)Fe,O4 phase might finally lead to the perovskite
structure.

EEL spectra of the phases under consideration are given in
Fig. 12a—d in the energy-loss range of 500—850 eV. These
show up O-K, Fe-L, 3, and Ba-M, 5 ionization edges. The rel-
ative intensities of Fe-L,; and Ba-M, s white lines clearly
show that the stuffed tridymite structure (Fig. 12b) contains
more iron relative to barium compared to the perovskite struc-
ture (Fig. 12a). The oxygen K-edge reveals characteristic sig-
natures of the different phases that are shown in more detail in
Fig. 12e—h. The O-K ELNES of Fig. 12a,c.d,e.g, and h corre-
spond to fingerprints given in the literature for spinel [32,33],
carbonate [34], and perovskite [35], respectively. The stuffed
tridymite structure shows after a pronounced leading peak
a peak doublet (arrows in Figs. 12b and f) and is in good
agreement with the spectral signature given in Ref. [36] for
CaAl,Oy that is structurally related.

4. Conclusions

It is evidenced that in the sol—gel based synthesis route em-
ployed here, the cubic perovskite-type (Bag 5Srg 5)(Feg.gZng )
O;_; is formed in a nanoscale solid state reaction between
finely-dispersed crystalline intermediates, i.e. a (BagsSrgs)
COj3 carbonate and a (Zng¢Feq4)Fe,O4 spinel. Obviously,
the reaction pathway goes from cubic spinel over transient
phases of orthorhombic stuffed tridymite-type finally to cubic
perovskite-type. XRD and TEM snapshots on quenched sam-
ples reveal some details of the intricate reaction mechanism on
the atomic scale, however, not all questions can be answered
satisfactorily.

The technologically so important spinel/perovskite inter-
faces or superstructures [37,38] might suggest that a simple
topotactic arrangement of both cubic structures, spinel and
perovskite, with low lattice misfit could be expected in these
nanoscale solid state reactions. Our investigations make clear
that this is not the case. In the quenched specimens from
different stages of the synthesis process, we may find even ad-
ditional phases that could be different from the so far found
ones. For instance in the analogous synthesis of a cobalt con-
taining cubic perovskite-type oxide, (BagsSrgs)(CogsFeg2)
O;_;, tetragonally distorted perovskite phases are involved
[9].

From a general point of view it is nebulous how the spinel
structure with FeO,4 and ZnO, tetrahedra and FeOg¢ octahedra
transforms to stuffed tridymite structures with FeO,-tetrahedra
and finally to a perovskite structure with FeOg and ZnOg octa-
hedra. Zinc seems to be squeezed first into a ZnFe,O, spinel
and then probably into ZnO what was seen in some quenched
specimen [7]. Incorporation of zinc into the perovskite struc-
ture occurs obviously late in the reaction sequence. At which
stage, and how, this proceeds is not understood. In addition,
the stuffed tridimyite (Ba,Sr)-Fe,Oy-type phases show poly-
morphism [29] so that in very detail everything is undoubtedly
even more intricate. And, in these technologically so important

[2,1,2]

Fig. 11. (a) High-resolution transmission electron micrograph of (Ba,Sr;_,)Fe,O, grain as in Fig. 9d viewed along different zone axis. (b) Diffraction data via FFT.
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Fig. 12. Electron energy-loss spectra showing O-K, Fe-L, ; and Ba-M, 5 ionization edges and O-K energy-loss near-edge structures of different phases. (a and e)
Perovskite-type (Bag sSrq 5)(FepsZng»)O05_5, (b and f) stuffed tridymite-type (Ba,Sr;_,)Fe,O4, (c and g) (Bay 5Srys)CO; carbonate, (d and h) (Zn ¢Fey 4)Fe;04

spinel.

nanoscale powder reactions, mechanisms are more difficult to
understand than in bulk solid state reactions by principle [39].

All in all it is somehow astonishing that the sol—gel proce-
dure passes the same intermediate phases (carbonate and spi-
nel) that are employed in classical solid state routes. However,
several advantages of the sol—gel procedure are evident. Start-
ing from the solution over the gel to the crystalline intermedi-
ates a nanoscale intermixing of cations is preserved that is the
key to homogeneous products of complex stoichiometries.

Solid state reactions in minute reaction couples form tiny
product layers and thus do not require the activation of long
range diffusion processes. So, the reaction temperature can
be kept below the decomposition temperature of the relevant
carbonate. Conclusively, the reaction pathway is different
from the classical solid route, even if the same type of reaction
couples are employed. Reaction temperatures distinctly below
1000 °C diminish the risk of the evaporation of the most vol-
atile constituents (in the systems under investigation Co or Zn)
and are thus advantageous for the synthesis of homogeneous
products of complex stochiometries. Moreover, low reaction
temperatures lead to nanoscale grains that are favourable
with respect to several demands.
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4 Local charge disproportion in BSCF

4.1 Summary

In order to probe the local charge disproportion in the BSCF perovskite-type oxide,
an in situ electron energy-loss spectroscopy study of the cobalt, iron, and oxygen
sites was conducted. This was accomplished by using monochromised electrons
from a dedicated TEM combined with a heatable sample holder at the National
Centre for High Resolution Electron Microscopy at the Technical University of
Delft, the Netherlands. This TEM is able to deliver an energy resolution better
than 0.15 eV with an excellent energy stability, which is essential to draw mean-
ingful conclusions in this particular experiment.

In order to determine the temperature dependent oxidation states of cobalt and
iron, the absolute peak positions of the cobalt-Ly3 and the iron L, s-edge were
measured and compard with absolute peak positions of the edges derived from
known standard materials. The absolute peak position of these edges is sensitive
to the oxidation state of the investigated element. Additionally, the oxygen K-
edge was examined, since the transition-metal d-orbital occupancy is also reflected
in the oxygen edge due to hybridization effects. Therefore, the relative excita-
tion probability of the oxygen 1s electrons into the hybridised metal-d oxygen-p
orbitals compared to the excitation probability into metal-sp oxygen-d orbitals
changes with the d-orbital electron occupancy.

The key findings are the following: at room temperature, the average B-site cation
valence was determined to be 42.7, and the cobalt and the iron were found to be
in the high-spin state. The average B-site valence decreases down to +2.3 between
T =773 Kand T = 1223 K, where the major effect was found to be at the cobalt
site.

The reduction of cobalt from Co?*%* down to Co??* at high temperatures is an
important finding, because it provides the explaination why the BSCF is stabi-
lized for long times only at high temperatures: oxidation of cobalt in BSCF at
intermediate temperatures enables the formation of hexagonally stacked cobalt-
perovskites, and thus leading to the decomposition of BSCF.

The experimental findings on the transition metal site were in excellent agreement
with observations on the oxygen site.
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Local Charge Disproportion in a High Performance Perovskite

Mirko Arnold*, Qiang Xu, Frans D. Tichelaar, and Armin Feldhoff

With the invention of mixed ionic and electronic conductive (MIEC)
ceramics, a fast growing new branch in materials science has been
established. Besides possessing a variety of fascinating properties,
they are widely used as oxygen semi-permeable membranes.!'! Due
to their unique mixed conductivity properties, these materials are
nowadays applied to two major processes. One application of
MIECs is in solid-oxide fuel cells (SOFCs) where MIECs can be
installed as cathode materials.l”) The second important application of
MIEC:s is found in membrane reactors, where catalytic processes are
combined with oxygen separation.**

The fundamental principle behind oxygen separation from
gaseous mixtures via MIEC membranes is the ambipolar transport
of oxygen ions and electrons through the MIEC crystal lattice. By
applying a gradient in the oxygen chemical potential between two
half spaces separated by the MIEC membrane, oxygen ions move
through the MIEC membrane from the higher to the lower chemical
potential. ['**) Permeation fluxes are significantly enhanced by the
amount of mobile oxygen vacancies!""”) in the crystal lattice because
of the Nernst-Einstein equation, which gives a linear relationship
between the ionic conductivity and the concentration of the oxygen
vacancies. Removal of oxygen is accompanied by the reduction of
the B-site transition-metal (TM), which are therefore found in
variety of different valences.

It has been already proven by neutron diffraction!® and thermal
gravimetry!”) that oxygen stoichiometry ranges from ~2.5 (at T =
298 K) down to ~2.2 (at T = 1173 K) in (Bag sSr5)(CogsFeo2)O0s.5
(denoted BSCF) without collapsing into a brownmillerite phase,
thereby making BSCF an excellent oxygen conductor in the high
temperature regime. However, the element specific reduction is still
unknown. In other words, it is not known to what extent cobalt or
iron is reduced, but the local charge disproportion of MIECs at
elevated temperatures is an important key in the understanding the
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phase stability and the electrical conductivity.®”! Svarcova et al.
pointed out that the oxidation of the B-site cations leads to the phase
instability of the BSCF at lower temperatures, because of the change
in the effective ionic radii.”™

In order to address the question of phase stability, the valence
and spin state of the B-site cations must be determined, and such
information cannot be provided from neutron or X-ray diffraction.
The valence and spin state is strongly connected with the metal-
oxygen distance and thus with the phase stability.'” Particularly, if
two different B-site cations are employed, a clear valence
association is necessary in order to develop sophisticated
explanations. For example, Sr(CojgFe(,)O0;3.5 (denoted as SCF)
which is the endmember within the system (Ba,Sr_)(Cog sFe,)Os.s,
exhibits a phase transition from cubic perovskite to brownmillerite
at elevated temperatures, and oxygen vacancies become immobile
resulting in a reduced oxygen conductivity.'"! Differences in the
local charge distribution between BSCF and SCF might be useful to
explain the difference in this behaviour.

