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interpretation by Prof. Dr. Klaus-Dieter Becker are kindly appreciated.
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and data interpretation. Dr. Salvatore Cusenza and Dr. Piotr Gaczyński carried out
the Mössbauer investigations, Prof. Dr. Klaus-Dieter Becker helped with interpre-
tation of the Mössbauer results, and Dr. Lars Dörrer performed the conductivity
measurements. I acknowledge the fruitful discussions with all co-authors during
preparation of the manuscript, particularly with Prof. Dr. Klaus-Dieter Becker and
Prof. Dr. Armin Feldhoff.

The third article, Rapid glycine-nitrate combustion synthesis of the CO2-stable
dual phase membrane 40Mn1.5Co1.5O4-δ-60Ce0.9Pr0.1O2-δ for CO2 capture via an
oxy-fuel process, was written by Dr. Huixia Luo and me in equal shares. I performed
the in-situ XRD measurements and helped with data interpretation.

The fourth article, Effect of A-site lanthanum doping on the CO2 tolerance of
SrCo0.8Fe0.2O3-δ oxygen-transporting membranes, deals with investigations of par-
tially substituting the alkaline-earth element strontium by the rare-earth element
lanthanum to obtain CO2-tolerant materials. The manuscript was written by me
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and I performed all experimental techniques and data interpretation. I thank Dipl.-
Chem. Olga Ravkina for help during powder synthesis, membrane fabrication and
oxygen permeation measurements. Furthermore, I thank Prof. Dr. Armin Feldhoff,
who performed the energy-loss spectroscopy measurements in the TEM and sup-
ported me during manuscript preparation.

The fifth article, Ca-containing CO2-tolerant perovskite materials for oxygen sepa-
ration, studies the application of the alkaline-earth element calcium in CO2-tolerant
membrane materials. The article was written by Dr. Konstantin Efimov. I helped
with membrane fabrication, oxygen permeation flux measurements and provided
data interpretation and manuscript preparation support.

The sixth article, Effect of microstructure on oxygen permeation of
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and SrCo0.8Fe0.2O3-δ membranes, investigated the grain size
distribution of these two oxide systems for different dwell times. The article was
written by me and I performed the TEM investigations. All other measurements in
the article were conducted by Dipl.-Chem. Olga Ravkina under my supervision.

The seventh article, Investigation of Zr-doped BSCF perovskite membrane for
oxygen separation in the intermediate temperature range, examines the effect of
zirconium substitution on the long-term phase stability of Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF) membranes and was written by Dipl.-Chem. Olga Ravkina and me in equal
shares. I provided support in data interpretation. All measurements in this article
were conducted by Dipl.-Chem. Olga Ravkina during her diploma thesis under my
supervision.
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Abstract
The world heavily relies on fossil fuels as energy source. The increasing demand of
electricity is creating new worldwide challenges. With the emission of carbon diox-
ide (CO2) and other greenhouse gases the global mean temperature rises, which
results in severe environmental damage. The oxy-fuel process provides the possibil-
ity to sequestrate the formed CO2. The required pure oxygen can be produced using
mixed ionic electronic conducting materials, which offer the advantage to exclude
nitrogen before combustion. This thesis presents seven original research articles, in
which the stability of oxygen-transporting materials was investigated in two differ-
ent contexts. The second and third chapter describe investigations to increase the
chemical stability towards carbonate formation by avoiding or partially substituting
alkaline-earth elements. In the fourth chapter the influence of the microstructure
on oxygen permeation performance and the effect of B-site zirconium substitution
on the long-term phase stability of Ba0.5Sr0.5Co0.8Fe0.2O3-δ were examined.
In chapter 2 the alkaline-earth free Ruddlesden-Popper phases La2NiO4+δ,