In this work, we present an in sifu high-resolution electron
energy-loss (HR-EELS) study in order to probe the local charge
distribution and oxygen non-stoichiometry in BSCF. EELS is used
to measure the energy-loss of electrons which interact with the
sample and is a valuable tool to investigate the local environment of
probe atoms. Sharp ionization edges occur if the core level electrons
are excited to unoccupied electronic states by high energy electrons
from a transmission electron microscope. Information obtained by
EELS is almost identical to X-ray absorption spectroscopy (denoted
as XAS) and are therefore used equivalently in this study. By
analysing the electron energy-loss near-edge structure (ELNES), it
is possible to obtain detailed structural and charge information of the
investigated element.'">'¥  Since the electronic structure of
unoccupied states is influenced by the chemical environment,
ELNES can provide the coordination, spin states, and valence of a
particular element."*'*! Another benefit of EELS is the high spatial
resolution compared to other methods which are also used to probe
the electronic environment in solids, such as XAS and X-ray
photoelectron spectroscopy (XPS). This is an important issue with
regard to local inhomogeneities which are inherent in these
materials. Here we present HR-EELS data from a BSCF sample
acquired by monochromised electrons operated in a transmission
electron microscope. Monochromised electrons combine the
advantages of high spatial resolution with high energy resolution
(better than 0.15 eV), which enables the local charge distribution to
be probed in very fine detail.!'> Additionally, transmission electron
microscopes equipped with monochromators were specially
designed for high energy stability, thus strongly reducing the shift of
the peak positions.'*!'¥ In order to investigate the electronic
structure in BSCF, the cobalt-L, 3, iron-L, ;, and the oxygen K-edge
were examined. The L,j;-edges of cobalt and iron display an
electronic transition from the transition metal’s (TM) 2p core
orbitals (split into 2p;, and 2ps, by spin-orbit coupling[”]) to the
partly unoccupied 3d orbitals (2p°® + 3d > 2p° + 3d™"), which are
hybridized with oxygen 2p orbitals. Figure 1 displays a simplified
energy diagram in BSCF and qualitatively shows the important
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4. Local charge disproportion in BSCF

electronic transitions present in the discussed EELS experiment and
reflects the fundamental idea of Goodenough. Basically, a valence
band (VB) of mostly oxygen 2p character and an empty antibonding
band of mostly the TM 4s and 4p character are formed due to a
strong overlap of these orbitals.”’ The VB and the antibonding band
are separated by a large band gap in which the hybridised TM 3d
orbitals as well as the oxygen 2p fraction of this hybridization are
located. Due to excitation into the 3d orbitals, it is possible to obtain
information about the chemical environment since the 3d orbitals
mainly contribute to the bonding of the 3d TM. However, the L, -
edges of TMs exhibit complex patterns due to the strong overlap of
the core wave function with valence wave functions (strong 3d-2p
interactions) as well as the 3d-3d interactions. Therefore, a huge
splitting of the electronic states and thus a complex spectrum were
found '3 The spectral features of the L,;-edges, and the
absolute peak positions provide information about the chemical
environment. This is the valence state of the TM, unless the local
symmetry, covalence, and spin state remain constant.'**" Due to an
increase of the net formal charge of the TM, a shift in the L, ;-edges
towards higher energy was observed since a the positively charged
nucleus is less screened and higher energy is required to excite the
core electrons to the outer electron orbitals.?'!

antibonding band (primarily metal 4sp character)

antibonding TM d-orbitals in
octahedral coordination

oxygen 2p-fraction hybridizied
with metal 3d-orbitals

valence band (primarily oxygen 2p character)

oxygen K-edge

TM L, -edge

oxygen 1s

™ 2p,,
™ 2p,,

Figure 1. Qualitative energy diagram in BSCF. Electron transition of
the TM L, ;-edges and the oxygen K-edge are indicated by arrows.

As a consequence of the hybridization of the TM orbitals with
the oxygen 2p ligand orbitals, the 3d orbitals occupation is also
reflected in the oxygen K-edge, which displays the 1s* + 2p* > 1s'
+ 2p° transition. Strictly speaking, the local charge disproportion
between oxygen and the TM is reflected in both the metal L, ;-edge
as well as in the oxygen K-edge.”” The oxygen K-edge, when
hybridized with a lighter TM, is roughly separated into two parts.
The low energy part (denoted as part A) reflects the hybridization
with the partly occupied TM 3d orbitals and a high energy part (part
B) reflecting the hybridization with the empty metal 4sp band. As
the formal valence of the TM decreases, occupation of the
hybridizised TM 3d orbitals with the oxygen 2p ligand is diminished.
Therefore, the probability to excite a core electron into these orbitals
is lower, which is reflected in the peak area.”?*! Thus the intensity
ratio B/A should also increase as “part B” of the oxygen K edge is

not affected. Additional information can be obtained from the
energy difference between “parts A and B”. A larger energy
difference between “parts A and B” with increasing iron valence has
already been reported.*! Colliex et al. found an energy difference
of 9.0 eV (Fe*") and 10.9 eV (Fe*"), respectively.? This finding
can be explained by the fact the nucleus is more screened due to the
higher occupation of the hybridized metal 3d orbitals which in turn
lowers the energy necessary to excite electrons into the hybridized
4sp band.

Following these arguments, a shift of the absolute peak positions
of the L, ;-edges for cobalt and iron as well as the change of the ratio
of relative intensities and the energy difference within the oxygen K-
edge were analysed. Because reduction of the B-site TM was
noticed at elevated temperatures and the fact that BSCF membranes
are commonly operated between T = 973 K and T = 1223 K, the
HR-EELS experiments were performed using a heatable sample
holder at temperatures up to T = 1223 K.

It should be noted that other methods, which can be used to
determine the formal valence of TM in oxides or other compounds
from EELS data, are not suitable in the present study. One method is
based on the idea that any sample under investigation is a mixture of
TMs with different distinct valences,”® thus, the acquired spectra
are simply the overlaid spectra from known compounds. The formal
intermediate valence is therefore calculated by the fraction of each
species in the sample. Methods to deconvolute these spectra are
discussed in detail by Calvert et al.””! This method is not applicable
to the present study since the valence of the TM in BSCF is not an
average of isolated distinct valences but rather each TM ion displays
an intermediate valence. Therefore the acquired spectra for the TM
in BSCF are not simply overlaid spectra of known standards.

Another method requires determining the TM Ls/L, intensity
(2829 \which is also sensitive to the TM valence. The Li/L,
intensity ratio method is not applicable to the current study since the
cobalt L, 3-edges overlap with the barium M, s -edge, making it very
difficult to accurately determine the whole peak area and therefore
to determine the intensity ratio.
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Figure 2. a. Temperature dependent evaluation of the cobalt-L; and
the barium Ms-edge in BSCF compared to the cobalt Ls-edge in
Co030,4 and CoO. The error of the absolute energy position was
determined to be £0.1eV. b. Plot of the cobalt L; centroid’s abscissa
and relative intensity of the low energy shoulder (as indicated by the
arrow) compared to the main peak versus temperature.

Figure 2 presents the temperature development of the cobalt ;-
edge compared with the well known materials, Co;0,4 and CoO (Fig.
2a) as well as a plot of its absolute energy position and its symmetry
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4.2. Local charge disproportion in a high performance perovskite

(Fig. 2b). The spectra can be evaluated with regard to the peak shape
and the absolute peak position. The peak shape will be discussed
only qualitatively since many components contribute to the spectral
shape, and a quantitative discussion might be rather speculative,
particularly if the temperature is raised. The absolute peak position
can be more reliable addressed due to the low energy drift of the
electron microscope used in the experiment'®. Additionally, the shift
of the cobalt L;-edge can be related to the position of the barium M-
edge, because the energy difference between these two lines is not
larger than 5 eV. Thus it is possible to use the inert barium Ms-edge
as an internal standard since the electronic structure of barium in
BSCF does not change with increasing temperature.

At room temperature the peak shape was consistent with a Co®*
in a high spin configuration simulated and measured by Hu et al.!'”!
(pyramidal coordination) and Lozano-Gorrin et al.*® (octahedral
coordination). Comparing the absolute energy value of the cobalt in
BSCF with the absolute energy values of CoO (Co™) and Co;04
(Co*®™), we concluded that the cobalt in BSCF has a formal charge
of +2.60 with a high spin configuration in BSCF. We used the
centroid’s absolute energy position of the Co L;-edge in CoO and
Co30; (Co*": 782.80 eV, Co**™": 783.63 ¢V) and, by assuming a
linear function between these two valence states, we identified the
cobalt valence in BSCF. It is clear from Figure 2 that increasing the
temperature caused a shift of the absolute peak position of the cobalt
Ls-edge as well as a vanishing of the low energy shoulder (higher
symmetry of the peak). Figure 2b displays the absolute peak
position and the intensity of the low energy shoulder (A,) compared
with the main peak (A;). We can rationalise the absolute energy
shift as resulting from a decrease in the net formal valence of the
cobalt (as is explained above). The cobalt valence decreased to +2.3
at T = 523 K and reached the minimum valence of +2.2 at T = 773
K. Further increases in temperature did not change the valence of
the cobalt, but symmetry and the broadening of the L;-edge resulted
in a pure Gaussian shape of the edge, which meant that no low
energy shoulder could be observed at high temperatures. Several
effects contributed to the pronounced symmetry of the L;-edge and
it was difficult to distinguish between these effects.
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Figure 3. a. Temperature dependent evaluation of the iron Ls-edge in
BSCF compared to the iron L;-edge in a-Fe,O3; and FeTiO;. The error
of the absolute energy position was +0.1eV. b. Plot of the iron L3
centroid’s abscissa versus temperature.

For example excitation of lattice vibration (phonon broadening) or
reduction of symmetry due to mobile oxygen vacancies may led to
the vanishing of the low energy shoulder.

The second B-site TM in BSCF is iron, and the temperature
dependence of its Lj-edge is plotted in Fig. 3 along with two
standards, a-Fe,0; (octahedral Fe**) and FeTiO; (octahedral Fe*").
At room temperature, we found that the iron was in a 3+ high spin
valence state, which was in good agreement with the findings of
Paterson et al.,”® who had compared the L »-edge of a-Fe,Ojand y-
Fe,0; and had reported not only a remarkable difference in the
absolute energy position, but more importantly, a different splitting
of the edges, which is independent from energy drifts of the
instrument. By comparing the energy position as well as the splitting
of the iron L;-edge in BSCF with a-Fe,O; and the results of
Paterson et al. we come to the conclusion that the iron is indeed in
the +3 valence state, though it differs from the measured a-Fe,0;.
Increases in temperature led to a decrease of the iron’s valence of
+2.7 at T = 523 K. An equilibrium valence state of +2.8 was reached
after further temperature increases. As described for the case of
cobalt, a linear fit between Fe®" and Fe®" was applied in order to
determine the valence of iron at elevated temperatures.

Figure 4 shows a plot of the oxygen K-edge with increasing
temperature. We found a significant increase of the intensity ratio,
B/A, as well as a decrease of the energy difference between the B
and A peaks. “Part A” and “Part B” were fitted using several
Gaussian functions from which we determined the absolute peak
positions and areas. For both parameters, drastic changes occured
between T =298 K and T = 773 K. Changes in the peak areas can be
clearly attributed to the loss of oxygen, which causes a reduction of
the cobalt and the iron, resulting in a formal valence of the B-site of
+2.3. This implies a higher occupation of the hybridizised TM d -
oxygen p orbitals and thus a reduction in probability for excitation
into these orbitals. Besides changes in intensity, a decrease in the
energy difference can rationalised since the nucleus is more
screened by the increased electron population in the hybridized TM
d - oxygen p orbitals,”*'** which in turn lowers the energy necessary
to excite core electrons into the hybridized TM sp - oxygen p band.
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Figure 4. a. Temperature dependent evaluation of the oxygen K-edge
in BSCF. b. Plot of the energy difference and intensity ratio of feature
A and B in the oxygen K-edge.
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Further increases of temperature (> 773 K) left the summed
valence of the B-site constant, and both the intensity ratio as well as
the energy difference changed little within the oxygen K-edge (Fig.
4b). These minor changes might be either due to a pronounced
charge transfer towards the oxygen site at elevated temperatures or
the lower sensitivity of the TM L,;-edge with regard to the
reduction.

A summary of the key findings can be found in Table 1. The
overall B-site valence decreased from +2.7 at T= 298 K to +2.3
between T = 773 and T = 1223 K, and cobalt was more strongly
reduced relative to iron. Reduction on the B-site TM associated by
the absolute peak position was in excellent agreement with findings
at the oxygen K-edge. The intensity ratio of the peaks B/A as well as
the energy difference between peaks B and A exhibited similar
changes in the same temperature regime.

We have presented unambiguous evidence that oxygen removal
in the mixed conductor BSCF is due to a reduction of the B-site TM,
namely cobalt and iron, with the cobalt more strongly reduced.
Though the conditions in a TEM are not comparable to those in
ambient air, the experiment provides the information that mainly
cobalt is reduced in BSCF when increasing the temperature. From
the fact that Co™? is stable at high temperatures, BSCF’s stability
only at high temperatures is plausible. At lower temperatures BSCF
(and hence cobalt) is oxidised in air atmospheres and it is proposed
that this yields the formation of hexagonal perovskites containing
Co®" in the low spin state. Thus, the information reflecting the redox
behaviour of perovskites under ambient atmospheres, derived from
neutron diffraction as well as thermal gravimetric measurements
together with the site specific charge distribution obtained from in
situ HR-EELS, provide the explanation of BSCF’s stability at high
temperatures.

Table 1. Summary of the temperature dependant evaluation of the B-
site valence and difference and intensity ratio of feature A and B in
the oxygen K ELNES.

valence of B-site cation oxygen site

temperature Kk
. eak ratio . pea
®) cobalt  iron sum P BU/A difference B,-
! AleV
298 2.6 3.0 2.7 2.49 6.89
523 23 2.7 24 4.26 6.14
773 22 2.8 2.3 5.24 6.06
1023 2.2 2.8 2.3 5.89 6.04
1223 22 2.8 2.3 6.57 5.96

Experimental Section

Thermal treatment and in situ EELS were performed on a FEI Tecnai-
200FEG  monochromator, equipped with a pre-specimen
monochromator and a high-resolution Gatan Imaging Filter (GIF) for
EELS and single tilt heating holder (model 628, Gatan Inc.,
Pleasanton, CA). The specimen holder was water cooled to allow
operation at high temperatures (up to 1573 K) and to prevent
specimen drift. All parts of the hot stage were made of tantalum. The
furnace temperature was controlled using a miniature encapsulated
10 W heater. During heat treatment, the temperature was adjusted
with a potentiometer controller by setting the heater current to the
desired values. For HR-EELS acquiring, the high tension was set to
200 kV. The probe size was around 50-100nm. All spectra were
recorded in diffraction mode with entrance aperture 0.65mm and
camera length 200mm. The energy resolution was measured in each
experiment as the full-width half-maximum (FWHM) of the zero loss

peak (ZLP), as acquired on the specimen. In order to maintain optimal
energy resolution, a series of spectra, each acquired with short
acquisition time (typically 15~20s for one spectra for the cobalt-L or
the iron L-edge) were recorded

Data processing was conducted as following. First, all spectra were
background subtracted using the power law model implemented in
the Gatan Digital Micrograph software (Version 1.70.16). Each
spectrum was then adjusted by the ZLP and following, several
spectra for each edge and temperature were summed to improve the
signal-to-noise ratio. In order to determine the absolute peak position,
the edges were fitted using several Gaussian functions. The weighted
medium of the Gaussian functions was then taken as the absolute
peak position of the edges. In the case of the oxygen K-edge, the
area below the pre-edge peak (part A) as well the area below the first
energy range (4 eV window) of part B (denoted as B, in Figure 4)
were also determined by Gaussian fits in order to estimate the
intensity ratio.

BSCF samples were prepared by the commonly applied sol-gel
synthetic route. Proper amounts of the metal nitrates were dissolved
in water and ethylene-diamine-tetraacetic acid (EDTA), citric acid and
ammonia were added. The mixture was then heated to obtain dark-
purple coloured gel, which was then calcined for 5 hours at T = 1223
K. Phase purity was determined by X-ray diffraction. The calcined
powders were uniaxially cold pressed (at 140 kN) to get “green”
bodies which were then sintered at T = 1423 K for 10 hours.

The sintered membranes were polished down a thickness of
approximately 80 ym with on polymer embedded diamond lapping
films (Allied High Tech, Multiprep). Polished samples were dimpled
reaching a maximum thickness of 10 pym at the center of the
membrane. Finally, the dimpled membranes were Ar" sputtered to
achieve electron transparency (Gatan, model 691 PIPS, precision ion
polishing system).
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5 Effect of COQ on the (Ba0.581"0.5)<C00_8F€0.2>03_5
perovskite-type oxide

5.1 Summary

This chapter presents investigations made regarding the poisoning effect of CO45 on
BSCF perovskite-type membranes under different experimental conditions. In the
investigations, different concentrations of COy were added to the supplied feed air
as well as to the sweep gas (permeate side). The reversibility as well as long-time
effects of the CO, treatment were examined. Quantitative on-line gas chromatog-
raphy was used to investigate the influence of CO5 on the oxygen permeability.
Analytical electron microscopy (AEM) as well as X-ray diffraction (XRD) mea-
surements were conducted to examine the microstructure of the membranes after
permeation experiments in COy atmospheres.

Application of pure CO, as a sweep gas has yielded an immediate cessation of the
oxygen permeation, while subsequent sweeping with helium recovered the oxygen
permeation as well as microstructure of the membrane. Long time treatment for
72 h with pure CO5 on the permeate side has showed that the perovskite structure
was impaired only up to a depth of 50 pm. Concentration dependent experiments
have further shown that BSCF membranes are capable of sustaining CO4 for 120
min at T = 1148 K, if the O5:COs ratio does not fall significantly below 2:1 in
the feed air, where 5% in the sweep gas already caused a decrease in the oxygen
permeation flux of 50%.

Investigations on the microstructure by AEM and XRD revealed that treatment
with COg results in the formation of a mixed carbonate (with an excess of stron-
tium compared to barium) and a needle-like, grown mixed oxide (Ba,Sr),(Co,Fe),0,
with an unknown structure. The carbonate layer was found to be tarnishing since
it does not penetrate the membrane deeper than 50 pum, even if the exposition to
CO4 was conducted for up to three days.
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Abstract

The influence of CO, on the oxygen permeation performance of perovskite-type (Bag sSr5)(CogsFe2)03_s (BSCF) membranes under different
experimental conditions is presented. First, pure CO, was applied as the sweep gas at 875 °C yielding an immediate cessation of the oxygen
permeation. In order to probe the reversibility of this stagnancy, several cycles of changing the sweep gas between helium and CO, were conducted.
The analysis of the microstructure after permeation experiments were carried out by transmission electron microscopy (TEM), X-ray diffraction
(XRD) as well as by scanning electron microscopy (SEM). It was found that both microstructure as well as oxygen permeation are recovered in
a helium atmosphere. Additionally, long-time treatment with pure CO, for 72 h on the permeate side and the concentration effect of CO, in the
sweep gas were accomplished showing that the perovskite structure is impaired only up to a depth of 50 wm. Further on, the impact of CO, on the
feed side was examined by adding certain amounts of CO, to the feed air. It was found that the impact of CO, on the oxygen permeation applied

in the sweep gas is superior to that applied on the feed gas.
© 2007 Elsevier B.V. All rights reserved.

Keywords: BSCF; Oxygen permeation; CO,; Carbonate; Perovskite

1. Introduction

Much importance has been attached in the past years to
solid oxide membranes regarding their property to separate
oxygen from air with infinite selectivity. Especially mixed
ionic—electronic conductors (MIECs) with perovskite structure
are of great interest for many industrial processes in which a con-
stant supply or removal of oxygen to or from reaction mixtures
is required [1]. Many promising applications of MIECs as cath-
ode material in solid-oxide fuel cells as well as in the production
of oxygen-enriched air and in the conversion of hydrocarbons
to synthesis gas have been reported [2-5]. Major advantages
of these membranes are unreached permselectivity and remark-
able high oxygen fluxes in the range observed on microporous
materials [1].

* Corresponding author. Tel.: +49 511 762 9087; fax: +49 511 762 19121.
E-mail address: mirko.arnold@pci.uni-hannover.de (M. Arnold).

0376-7388/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2007.01.032

In the area of MIECs with perovskite structure, compositions
of (Ba,Sr;_,)(CoggFep2)03_s are regarded as state-of-the-art
materials in view of their high oxygen permeation fluxes. For
prospective industrial applications not only high permeability
but also sufficient phase stability is essential. This includes
reasonable thermal next to chemical stability particularly in
reducing gas atmospheres or atmospheres containing CO;. The
poisoning effect of CO; is related to the fact that earth alkali
metals — included in the perovskite structure — tend to form
carbonates. Wang et al. and Mclntosh et al. found that BSCF
exhibits good phase stability down to a pO, of 2 x 1075 atm
[6,7]. Recently, Yan et al. have published results dealing with
the effect of CO, between 450 and 750 °C on the cell per-
formance of solid oxide fuel cells (SOFCs) having electrodes
of the same material [8]. They found a negative but reversible
effect on the cell performance even if relatively low CO, par-
tial pressures were supplied to the cathode side. Generally,
the effect of CO;, on the membrane performance needs to be
examined since CO; is contained in natural air as well it is
a by-product of the synthesis gas production. Especially with
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the advent of zero emissions plants in which oxygen permeat-
ing membranes are flushed with CO,-containing exhaust gases,
the demand for CO, capable membranes becomes more sig-
nificant [9]. It has to be stressed that — depending on the
potential application of perovskite membranes — either the feed
side or the permeate side needs to be examined regarding the
CO; stability. Therefore, several investigations concerning —
inter alias — the effect of CO;, on different materials with the
perovskite-type structure have been published in recent years
[10-16].