La4Ni3O10-δ as well as a new dual phase material were investigated. The CO2 tol-
erance of La2NiO4+δ was confirmed by in-situ X-ray diffraction (XRD) and long-
term permeation experiments. The effect of B-site substitution with different valent
cations on oxygen permeation was examined. Detailed transmission electron mi-
croscopy (TEM) and oxygen partial pressure and temperature dependent Mössbauer
investigations reveal that the La2Ni0.9Fe0.1O4+δ system consists of a phase mixture of
La2Ni0.95Fe0.05O4+δ and La4Ni2.1Fe0.9O10-δ, whereby La2Ni0.98Fe0.02O4+δ is a single-
phase material. The new dual-phase material 40 Mn1.5Co1.5O4-δ - 60Ce0.9Pr0.1O2-δ
was synthesized by a rapid combustion sol-gel route and exhibits a good tolerance
towards CO2 as well as long-term stability.
In chapter 3 the partial substitution of alkaline-earth elements with rare-earth ele-

ments based on thermodynamic considerations via an Ellingham diagram was exam-
ined. The SrCo0.8Fe0.2O3-δ material offers high oxygen permeation flux but poor CO2
tolerance. By increasing the lanthanum content up to 60 wt.% a CO2-tolerant mem-
brane material with the nominal composition La0.6Sr0.4Co0.8Fe0.2O3-δ was obtained
as proven by in-situ XRD and TEM investigations. The verification of this thermo-
dynamic approach was further supported by the studies of La0.6Ca0.4Co0.8Fe0.2O3-δ
and La0.6Sr0.4FeO3-δ.
In chapter 4 the effect of the microstructure on permeation performance of

SrCo0.8Fe0.2O3-δ and Ba0.5Sr0.5Co0.8Fe0.2O3-δ materials was investigated. It was found
that in case of SrCo0.8Fe0.2O3-δ the membranes with larger grain sizes exhibited a
smaller oxygen permeation flux. In case of Ba0.5Sr0.5Co0.8Fe0.2O3-δ the membranes
with small grains exhibited a lower oxygen permeation flux. This increased with
larger grains, whereby the oxygen permeation flux was found to be nearly indepen-
dent of grain size in the regiment of 24 to 42 µm average grain diameter. Further-
more, the long-term phase stability of Ba0.5Sr0.5Co0.8Fe0.2O3-δ was investigated with
regards to the partial substitution of B-site cations by zirconium.
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Zusammenfassung
Die Welt ist stark von fossilen Brennstoffen als Energiequelle abhängig. Durch
den steigenden Bedarf an Elektrizität werden neue weltweite Herausforderungen
auf uns zukommen. Die globale Durchschnittstemperatur stieg im Verlauf der let-
zten Jahrzehnte stetig durch die Emission von Kohlenstoffdioxid (CO2) und an-
deren Treibhausgasen an und wird zu schwerwiegenden Umweltschädigungen führen.
Das Oxy-Fuel-Verfahren bietet die Möglichkeit, das entstehende CO2 abzutren-
nen. Der für die Verbrennung benötigte reine Sauerstoff kann durch eine Mem-
brangestützte Denitrogenierung erhalten werden, wozu gemischt ionisch-elektrisch
leitende Materialien dienen. Diese Doktorarbeit stellt sieben originale Forschungsar-
tikel vor, in denen die Stabilität von sauerstofftransportierenden Materialien unter-
sucht wurde. Das zweite und dritte Kapitel behandeln eine erhöhte Toleranz gegen
Karbonatbildung durch Verzicht auf oder partielle Substitution der Erdalkaliele-
mente. Im vierten Kapitel wurde der Einfluss der Mikrostruktur auf den Sauer-
stofffluss und der Effekt von einer partiellen Substitution des B-Gitterplatzes von
Ba0.5Sr0.5Co0.8Fe0.2O3-δ durch Zirkon auf die Langzeitphasenstabilität untersucht.
In Kapitel 2 werden die erdalkalifreien Ruddlesden-Popper Phasen La2NiO4+δ,

La4Ni3O10-δ sowie ein neues Zweiphasenmaterial vorgestellt. Die CO2-Toleranz von
La2NiO4+δ wurde mittels in-situ Röntgendiffraktometrie (XRD) und Langzeitper-
meationsexperimenten bestätigt. Der Effekt einer Substitution mit verschieden-
valenten Kationen auf den Sauerstofffluss wurde untersucht. Detaillierte Trans-
missionselektronenmikoskopie (TEM) und Mössbauerexperimente zeigten, dass die
Verbindung La2Ni0.9Fe0.1O4+δ aus einem Phasengemisch von La2Ni0.95Fe0.05O4+δ und
La4Ni2.1Fe0.9O10-δ besteht, während die Verbindung La2Ni0.98Fe0.02O4+δ reinphasig
vorliegt. Das neue Zweiphasenmaterial 40 Mn1.5Co1.5O4-δ - 60 Ce0.9Pr0.1O2-δ zeigt
eine gute CO2-Toleranz und Langzeitstabilität.
In Kapitel 3 wurde die partielle Substitution von Erdalkalielementen mit Seltenen