Already in 1995 Pei et al. described the chemical decom-
position of Sr(Coj_,Fe,)O3_s (SCF) hollow fibre membranes
after partial oxidation of methane to synthesis gas. It was
found that on the reaction side of the membrane the SCF
tend to form strontium carbonate as well as a mixture of iron
and cobalt oxides leading to membrane failures [10]. Tong
et al. discovered the effect of CO, on the permeation perfor-
mance of Ba(Cog4Feq¢_xZry)O3_5 (BCFZ) disc membranes
when applied in the feed gas as well as in the sweep gas.
Strong decrease of oxygen permeation flux was noticed for the
case if the sweep gas contains CO,. Otherwise no significant
attenuation was found, if CO, was delivered on the feed side
[11]. Similar results were found by Yi et al. after treatment of
Sro.95(Cog.gFep.2)03_s with CO, and or H>O containing atmo-
spheres [12]. Homonnay et al. described the adsorption of CO; in
the lattice of (Srg 95Cag.05)(Cop sFe 5)O3_s by Mossbauer spec-
troscopy. They found that CO, adsorption of about 4% occurs
preferentially in Co-rich regions attributed to a lower coordi-
nation number of cobalt in the pristine material resulting in a
separation of cobalt and iron pockets [13]. High-temperature in
situ neutron powder diffraction on SCF ceramics in CO/CO,
atmospheres were carried out by different groups while diffrac-
tion pattern of whole membrane profiles show no or even low
contents of earth alkali carbonates but the formation of var-
ious oxides [14,15]. Very recently Yang et al. proposed the
application of (Lag 1 Srg.9)(Cog s5Fegs5)03_s (LSCF) to produce
oxygen-enriched CO; via adsorption/desorption processes as it
might be implemented in the oxyfuel process. High desorption
efficiency and good reversibility of the sorption process was
found if LSCF powder were treated by turns with O, and CO;
[16].

Despite a few information is already available, a detailed
examination of BSCF regarding CO;-containing atmospheres
is still lacking. Especially a profound investigation of the
microstructure of BSCF membranes after poisoning with CO,
has not been reported yet. Here, we present investigations con-
cerning the influence of CO; on the oxygen permeation flux
of BSCF disc membranes when applied in both the sweep
as well as in the feed gas. Additionally, investigations of the
microstructure after treatment with these atmospheres were
carried out by (scanning) transmission electron microscopy
(STEM, TEM) combined with electron energy-loss spec-
troscopy (EELS) involving electron-loss near-edge structures
(ELNES), selected area electron diffraction (SAED) and energy-
dispersive X-ray spectroscopy (EDXS). Furthermore scanning
electron microscopy (SEM) and X-ray diffraction (XRD) exper-
iments were applied for analytical purposes.

2. Experimental

BSCF powders were synthesized via a combined citrate and
EDTA complexing method according to Shao et al. Proper
amounts of Ba(NOj3);, Sr(NO3)>, Co(NO3), and Fe(NO3)3
were dissolved in water and followed by the addition of cit-
ric acid, EDTA and NHj3 [17]. The reaction mixture was then
heated under constant stirring to obtain a purple-coloured gel.
Afterwards the gel was pre-calcined for 10h at 350°C. The
pre-calcined powders were grounded and finally fired for 10h
at 950°C to get the pure perovskite phase. The powders were
then coldly pressed under 13 atm to prepare “green” mem-
branes which were sintered at 1150 °C with a dwelling time
of Sh.

To study the effect of CO; on the oxygen permeation, sev-
eral permeation experiments were carried out on a self-made
high-temperature permeation cell which is described in detail
elsewhere [18]. Discs of BSCF (@ = 16 mm, thickness = 1 mm)
were sealed onto a ceramic tube with gold-paste (conducting
paste, C5754, Heraeus) at 950°C for 2h. After sealing, gas
flow rates were delivered to the reactor by mass flow controllers
(Bronckhorst Hi-Tech) and continuously read by an on-line gas
chromatograph (Agilent Technologies, HP 6890, equipped with
a Carboxen 1000 column). The feed side of the membrane was
flushed either with pure air or with selected amounts of CO»
(>99.95% purity) in air. On the permeate side pure helium or
mixtures of helium with CO; were applied. The total flow rate
on the feed side of the membrane was set to be 150 ml/min, the
total flow rate on the permeate side to 30 ml/min or 140 ml/min,
respectively. The absolute flow of the effluents rate was deter-
mined by using neon as an internal standardization. For that
purpose the concentration of neon in effluents was measured.
Since the flow rate of neon is known, it is thus possible to cal-
culate the total effluents flow rate. The permeation flux through
the membrane could then be calculated by the fraction O; in
the effluents and the determination of the effective permeation
area of the membrane which was 0.75cm?. The leakage was
evaluated by measuring the amount N in the effluents stream.
After permeation experiments, the membranes were quenched
to room temperature under indicated atmospheres.

In order to analyze the microstructure of membranes after
permeation experiments, TEM was conducted at 200kV with
a JEOL JEM-2100F-UHR field-emission instrument equipped
with a Gatan GIF 2001 energy filter and a 1k-CCD camera
in order to obtain EEL spectra. EDXS was carried out by a
light-element detector using the Cliff-Lorimer quantification
technique (INCA 200 TEM, Oxford Instruments). Specimens
for TEM investigations were prepared as follows. First, pieces of
I mm x 1 mm x 2mm were cut out of the membrane followed
by covering of the permeate side with a silicon single crystal
using epoxy. Accordingly, the protected membrane pieces were
polished on polymer embedded diamond lapping films down
to 0.02mm x 1 mm x 2mm and glued onto a copper slot grid.
Electron transparency was achieved by Ar* ion sputtering at
3 kV underincident angles of 6° and 4° (Gatan, model 691 PIPS).

Additionally, SEM combined with EDXS as well as XRD
were conducted on both surfaces and on fracture surfaces. SEM
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studies were carried out on a JEOL JSM-6700F field-emission
instrument using a secondary electron detector (SE) at an
accelerating voltage of 2kV. EDX spectra were obtained at an
accelerating voltage of 15kV using a light-element detector
(INCA 300, Oxford Instruments). To determine the crystal
structure of membrane surfaces, XRD were conducted with
monochromated Cu Ko radiation in the range of 20-90° 26
at room temperature (Philips X’Pert-PW1710). Light reflection
microscopy was made on polished cross-sections of specimen
prepared for TEM (Leitz Orthoplan equipped with a phototube
and a Nikon D50 digital camera).

3. Results and discussion

Fig. 1 shows the oxygen permeation of a BSCF mem-
brane while swept in periodic cycles by helium and CO, at
875 °C. If helium is used as the sweep gas, permeation fluxes
of 1.9 ml/min cm? are obtained which are in the same order of
magnitude as reported earlier, e.g. by Shao et al. [17]. Chang-
ing the sweep gas to CO; causes an immediate stagnancy of the
oxygen permeation. However, if the sweep gas is shifted back
to pure helium the virgin oxygen permeation flux or even higher
values are be obtained. This reversibility is in good agreement
with data published for BCFZ by Tong et al. [11]. Fig. 2a shows
a sketch of the chemical potential gradient of oxygen across the
perovskite membrane. The marked area indicates the particular
area of investigation by secondary electron SEM micrographs
of membrane fracture surfaces as displayed in Fig. 2b—d.

In Fig. 2b the fracture surface of a membrane when stopped
in a CO; atmosphere (after a treatment time for 100 min) is dis-
played. Three areas with different chemical compositions (cf.
Table 1) and morphologies have been assigned. Decomposition
of the perovskite structure (i) occurs up to a depth of 40 pm,
as indicated by the morphology as well as by EDXS because
the pure perovskite stoichiometry is found so far. The decom-
posed layer itself is separated into two basically distinct areas
assigned with (ii) and (iii). Layer (ii), which abuts on the pure
perovskite phase, exhibits a plate-like morphology as well as a
different stoichiometry (cf. Table 1) and is restricted to a thick-
ness of approximately 25 pm. EDXS analysis give raise to the
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Fig. 1. Oxygen permeation flux (W) while changing the sweep gas. Conditions:
feed airflow rate 150 ml/min, sweep flow rate helium or CO, 30 ml/min. (A)
Oxygen partial pressure. Equilibrium time between concentrations: 30 min.

assumption that a mixture of carbonates as well mixed-oxides
are present in this layer. Also, a gradient of the carbonate for-
mation can be concluded because a diminution of the carbon
content in this layer from 21 at.% (close to the surface film (iii))
down to 15 at.% (close to the bulk (i)) is observed. At the very
edge of the permeate side, a film exhibiting a thickness of 5 wm
is labelled as layer (iii). Since this film contains almost no iron
and cobalt it is assumed that only a mixed strontium-enriched
carbonate (Ba,Sr;_,)CO3 is present. The particular enrichment
of strontium can be attributed to the fact that the mixing enthalpy
of (Ba,Sr;_,)COs solid solutions reaches a maximum if x=0.35
as described by Kiselva et al. [20].

Further on, the elemental distribution at the permeate side
of the membrane is visualised by EDXS in Fig. 3a, emphasiz-
ing the above-explained phase formations. In order to confirm
the formation of a carbonate top layer, XRD measurements of
the permeate surface were conducted. XRD pattern clearly indi-
cate the formation of the mixed carbonate with an excess of
strontium as mentioned above. Kiselva et al. examined the vari-
ation in lattice constants of various (Ba,Sr)COj3 stoichiometries.
Using these parameters, it is found that applying an orthorhom-
bic cell (a=6.2262; b=5.1957; ¢ =8.6190) which is related to
(Bag4Srp6)CO3 fits very well to the XRD pattern in Fig. 4c
and d. This finding underlines the enrichment of strontium in
the carbonate, as indicated by EDXS. XRD pattern show sev-
eral additional reflections, which are not identified but further
discussed below.

As already noted, the oxygen permeation flux is totally recov-
ered, when the sweep gas is shifted to helium. It might be
assumed, that the recovering of the oxygen permeation flux is
accompanied by a reconstruction of the perovskite phase. This
presumption was proven by SEM, EDXS and XRD on a mem-
brane that has been treated first for 100 min with pure CO; as
sweep gas followed by a substitution with helium for 100 min
like the alternating cycle displayed in Fig. 1. Fig. 2¢c shows that
the plate-like morphology of the intermediate layer (ii) in Fig. 2b
is completely vanished, whereas the very edge of the membrane
exhibits a slight deviation from the dense structure of layer (i).
Additionally, a minor enrichment of carbon — compared to the
pure perovskite —is present (cf. Table 1). This circumstance gives
raise the assumption that a little amount of carbonate remains in
this layer, which is therefore labelled as (i*).