Erden auf Grundlage von thermodynamischen Überlegungen mittels eines Elling-
hamdiagramms untersucht. Das SrCo0.8Fe0.2O3-δ-Material bietet eine hohe Sauer-
stoffleitfähigkeit, aber nur eine schlechte CO2-Toleranz. Durch Erhöhung des Lan-
thangehaltes auf 60 Gew.-% konnte eine CO2-tolerante Membran erhalten werden.
Dies wurde mittels in-situ XRD und TEM nachgewiesen. Die Gültigkeit des thermo-
dynamischen Ansatzes konnte weiterhin durch Untersuchungen von
La0.6Ca0.4Co0.8Fe0.2O3-δ und La0.6Ca0.4FeO3-δ bestätigt werden.
Im letzten Kapitel 4 wurde der Einfluss der Mikrostruktur auf den Sauerstofffluss

von SrCo0.8Fe0.2O3-δ und Ba0.5Sr0.5Co0.8Fe0.2O3-δ untersucht. Es wurde herausge-
funden, dass für SrCo0.8Fe0.2O3-δ größere Körner einen verringerten Sauerstofffluss
aufwiesen. Für Ba0.5Sr0.5Co0.8Fe0.2O3-δ wiesen Membranen mit kleineren Körnern
einen kleineren Sauerstofffluss auf. Dieser stieg mit größeren Körnern an und blieb
im Bereich von 24 bis 42 µm nahezu konstant. Des Weiteren wurde der Effekt
von Zirkon, welches auf den B-Gitterplatz von Ba0.5Sr0.5Co0.8Fe0.2O3-δ eingebracht
wurde, auf die Langzeitphasenstabilität untersucht.
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1 Chapter 1

Introduction

1.1 Motivation
With the growing world population and the economic growth of developing countries
comes an increasing demand for electricity, which is today mainly produced by fossil-
fuel power plants [1]. In fact about 81 % of the world’s energy is generated from this
source, 13 % comes from renewable energies, and 6 % from nuclear power plants [2].
The worldwide contribution of fossil fuels is assessed to remain at this high level up
to the year 2050 [3]. For Germany, predictions and calculations performed by the
Sachverständigenrat für Umweltfragen (SRU) conclude that it is possible to obtain
a fossil-fuel free electricity generation for this period of time [4]. The major problem
is that the operation of fossil-fuel power plants is not sustainable. This is not only in
means of depletion of natural resources, but although by production of greenhouse
gases, which are released into the atmosphere and contribute to global warming.
The biggest player in this connection is carbon dioxide (CO2) with a total estimated
emission of 32 billion tonnes over the period from the year 1751 to 2008 [5]. More
than 40 % of the anthropogenic CO2 emissions are released by conventional fossil-
fuel power plants [6]. The problem has been realized in politics already in 1997 as
the United Nations framework convention on climate change (UNFCCC) initiated
the Kyoto Protocol to contain greenhouse gas emissions and global warming. Until
now 191 states have signed and ratified the treaty [7]. To reduce the green house gas
emissions, it is not only necessary to promote the use of renewable energies, but also
to improve existing technologies to work in a more sustainable way. The challenge
of “green” materials science in this context is therefore to develop new techniques,
processes, or materials, which can enhance the energy efficiency or lead to a drastic
reduction of CO2 emissions.
The mixed ionic electronic conducting (MIEC) materials with perovskite or
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Chapter 1 Introduction

perovskite-related structures offer a promising way to encounter the problem of CO2

emissions of fossil-fuel power plants in the near future. The possibility to tailor-make
materials for specific applications provides hundreds of opportunities for materials
design. A lot of research was already conducted in the last decades [8, 9]. By using
MIEC materials as dense oxygen-transporting membranes (OTMs), which allow to
separate oxygen from gas mixtures1 with unrivalled selectivity for oxygen, a wide
number of industrial processes, where the supply or removal of oxygen is required,
can be optimized [11, 12]. In Fig. 1.1 the principle of operation of an OTM is
schematically illustrated and some important applications are displayed, which will
be discussed briefly on the following pages.