The elemental distribution by EDXS in Fig. 3b shows an
homogenous distribution off all four cations underlying the fact,
that only a poor amount of the carbonates resides in layer (i*).
XRD pattern of the recovered membrane in Fig. 4b emphasizes
the assertion that only small amounts of the carbonate phase exist
since only reflections that are related to the perovskite structure
in Fig. 4a can be found.

In order to study the mechanism of decomposition of the
perovskite phase, a long-time permeation experiment was con-
ducted in which the permeate side had been exposed to CO;
for 4320 min. No visible increase of the surface film (iii) could
be observed (cf. Fig. 2d) and no significant change in its chem-
ical composition is found for the long-time treatment. Only a
more accented separation of layers (ii) and (iii) is observed as
displayed by Fig. 3c. It shows a well-defined boundary between
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Fig. 2. (a) Sketch clarifying the mechanism of oxygen permeation through the membrane. (b—d) SEM micrographs showing the permeate side of the membrane
when permeation was stopped after a treatment (b) for 100 min with pure CO; as sweep gas, (c) after recovering for 100 min with pure helium as sweep gas and (d)

for 4320 min with CO; as sweep gas.

layers (ii) and (iii) as indicated by the distribution of iron and
cobalt. The intermediate layer (ii) shows a slight expansion (app.
10 wm) as shown in Fig. 2d. Quantitative analysis of the chem-
ical composition inside this layer is found to follow the same
trend as the intermediate layer obtained in the short-time CO;

Table 1

treatment, exhibiting a monotonic diminution of the carbonate
content. XRD pattern of long-time CO; treated membranes indi-
cate a similar XRD pattern as for the short-time treated (cf.
Fig. 4c and d). Obviously, a decrease of the carbonate reflec-
tions is found while the reflections for the unknown phase

Summary of the elemental distribution of Ba, Sr, Co, Fe, O and C obtained by EDXS at fracture surfaces of membranes after treatment with CO; (100 min), CO,

(4320 min) and recovering with helium (100 min)

Stopped in CO;, after 100 min Stopped in CO,, after 4320 min Stopped in helium, after 100 min
0 pm* 5 pm* 20 pm®* 500 pm® 0 pm* 5 pm* 20 pm* 500 pm?* 0 pm* 5 pm* 20 pm®* 500 pm®
Ba (at.%) 59 45 7.0 8.8 6.7 8.7 7.0 9.2 5.9 7.5 72 9.3
Sr (at.%) 7.8 49 6.9 9.3 8.8 7.0 6.0 9.5 6.9 8.0 8.0 9.4
Co (at.%) 0.6 5.7 10.9 12.5 0.3 8.9 11.8 123 79 10.2 9.7 11.9
Fe (at.%) 0.6 1.2 2.9 3.1 0.0 2.2 2.8 32 2.0 2.5 2.3 35
O (at.%) 58.1 62.5 58.2 61.1 57.2 54.4 57.8 60.0 622 60.9 65.2 59.9
C (at.%) 26.8 21.2 14.1 52 27.0 18.9 14.7 59 14.9 10.9 7.6 5.8

The standard deviation for quantification data of Ba, Sr, Co, Fe is assumed to be +12%, according to [19]. Quantifications for carbon demonstrate only trends.

4 Distance to edge of permeate side.
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Fig. 3. Elemental distributions by EDXS at the permeate side when permeation was stopped after a treatment (a) for 100 min with pure CO; as sweep gas, (b) after
recovering for 100 min with pure helium as sweep gas and (c) for 4320 min with CO; as sweep gas.

increase. Considering that the carbonate layer thickness does
not change significantly, the increase of the reflections related
to the unknown phase might be due to proceeding crystallisa-
tion of this phase. Hence, the formation of the unknown phase
in layer (ii) occurs slower than the formation of the carbonate.
This phenomenon can be explained as follows: first, strontium
and barium form the carbonate, when CO» is applied. The moi-

ety of the cations forms a second crystalline phase, with slower
kinetics. Due to that reason the crystallinity of this phase can then
be detected by XRD with higher intensity, if a longer reaction
period is applied.

As already mentioned, no significant increase in the
thickness of the decomposed layer is observed. This fact
can be attributed to the above assumed mechanism of the
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Fig. 4. (a) Powder XRD pattern of BSCF as synthesized. (b—d) XRD pattern of the permeate side after a treatment (b) after recovering for 100 min with pure helium
as sweep gas, (c¢) for 100 min with pure CO; as sweep gas and (d) for 4320 min with CO; as sweep gas. Peaks labeled with an asterix do not belong to the carbonate,
but are retrieved in SAED of single crystals in Fig. 5. The gold peak belongs to the membrane sealing material.

91



5. Effect of CO45 on the BSCF perovskite-type oxide

M. Arnold et al. / Journal of Membrane Science 293 (2007) 44-52 49

(b) 0.62 nm
0.36 nm

0.26 nm

0.27 nm-_ .

. 1.20 nm

—_
[s]
~—

)

Intensity (a. u.)

0.40 nm )]

520 5‘30 540 550 5‘60 570 580 590 600 610
Energy Loss (eV)

Fig. 5. TEM micrographs of the intermediate layer at the permeate side after a treatment time with CO, for 4320 min. (a) Bright-field, (b) SAED and (c) O-K ELNES

(numbers are related to bright-field micrograph).

decomposition, regarding a fast formation of the carbonate
top layer. This layer can be appreciated as a protective layer
regarding the carbonate formation. Gomes and Dekeyser refer
this case, if the reaction product builds up a layer between the
reactants, to tarnishing reactions [21]. If the reaction product
forms a compact, non-porous layer, the reaction rate is limited
by transport phenomena through the product layer. Since the
thickness of the carbonate is restricted to 5um even after
long-time treatment, it can be therefore concluded that a dense
carbonate layer is formed. This layer causes an immense
decrease of the CO» transport to the buried perovskite surface
resulting in a stagnancy of the carbonate formation.

In order to get a more detailed understanding of the
microstructure of layer (ii), TEM investigations were conducted
at the boundary to layer (iii). Fig. 5a shows a bright-field micro-
graph of layer (ii). The plate-like morphology found by SEM and
light microscopy (cf. Fig. 6) in this layer can be confirmed even
by TEM. Elemental distributions acquired by EDXS, clearly

III.‘II;II.IIIIIIIIIIII?;lllll...llllll

Fig. 6. Light microscope photograph showing the permeate side of the mem-
brane when permeation was stopped after a treatment with CO; for 4320 min.

indicate the presence of two distinct phases (cf. Fig. 7). The first
can be attributed to the plate-like morphology being a mixed
oxide (Ba,Sr),(Co,Fe),O, — thus containing all four cations
— with complex structure. The second occurs complementary
between the plate-like parts and can be related to the above-
mentioned strontium-enriched carbonate. SAED of the marked
circular area indicates the occurrence of carbonate single crys-
tals next to single crystals of the mixed oxide (cf. Fig. 5a and
b).

As already mentioned, several non-carbonate reflections were
investigated in the XRD pattern in Fig. 4c and d which cannot
be explained by already known phases. Despite the fact a phase
attribution is lacking, unindexed d-values in the XRD pattern can
be found in SAED of Fig. 5b, by converting them according to
the Bragg equation (d=0.4095, 0.4014, 0.3202, 0.3017, 0.2601,
0.2580, 0.2181, 0.2008 nm). Furthermore, a large unit cell is
assumed as because of d-values found in the SAED. This can be
concluded since at least one cell parameter has a minimum size
of 1.2nm.

Additionally, O-K ELNES were used to confirm the local
chemical environment around oxygen atoms. The spectra have
been acquired with a small spectrometer entrance aperture to
obtain solely information from forwarded scattered electrons
that suffered just small transversal momentum transfers. Thus,
primarily dipole selection rules apply, and the O-K ELNES
probes transitions from O 1s core levels into unoccupied final
states of p character that are centered on the oxygen atom. There-
fore, the spectra of Fig. 5c reflect on O 2p bands that may
hybridize with the metal 3d and higher energy orbitals. In Fig. Sc,
the O-K near-edge fine-structure of area 1 clearly indicates the
presence of a carbonate bonding [22] with two pronounced
peaks, whereas a first small peak at ~535¢eV is followed by an
intensive peak at ~541 eV exhibiting a shoulder-like structure
towards higher energies. The spectrum of the complex oxide,
(Ba,Sr),(Co,Fe),0;, from area 2 shows a leading, relatively nar-
row peak at ~532 eV. This leading peak reflects that the 1, states
(dyy, dy;, and dy; orbitals) of cobalt and iron are hybridized with
the unoccupied oxygen 2p states via 2p—3d interactions, as it is
often observed in complex oxides [23]. Further on, a broad peak
has a maximum at ~543 eV with two clearly resolved peaks in
the left shoulder: at ~537 and ~541 eV, respectively. The peak
at ~543 eV refers to excitations of O 2p electrons into unoccu-
pied (Co,Fe) e, states (d,2, d 2 32 orbitals). The extra features at
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Fig. 7. (a) STEM bright-field micrograph of the intermediate layer at the permeate side of the membrane after a treatment with CO, for 4320 min. (b—f) Elemental

distributions by EDXS.

~537 and ~541 eV can be attributed to additional interactions of
the oxygen ligand with ns and np states of barium and strontium
cations [22]. All these characteristics of the O-K ELNES show
some structural relationship to perovskites (ABO3) with octa-
hedral coordination of the B-site cation (here cobalt and iron) to
oxygen.

To a minor extent, cobalt oxide with rocksalt structure is emi-
nent in the intermediate layer. Fig. 8 shows a TEM bright-field
micrograph accompanied with an SAED of this oxide. Addition-
ally, the presence of pure cobalt oxide was proven by EDXS.

Summarizing the above-presented results, the following cir-
cumstance can be concluded. If CO; is applied as the sweep
gas, first a strontium-enriched carbonate is formed along a fast
reaction pathway, resulting in an immediate stop of the oxy-

200 nm

gen permeation due the protective character of the carbonate.
Second, the remaining cations form a new complex oxide, with
large unit cell, in which the crystallisation increases with reac-
tion time accompanied with the formation of cobalt oxide in
rocksalt structure.