- zero-emission power plants (oxy-fuel concept)
- oxygen separation units
- membrane reactors
- solid oxide fuel cells

O2-      OTM        e-

ambient air

pure O2

O2 

N2dense oxide
membrane

Figure 1.1: Possible applications of oxygen-transporting membranes (OTMs).

A recent hot topic in research is the concept of carbon capture and storage (CCS)
technologies [13–17]. A possible way to combine fossil-fuel power plants with CCS
is the concept of oxy-fuel combustion with the aim to reduce the CO2 emission from
fossil-fuel power plants leading to near zero emission [18, 19]. In this process the fuel
is directly combusted with pure oxygen. The nitrogen is excluded at the beginning
and does not need to be removed as nitrogen oxides by a complicated operation
after the combustion. The reaction products, mainly CO2 gas and water vapor,
can then easily be separated by condensation of the water. The sequestrated CO2

can be readily stored [20]. Final storage can be in underground formations such as
depleted mines or offshore in the oceans [21–24].
Another possible application, which should be only mentioned in passing here,

1 This is in most applications ambient air, which is a mixture of approximately 78 vol.% N2, 21
vol.% O2, and 1 vol. % minor components [10].
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1.1 Motivation

is the use of MIEC materials in membrane reactors and catalysis. This sophisti-
cated concept allows the coupling of a chemical reaction and product separation. It
has been demonstrated for important petrochemical catalytic processes such as the
oxidative coupling of methane to ethylene or ethane (OCM) [25], the partial oxida-
tion of methane to syngas (POM) [26], or direct decomposition of nitrous oxide to
nitrogen by oxygen removal [27].
The use of MIEC materials in solid oxide fuel cells (SOFCs) is another very im-

portant application [28]. The main advantage is the possibility to directly convert
chemical energy into electrical energy with higher overall efficiencies compared to
heat engines. The maximum system efficiency may be even higher than 80% [29].
For ceramic SOFCs, which have to be operated at elevated temperatures to attain
a sufficient ionic and electronic conductivity, a variety of fuels such as hydrogen,
natural gas or hydrocarbons can be used [30]. The main features to have are cat-
alytic activity for oxygen reduction and high electrical conductivity of the cathode
materials. This predestines certain MIEC materials for the use in SOFCs.
In the 1980‘s the group around Yasutake Teraoka discovered the MIEC properties

of La1-xSrxCo0.4Fe0.6O3-δ perovskites [31]. They were also the first who investigated
the effect of A-site and B-site doping on the properties of the lanthanum cobalt
perovskites and gave birth to a whole new field of materials design [32]. How-
ever, the major problem of these perovskites is the high thermal expansion, which
leads to low compatibility with other membrane reactor components. The resulting
mechanical stress may lead to cracks or problems with the sealing, which compro-
mise gas tightness of membranes. Another problem was the instability under large
partial pressure gradients. The cubic structure of the known high-flux material
SrCo0.8Fe0.2O3-δ tends to collapse into the oxygen-ordered Brownmillerite phase in
reducing atmospheres [33–35]. In 2000, Shao discovered that by partial substitution
of strontium with 50 mol% of the larger barium cation a stabilization of the cubic
perovskite structure occurs. He showed that it significantly improves the stability
in low and high oxygen partial pressure [36–38]. However, another problem still
prevails. For applications in highly CO2-exposed environments these alkaline-earth
elements containing high-flux membranes are not suitable due to their tendency to
form carbonates [39, 40]. It is possible to increase the CO2 tolerance by avoiding the
alkaline-earth elements. However, it is a thin line to find the optimum perovskite
composition in matters of highest possible oxygen permeation flux and sufficient sta-
bility towards CO2. A possible solution to this problem is the use of materials such

3



Chapter 1 Introduction

as the Ruddlesden-Popper phases Lan+1NinO3n+1 (n = 1, 2, and 3) [41, 42] or devel-
opment of new dual-phase materials such as 40wt.% NiFe2O4-60wt.%Ce0.9Gd0.1O2-δ