As discussed above, a complete vanishing of the oxygen per-
meation flux can be found, if helium is substituted by CO,.
Following, the concentration and time effect of CO, when
applied either in the feed or in the sweep gas will be discussed.
Fig. 9 shows the CO, concentration depending diminution of
the oxygen permeation flux if supplied in the sweep gas and
the associated oxygen partial pressure. Introducing 5% CO; in
the sweep gas causes an attenuation of 17% after 2 min of CO,
addition. This fact fits the assumption of fast kinetics regarding

Fig. 8. (a) TEM micrographs of a cobalt oxide with rocksalt structure in the intermediate layer at the permeate side of the membrane after a treatment time with CO»

of 4320 min and (b) SAED of the circularly marked area in (a).
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Fig. 9. Effectof the CO, concentration in a mixture with helium in the sweep gas
on the oxygen flux. Conditions: feed flow rate air 150 ml/min, total sweep flow
rate 140 ml/min. Helium 140 — x ml/min, CO,x ml/min. (W) Oxygen permeation
flux in dependence of time and concentration; ((J) oxygen flux while kept at 5%
CO;; (A) oxygen partial pressure associated to () data points. Time point O min
corresponds to CO; delivery.

the formation of the carbonate top layer. Following, the oxygen
permeation flux declines down to 60% of the virgin flux already
after a reaction time of 120 min and down to 50% after 460 min
of CO, supply. A this point a steady-state is reached since even
an exposure time for more than 20 h did not cause a significant
further decrease of the oxygen permeation flux.

A second experiment was conducted in which the CO; con-
centration was set to 10% and 15% after a certain reaction time
in order to examine whether the decrease of the oxygen perme-
ation performance is simply due to time. Obviously, a strong
acceleration of the descent emerges if the CO; concentration is
increased. Comparing the oxygen permeation under the influ-
ence of 5% CO;, with 10% CO; in the sweep gas flux after
320 min one can see that a doubling of the CO;, content halves
the oxygen permeation flux.

From the long-term experiment in which 5% CO; was applied
it can be concluded that the carbonate layer reaches an equi-
librium thickness that still allows oxygen permeation even
though with a reduced performance. That indicates a competi-
tion between two reactions. The first reaction, that stabilizes the
perovskite phase, is supported by oxygen, as commonly known
in literature [24]. The second reaction leading to the formation of
the carbonate and the above mentioned oxides. Implying that no
competition would take place the oxygen permeation flux would
stop after a certain time in each applied CO; concentration since
a continuously increase of the carbonate would occur. Therefore,
the relation between the amounts of oxygen compared to the
amount of CO, contained in the gas atmosphere seems to be the
important factor that causes diminishing of oxygen permeation
across the BSCF membrane.

Further proof for this supposition is shown in Fig. 10, in
which the oxygen permeation flux is plotted versus the CO;
content in the feed air. Up to 10% CO,, the oxygen perme-
ation flux decreases only down to 90%, whereas the oxygen
permeation flux decreased down to 50%, if only 5% of CO;
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Fig. 10. Effect of the CO, concentration in the feed air on the oxygen permeation
flux (). (A) Oxygen partial pressure on the feed side. Conditions: total feed
flow rate 150 ml/min. Air 150 — x ml/min, CO; flow rate x ml/min. Sweep flow
rate helium 140 ml/min. Time point O min corresponds to CO; delivery.

was applied in the sweep gas. If the oxygen content on the feed
side was increased to 15%, a relatively fast decrease of the oxy-
gen permeation performance down to 78% within 120 min was
observed. The concentration step from 10% to 15% CO; can
therefore be assumed to be the threshold at which the decompo-
sition of the perovskite becomes significant. Further increase to
20% resulted in a fast reduction to 22% in the space of time of
120 min.

The effect of the temperature on the carbonate formation and
hence the impact of the temperature on the oxygen permeation
flux can be found elsewhere [25]. Feldhoff et al. reported the
free enthalpy in dependence of the temperature. It can be seen
that raising the temperature avails the formation of the mixed
carbonate. Hence, one can conclude that lowering the temper-
ature during would even lower the oxygen permeation because
of the advanced carbonate formation.

4. Conclusion

The poisoning effect of CO, on the oxygen permeation
flux as well as on changes in the microstructure of BSCF
membranes has been investigated. It has been shown, that using
pure CO; as sweep gas causes an immediate stop of the oxygen
permeation flux but can be easily recovered by sweeping
with pure helium. Examinations of the microstructure clearly
indicate the decomposition of the perovskite structure up to a
maximum depth of 40-50 wm, even when exposed to CO; for
more than 4300 min. The decomposed layer was found to be
separated into two different phases, whereas the intermediate
layer contains mainly a strontium-enriched mixed carbonate
next to a novel mixed oxide, as indicated by SEM, XRD and
TEM observations. Further, the concentration effect of CO; in
the gas exposed to the membrane was examined regarding their
influence on the oxygen permeation. It was found that BSCF
membranes are capable to sustain up to 10% CO», if applied
in the feed air. That leads to the assumption that if the O:CO;
ratio falls not significantly below 2:1, BSCF membranes can be
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operated in these environments without significant decrease in
their performance at least for 120 min.
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6 Influence of the microstructure on the oxygen
permeability of perovskite-type membranes

6.1 Summary

Results presented in the following chapter describe the effects of the microstructure
on the oxygen permeation performance of BSCF and BSFZ perovskite-type mem-
branes. Dense ceramic membranes of BSCF and BSFZ were successfully prepared
via liquid phase sintering with BN as sintering aid. Different concentrations with
up to 10 mol-% BN were added to the membranes prior to sintering. Scanning
electron microscopy revealed that the concentration of BN significantly changes
the microstructure of the prepared membranes where large amounts of BN lower
the average grain size in these membranes. It has been further shown by XRD
and AEM (including energy dispersive X-ray spectroscopy and electron energy-
loss spectroscopy) that BN has been completely removed from the membranes and
that the grain boundaries are atomically thin and exhibit no amorphous layer or
other interfacial phase.

For both the BSCF and BSFZ membrane materials, a decrease in the average grain
size (introduced by BN) reduced the oxygen permeability. This effect was espe-
cially pronounced in the case of BSCF membranes where the oxygen permeation
flux decreased proportionally with decreasing average grain size.
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Abstract

Perovskite-type membranes of (BagsSrq5)(CopgFep,2)03_s (BSCF) and (BagsSrys)(FeopsZng,)0;_5 (BSFZ) were successfully prepared via
liquid-phase sintering using BN as sintering aid. The obtained membranes were examined via powder X-ray diffraction pattern (XRD), differential
scanning calorimetry (DSC), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and oxygen permeation experiments.
It has emerged that the use of BN as sintering aid lowers sintering temperatures in order to obtain dense membranes with relative densities in the
range of 93-96% as proven by the Archimedes method. It was further shown that the perovskite structure could be maintained after sintering with
BN. Additionally, BN was completely removed from the sintered membranes. Investigation of the microstructure revealed that the average grain
size of the membranes was influenced by the amount of BN added prior the sintering process. It was found that large amounts of BN effectively
lower the average grain size. Oxygen permeation experiments have shown that the lower the average grain size the lower the oxygen permeation
performance, particularly in the case of BSCF. Transmission electron microscopy revealed that no evidence for an amorphous layer or any other

interfacial phase in the grain boundary is present.
© 2007 Elsevier B.V. All rights reserved.

Keywords: BSCF; BSFZ; Oxygen permeation; Grain boundaries; Transmission electron microscopy; Perovskite; Liquid-phase sintering; BN; Grain size distribution

1. Introduction

Nowadays, mixed ionic—electronic conductors (MIECs) with
perovskite structure are applied in many different processes as
they allow to selectively separate oxygen from gaseous mix-
tures. Due to their intrinsic mixed conductivity, they are of great
interest for many industrial processes in which a constant supply
or removal of oxygen to or from reaction mixtures is required
[1]. Applications such as the usage of MIEC as cathode material
in solid-oxide fuel cells as well as in the production of oxygen
enriched air and in the conversion of hydrocarbons to synthe-
sis gas have been reported [2—6]. Major advantages of these
membranes are their almost infinite permselectivity and remark-
able high oxygen fluxes in the range observed on microporous
materials [1].

Within the MIECs, (Bag 5Sr 5)(Cog gFep2)03_s (BSCF) is
regarded to be one of the most promising materials as mem-

* Corresponding author. Tel.: +49 511 762 4896; fax: +49 511 762 19121.
E-mail address: mirko.arnold@pci.uni-hannover.de (M. Arnold).

0376-7388/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2007.10.002

branes made of it show high oxygen permeation fluxes and
excellent phase stability even under low oxygen partial pres-
sures and reducing gas atmospheres [7-9]. Recently, a new
perovskite system (BagsSrq5)(FepgZng2)03_5 (BSFZ) was
invented which also exhibits excellent phase stability and
remarkably high oxygen fluxes [10-12]. As these perovskite
systems display two of the state-of-the-art materials, they are of
special interest and thus investigated regarding their microstruc-
ture and oxygen permeation performance in the presented study.

Several groups have reported that the microstructure and
thus the relation between bulk and grain boundary oxygen
ion diffusivity within dense ceramic membranes significantly
influences the oxygen permeation performance [13-19]. Dif-
ferent perovskite systems were studied in these reports and no
clear trend is visible whether the transport along grain bound-
aries displays a barrier or acts as a pathway for fast oxygen
transport. Diethelm et al. found for (Lags5Srp5)FeOz_s that
the larger the obtained grains — and thus the fewer the grain
boundaries — the smaller the observed oxygen permeation per-
formance [13—14]. Similar findings were reported for LaCoO3_s
by Kharton and Marques [15]. Contrary to that, in ceramics
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of Ca(TiggFep2)03_5 — prepared by mechanical activation —
grain boundaries are suggested to act as a barrier for oxygen
permeation [16]. Most remarkably, opposite results were found
within the system (Baj_,Sr,)(CoggFep2)O03_s. The end mem-
ber Sr(Cog gFep2)03_s provides improved oxygen permeation
performance by decreasing the average grain size, whereas for
(Bag.5Sr(.5)(Cop.gFep2)03_s opposite observations have been
obtained [17-19]. As several parameters during the prepara-
tion influence the properties of the membrane, the effect of the
microstructure on the oxygen permeation has to be studied more
systematically. This could be done by varying the microstruc-
ture in different perovskite systems via the same way, i.e. the
sintering temperature and dwelling time. Additionally, care has
to be taken by comparing results, if the raw perovskite powder
has been prepared in different ways, which might also influence
the properties of the final membrane.

In this study, we have applied a liquid-phase sintering to
obtain BSCF and BSFZ membranes using BN as sintering aid.
The method was described by Ho on the BaTiO3 perovskite sys-
tem [20]. It was shown that the application of BN as sintering aid
allows to lowering the sintering temperature, and no incorpora-
tion of boron into the perovskite lattice was observed. Due to the
fact that during the sintering process a liquid-phase is eminent in
the membrane, a lowering of the average grain size is expected
[21]. In order to study the changes in microstructure and its
influence on the oxygen permeation performance, membranes
of BSCF and BSFZ with varying BN content during sinter-
ing were prepared. Investigations of the microstructure were
carried out by scanning electron microscopy (SEM) combined
with energy-dispersive X-ray spectroscopy (EDXS). Transmis-
sion electron microscopy (TEM) along with EDXS and electron
energy-loss spectroscopy (EELS) was conducted to examine the
microstructure and elemental composition of grain boundaries.
Additionally, differential scanning calorimetry (DSC), X-ray
diffraction (XRD) and oxygen permeation experiments as well
as relative density measurements were applied for characteriza-
tion purposes.

2. Experimental

BSCF and BSFZ powders were synthesized via a combined
citrate and ethylene-diamine-tetraacetic acid (EDTA) complex-
ing method according to Shao et al. [9]. Proper amounts of
Ba(NO3)2, Sr(NO3)2, Co(NO3),-6(H20), Fe(NO3)3-9(H,0),
and Zn(NO3)2-2(H20) were dissolved in water, followed by
the addition of citric acid, EDTA and NH3-(HO). The reac-
tion mixtures were then heated under constant stirring to obtain
a purple-coloured gel. Afterwards the gels were pre-calcined
for 2h at 700 °C. The pre-calcined powders were grounded and
finally fired for 10 h at 950 °C to get the pure perovskite phases.
The pure perovskite powders were then carefully grounded
together with certain amounts of hexagonal-BN (space group:
P63/mme (194), a=2.5044 A, ¢=6.6562 A; Powder Diffraction
File: 34-421, average particle size of @ =1 pm): 2.5, 5, 7.5, and
10 mol%. The grounded powders were then coldly pressed under
140-150kN for 20 min to prepare “green” membranes which
were finally sintered at 1050 °C (BSCF) and 1100 °C (BSFZ)

with a dwelling time of 10h in an ambient air atmosphere. In
order to estimate the optimal sintering temperature, the melting
point of each membrane was measured via (DSC) on a SETSYS
TGA-DSC instrument. Relative densities of the sintered mem-
branes were acquired via the Archimedes method on a Sartorius
balance model BP 211D with a resolution of 0.01 mg equipped
with compatible attachment.

To study the oxygen permeation performance of the sintered
membranes, several permeation experiments were carried out on
a self-made high temperature permeation cell which is described
in detail elsewhere [18]. Discs of BSCF and BSFZ (& = 14 mm,
thickness = 1.15 mm) were sealed onto a ceramic tube with gold-
paste (conducting paste, C5754, Heraeus) at 950 °C for 2 h. After
sealing, gas flow rates were delivered to the reactor by mass
flow controllers (Bronkhorst Hi-Tech) and continuously read by
an on-line gas chromatograph (Agilent Technologies, HP 6890,
equipped with a Carboxen 1000 column). The feed side (outer
site of the ceramic tube onto the membrane was sealed) of the
membrane was flushed with synthetic air. On the sweep side
(inner site of the ceramic tube onto the membrane was sealed)
pure helium and neon were applied. The total flow rate on the
feed side of the membrane was set to be 150 ml/min, and the
total flow rate on the sweep side to 30 ml/min. The absolute
flow rate of the permeate stream (sweep plus permeated oxygen
plus leakage) was determined by using neon as an internal stan-
dardization. The permeate stream (consisting of helium, oxygen,
nitrogen, and neon) was examined by gas chromatography. For
each component a quantitative calibration with known standards
was conducted. Thus, the area of each component chromatogram
was directly related to a certain percentage of this component.
As the supplied sweep flow rate (i.e. helium and neon with no
permeated oxygen) was known, it was thus possible to determine
the total permeate flow rate from the concentration of neon in
the permeate stream. The total leakage (<5%) was calculated
by the amount of nitrogen, i.e. the percentage nitrogen found
in the permeate stream was treated as the leakage. The related
amount of oxygen was then subtracted from the total oxygen
in the chromatogram leading to the net permeated oxygen. The
permeation flux through the membrane could then be calcu-
lated by the fraction O in the effluents and the determination
of the effective permeation area of the membranes. Permeation
experiments were conducted in the temperature range from 800
to 925 °C with steps of 25 °C. For each temperature step, an
equilibrium time of 60 min was set. The actual temperature was
measured slightly above the membranes.

In order to analyze the microstructure of the sintered mem-
branes, SEM combined with EDXS as well as XRD were
conducted on both surfaces and on fracture surfaces. Grain size
distributions were evaluated by SEM on a JEOL JSM-6700F
field-emission instrument using a secondary electron detector
(SE) at an accelerating voltage of 2kV. Fracture surfaces were
etched with aqueous HCI (2 M) for 2-5s in order to visualize
grain boundaries. EDX spectra were obtained at an accelerat-
ing voltage of 15kV using a light-element detector (INCA 300,
Oxford Instruments). To determine the crystal structure of sin-
tered membranes, XRD were conducted with monochromated
Cu Ky radiation in the range of 20—50° 26 at room temperature
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Fig. 1. DSC data obtained from a “green” BSCF membrane containing 10 mol% BN in a synthetic air atmosphere. The asterisk indicate a sensitivity switch of the

instrument.

(Philips X'Pert-PW1710) on surfaces and grounded membranes.
Powder XRD data for interpretation were taken from literature,
ZnO: ICDD database PDF number [36-1451], BSCF[22], BSFZ
[23].

Additionally, TEM was conducted at 200kV with a JEOL
JEM-2100F-UHR field-emission instrument equipped with a
Gatan GIF 2001 energy filter and a 1k-CCD camera in
order to obtain EEL spectra. EDXS was carried out by a
light-element detector using the Cliff-Lorimer quantification
technique (INCA 200 TEM, Oxford Instruments). Furthermore,
the specimen for TEM investigations was prepared as fol-
lows. First, pieces of 1 mm x 1 mm x 2 mm were cut out of the
membrane followed by covering of both sides with silicon sin-
gle crystal using epoxy. Accordingly, the protected membrane
pieces were polished on polymer embedded diamond lapping
films down to 0.02mm x 1 mm x 2 mm and glued onto a cop-
per slot grid. Electron transparency was achieved by Ar* ion
sputtering at 3kV under incident angles of 6° and 4° (Gatan,
model 691 PIPS).

3. Results and discussion

Fig. 1a and b shows DSC data obtained from a “green”
BSCF membrane containing 10mol% BN in a synthetic air
atmosphere. Around 800 °C (point 1), BN starts to oxidise yield-
ing in B>O3 as indicated by an endothermic process. As B,O3
starts to melt immediately after oxidisation, we postulate that
the endothermic process of oxidisation covers the endothermic
melting process. Thus, the heat flow of this melting process is
not directly visible. At 1078 °C (point 2), an endothermic heat
flow is observed, which is clearly related to the melting process
of the membrane followed by the decomposition of the melt.

For both materials, BSCF and BSFZ, respectively, excellent
phase maintenance after sintering with BN has been observed as
it can be concluded by comparing the obtained XRD pattern with
those obtained from pure BSCF and BSFZ powders [22,23] as
visible in Fig. 2a and b. Despite the fact the perovskite structure
could be maintained even after sintering with BN, small amounts
of CoO have been found in the BSCF membrane that was sin-
tered with 10 mol% (not visible in XRD pattern but confirmed by
EDXS of the fracture surface). In the case of BSZF membranes
that were sintered with 7.5 and 10 mol% small amounts of ZnO

(a)
2.5 mol% BN k o \
3 5 mol% BN ‘h
g°T L
n
g
£1|7.5mol% BN JL
LA A A A
10 mol% BN l
- .
20 3'0 AO 50
20(CuK)[]
BSCF 8 = £ 3
(b) l
2.5 1% BN
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S, A
2
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20(CuK)[]
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Fig. 2. XRD pattern taken of sintered membranes (surfaces) as synthesized: (a)
BSCEF, (b) BSFZ. XRD data obtained of pure BSCF and BSFZ and ZnO are
displayed for comparison.
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Fig. 3. SEM micrographs showing surfaces and fracture surfaces of sintered BSCF membranes (a—f). (a) Surface, (b) fracture surface, and (c) grain size distribution
of a BSCF membrane containing 2.5 mol% BN. (d) Surface, (e) fracture surface, and (f) grain size distribution of a BSCF membrane containing 10 mol% BN.

have been detected on the surface as shown in Fig. 2b. Addi-
tionally, two unidentified reflections with very low intensities at
28.6° 26 and 30.4° 26 were found in these membranes.

In order to examine the microstructure of the sintered mem-
branes, SEM was conducted on both surfaces and fracture
surfaces on each membrane (Figs. 3 and 4). Fig. 3 displays SEM

micrographs and corresponding grain size distributions of BSCF
membranes after sintering with 2.5 mol% BN (a—c) and with
10mol% BN (d—f) for 10h at 1050 °C, respectively. As it can
be seen in Fig. 3, dense membranes of BSCF sintered with BN
have been achieved with low level of porosity even if the sin-
tering temperature was decreased to 1050 °C. Wang et al. found
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Fig. 4. SEM micrographs showing surfaces and fracture surfaces of sintered BSFZ membranes (a—f). (a) Surface, (b) fracture surface, and (c) grain size distribution
of a BSFZ membrane containing 2.5 mol% BN. (d) Surface, (e) fracture surface, and (f) grain size distribution of a BSFZ membrane containing 10 mol% BN.
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Table 1
Summary of melting points of membranes after sintering with indicated mol%
BN obtained via DSC

Table 3
Relative densities of BSCF and BSFZ membranes after sintering obtained by
the Archimedes method

BSCF (mol% BN) Tnett (°C) BSFZ (mol% BN) Tmett (°C) mol% BN BSCF (%) BSFZ (%)
2.5 1131 2.5 1218 10 94 92
5 1102 5 1161 7.5 96 94
75 1088 75 1142 5 96 95

10 1078 10 1117 2.5 93 93

that sintering temperatures of at least 1150 °C were needed to
obtain dense BSCF membranes with negligible porosity [18].
Obviously, the sintering aid BN helped to lower the sintering
temperature of the prepared dense membranes. This was con-
firmed by DSC, as the melting point of the membranes was
decreased using BN as sintering aid. A summary of the melt-
ing temperatures of the sintered BSCF and BSFZ membranes is
given in Table 1.

Quantitative evaluation of the grain size distribution via SEM
have shown that the addition of large amounts of BN lead to a
decrease of the average grain size (Fig. 3c and f). The average
grain size of BSCF-membranes sintered with 2.5 mol% BN has
been determined to be 242 wm? at the surface and 265 pm? at
the fracture surface, respectively. Contrary, membranes sintered
with 10 mol% exhibit average grain sizes of 140 wm? (surface)
and 155 wm? (fracture surface). In the case of 10 mol% BN,
small particles of CoO (~1 wm?) have been found on the fracture
surface as confirmed by EDXS.

Similar experiments were conducted for membranes of
BSFZ. It has emerged, that melting temperatures of BSFZ mem-
branes with BN as sintering lie generally up to 70 °C higher
than that for the BSCF membranes (Table 1). In Fig. 4, SEM
micrographs and grain size distributions of membranes after sin-
tering with 2.5mol% BN (a—c) and membranes sintered with
10mol% BN are displayed (d—f). As for the case of BSCF,
BSFZ membranes sintered with BN exhibit a low level of poros-
ity and the same trend for the average grain size was found
as for the BSCF membranes: The higher the amount of added
BN the lower the average grain size. The average grain size of
membranes sintered with 2.5 mol% has been determined to be
98 wm? (surface) and 93 wm? (fracture surface) compared to
38 wm? (surface) and 24 wm? (fracture surface) if 10 mol% BN
was added (Fig. 4c and f). It has to be noted that small parti-
cles (~1 pm?) of ZnO (Fig. 4d) were found on the membrane
surface after sintering with 7.5 and 10 mol% BN, respectively.
Table 2 summarizes average grain sizes found in each membrane
and it clearly demonstrates that increasing the amount of BN as

sintering aid leads to a decrease in the average grain size. Addi-
tionally, it has to be emphasized that no boron has been found by
EDXS in the surface or in the fracture surface in membranes of
BSCF and BSFZ, respectively. Relative densities, displayed in
Table 3, of the sintered membranes by the Archimedes method
are estimated to vary randomly from 93 to 96% which display
reasonable values as reported elsewhere [18].

As already found by Wang et al. [18], grain boundaries may
affect the oxygen permeation in BSCF membranes in a nega-
tive manner. Therefore, oxygen permeation experiments were
conducted in order to determine the influence of the average
grain size (and thus the impact of grain boundaries) on the oxy-
gen transport through the perovskite membranes. Fig. 5a and
b displays the temperature-dependent oxygen permeation flux
of BSCF and BSFZ membranes sintered with varying BN con-
tent. For all membranes, an almost linear slope for the oxygen
permeation is observed in the temperature regime studied here.
BSCF membranes sintered with 2.5 mol% BN exhibit an oxy-
gen permeation performance that varies from 1.50 ml/min cm?
at 850°C to 2.60 ml/min cm? at 925 °C. As the amount of BN
was increased during sintering, a diminution of the oxygen per-
meation flux has been observed (0.80 ml/mincm? at 850°C
to 1.60 ml/min cm? at 925 °C for 10 mol% BN added). In the
case of BSFZ membranes sintered with BN, the oxygen per-
meation performance is not as strongly affected by the addition
of BN as in the case of BSCF. Up to 7.5mol% BN added as
sintering aid no change in the oxygen permeation performance
could be found and its ranges from 0.40 ml/min cm? (850°C) to
0.85 ml/min cm? (925 °C) which is in the same order of magni-
tude as reported for membranes without sintering aid [10]. Only
if the BN addition was set to 10 mol%, a distinct diminution in the
oxygen permeation performance has been observed, as the oxy-
gen permeation flux is found to range between 0.37 ml/min cm?
(850°C) and 0.80 ml/min cm? (925 °C) in this case.

In order to better visualize the dependence of oxygen perme-
ation performance on the amount BN added to the membranes

Table 2

Summary of average grain sizes in sintered membranes with varying BN content

BSCF BSFZ

mol% BN Area (Mmz) (surface) Area (Mmz) (fracture surface) mol% BN Area (Mmz) (surface) Area (Mmz) (fracture surface)
2.5 242 265 2.5 98 93
5 250 218 5 68 69
75 216 199 75 46 33

10 140 155 10 38 24
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Fig. 5. Temperature-dependent oxygen permeation flux of sintered membranes
with different BN content: (a) BSCF, (b) BSFZ. Conditions: feed synthetic air
flow rate 150 ml/min, sweep flow rate 30 ml (helium 29 ml/min, neon 1 ml/min).

before sintering, oxygen permeation fluxes are plotted against
the BN content and the average grain size on the surface at fixed
temperature (Fig. 6a and b). At a temperature of 900 °C the oxy-
gen permeation decreases from 2.30 ml/min cm? (2.5 mol% BN)
down to 1.40 ml/min cm? (10 mol% BN) for BSCF membranes,
whereas the oxygen permeation flux of BSFZ membranes range
from 0.80 down to 0.70 ml/mincm? at 900°C (Fig. 6a). The
influence of the average grain size of the membranes on the
oxygen permeation performance is displayed in Fig. 6b. For the
case of BSCF membranes a decrease of the oxygen permeation
flux from 2.30 down to 1.40 ml/min cm? is observed whereas the
corresponding average grain size ranges from 265 to 155 wm?
at the fracture surface. It should be stressed that the oxygen per-
meation performance decreases proportionally to the average
grain size. In order to draw a general conclusion, membranes
that have been sintered without boron nitride were also studied.
Permeation experiments show that membranes consisting of an
average grain size of 468 wm? (surface) and 430 wm? (fracture
surface) exhibit an oxygen flux of 2.70 ml/min cm? at 900 °C,
which is in excellent agreement with results discussed above.
In the case of BSFZ, the oxygen permeation flux varies
from 0.77 to 0.72 ml/mincm? at 900 °C whereas the average
grain size at the fracture surface ranges from 93 to 24 pm?.

Average grain size
fracture surface (um2)

Fig. 6. Oxygen permeation flux of sintered membranes with different BN con-
tent at 900 °C. (a) Oxygen permeation flux in dependence of BN content and
(b) oxygen permeation flux in dependence of average grain size at fracture sur-
face. Conditions: feed synthetic air flow rate 150 ml/min, sweep flow rate 30 ml
(helium 29 ml/min, neon 1 ml/min).

Again, membranes without BN addition were prepared. It was
found that a membrane with an average grain size of 435 um?
(surface) and 317 umz (fracture surface) show an oxygen
permeation flux of 0.80 ml/min cm? at 900 °C, which is higher
than in the case of the membrane sintered with 2.5 mol% BN
(oxygen permeation flux for this membrane: 0.77 ml/min cm?).

In the case of BSCEF, it is obvious that the larger the grain
sizes the greater the oxygen permeation flux. This is in good
agreement with findings of Wang et al. who also found a positive
correlation between larger grains and higher oxygen permeation
flux [18]. BSFZ membranes do not exhibit an influence of the
average grain size that is as strong as for BSCF membranes.

In order to achieve a better understanding of the microstruc-
ture at the grain boundaries, an HRTEM study was conducted on
a BSCF membrane which was sintered with 10 mol% BN asitis
shown in Fig. 7. A TEM micrograph of two BSCF grains which
can be discriminated by bright contrast is displayed in Fig. 7a.
BSCEF stoichiometry of these two grains has been confirmed by
an EDXS analysis. For that purpose an ovally shaped convergent
electron beam was used. The convergent beam mode allows to
acquire as much signal as possible from the grain boundary.
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Fig. 7. TEM micrographs obtained from a BSCF membrane containing 10 mol% BN showing two different grains (a—d). (a) TEM bright-field micrograph, (b and
¢) HRTEM micrographs, and (d) inverse FFT of HRTEM micrograph as shown in (c). Black lines indicate direction of Moir¢ pattern.

From the EDXS analysis no difference in the elemental com-
position of grain I, grain II, and the grain boundary have been
found as it can be seen in Table 4. As EDXS might not be the
most sophisticated method to elucidate light elements like boron,
electron-energy loss spectroscopy (EELS) was also conducted.
Even via EELS, no boron could be found. Fig. 7b and ¢ show
HRTEM micrographs of a selected part of this grain boundary.
Neither an interfacial phase nor an amorphous layer has been
found to be located between the two grains as it can be seen in
Fig. 7c. No zone axis could be determined for grain I but the
observed plane spacing was determined to be 0.23 nm which
is related to the (1,1,1)-plane of BSCF. The zone axis of grain

Table 4
Quantitive analysis of elemental composition by EDXS of grain I, grain II and
grain boundary as shown in Fig. 7

Element  GrainI (atom%)  Grain II (atom%)  Grain boundary (atom%)
Ba 28 29 28
Sr 24 23 25
Co 37 37 36
Fe 11 11 11

II was found to be [1,1,1]. Thus, the grain boundary displays
the contact zone between (1,1,1)-planes of grain I and (1,1,0)-
planes of grain II whereas the angle between these planes is
determined to be 21°. An inverse fast-Fourier transformation
(based on (1,1,1) of grain I and (1,1,0) of grain II) was con-
ducted which is shown in Fig. 7d. As indicated by black lines,
Moiré pattern has been observed indicating an overlap of approx-
imately 6 nm of grain I and grain II. As the contrast of the lattice
planes do not abate towards the contact zone, no indication for
an amorphous layer is given. Diethelm et al. suggested that in
the case of (Lag 5519 5)FeO3_s an amorphous layer at the most
of 0.5 nm may be prominent [13,14]. As reported for this mate-
rial, smaller average grain sizes promote the oxygen permeation
flux. Thus, the amorphous layer may act as fast diffusion path-
way. This finding could further deliver an explanation for the
blocking effect of the grain boundaries in the study presented
here, as we believe no amorphous or interfacial layer is eminent
in the grain boundaries of BSCF. Feldhoff et al. [11] reported
even in BSFZ the grain boundaries are atomically thin contain-
ing no second phase, which underlines the findings presented
here.
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4. Conclusion

Dense ceramic membranes of BSCF and BSFZ with BN
as sintering aid were successfully prepared via liquid-phase
sintering. It has emerged that using BN as sintering aid the sin-
tering temperature could be lowered down to 1050 °C in the
case of BSCF membranes and down to 1100 °C in the case of
the BSFZ membranes. It is also shown that the obtained mem-
branes exhibit excellent phase stability after sintering with only
very few impurities and no boron remained in the membranes
after the sinter process. For both membrane materials BSCF and
BSFZ, an increase of the added amount BN lead to a decrease of
the average grain size. Oxygen permeation experiments deliv-
ered evidence that membranes containing particularly larger
grains exhibit a better oxygen permeation performance. This
effect is especially pronounced in the case of BSCF membranes
in which the oxygen permeation flux is lowered proportion-
ally to the abatement of the average grain size. A TEM study
gives first indication that no amorphous material or interfacial
phase is incorporated at the grain boundaries. That leads to the
assumption that a lattice misfit between the grains and associ-
ated straining of grain boundary near regions could have negative
impact on the oxygen ion transport. Considering former reports
on the correlation of microstructure and oxygen permeation,
future investigations should focus on the microstructure of the
grain boundaries as their nature may give a better understanding
of the oxygen permeation through dense ceramic membranes.
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