[43]. In the dual-phase membrane concept an ion and an electron conductor form
interpenetrating, percolating networks, which lead to the MIEC properties.
In the presented thesis, MIEC materials were investigated regarding their toler-

ance towards CO2, the influence of microstructure on oxygen flux and the stabiliza-
tion of known high-flux materials by selective substitution on the B site. Chapter
2 presents the perovskite related Ruddlesden-Popper phases Lan+1NinO3n+1 (n = 1,
2, and 3) with high tolerance against CO2 by avoiding alkaline-earth elements. In
Chapter 3 rare-earth containing perovskite and dual-phase materials were partially
doped with alkaline-earth elements (calcium, strontium) and the threshold value for
obtaining CO2-tolerant materials was identified, which is not more than 40 mol%
of alkaline-earth elements on the A site. Chapter 4 is dedicated to microstructure
analysis and the impact on oxygen permeation flux. Furthermore, the stabilization
of the cubic perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) structure in the intermediate
temperature range (700-850 °C) by zirconium doping was investigated.

1.2 Perovskites and related structures

1.2.1 Cubic perovskite structure ABO3

In the year 1829, Alexander von Humboldt led his second great expedition into
the Ural Mountains [44]. The mineralogist Gustav Rose went with him and sev-
eral years later, in 1839, Oberbergmeister Kämmerer delivered an unknown mineral
from Achmatowsk in the Ural Mountains to Rose in Berlin. Rose investigated the
new mineral and he and Kämmerer decided to name it perovskite after Count Lev
Alexeyevich Perovsky to recognize his affords in the field of mineralogy [45]. Some
confusion is caused by the fact that the name perovskite denotes an entire class of
compounds and the particular composition CaTiO3, which was discovered in 1839.
Speaking of perovskite structure typically implies cubic Pm3̄m (s.g. 221) structure,
whereby the original CaTiO3 exhibits orthorhombic Pbnm (s.g. 62) structure with
lattice parameters a = 5.39 Å, b = 5.45 Å, and c = 7.65 Å, and number of for-
mula units per unit cell Z = 4 [46]. The prototype of the ideal cubic perovskite
structure therefore is SrTiO3 with a = 3.905 Å; Z = 1 [47], as defined by Megaw
[48]. The atomic parameters as fractions of the unit cell are for the A-site cation
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1.2 Perovskites and related structures

0, 0, 0 (Wyckoff position 1a), for the B-site cation 1
2 ,

1
2 ,

1
2 (Wyckoff position 1b),

and for the oxygen anion 1
2 ,

1
2 , 0 ; 1

2 , 0, 1
2 ; 0, 1

2 ,
1
2 (Wyckoff position 3c) [49].

The ideal perovskite prototype is ABO3. It is formed of large cations on the A
site (alkaline, alkaline-earth, or rare-earth cations), which are located in the middle
of the cubic unit cell, smaller cations on the B site (preferentially transition metal
cations), which are located at the corners of the cube, and oxygen anions, which
are located at the edges. Six oxygen atoms form a perfect octahedron around the
smaller B-site cations with an angle of 90° and equidistant B-O bonds (Fig. 1.2a).
The corner-sharing octahedra form a three dimensional network, in which the larger
A-site cations are placed inside the cavities and are coordinated by 12 oxygen atoms
(Fig 1.2b). Alternatively, the structure can be described as face-centered cubic (fcc)
sub lattice of the closed-packed A-site cations and oxygen anions stacked along the
cubic [111] direction. Every fourth octahedral hole, which is exclusively surrounded
by oxygen, is then occupied by a B-site cation.

c

b

a

A
 

B
 

O

a)                                            b)

Figure 1.2: Unit cell of the ABO3 perovskite with a) octahedral coordination of
B-site cations and b) dodecahedral coordination of A-site cations (atomic radii
are not drawn to scale).

It was Goldschmidt, who discovered in 1926, a simple but efficient way to predict
the formation of perovskite structure [50]. By assuming a close-packing of hard
spheres, he found that the ionic radii of the involved ions are fundamental. The
ratio of the atomic radii defines the polyhedron formed and the packing of these
polyhedra follows simple rules, as later attested by Pauling [51]. For the ideal cubic
perovskite the A-site cations should have nearly the same size as the anions to fit in
the 12 fold coordinated dodecahedra. The face diagonals can be described in terms
of ionic radii as 2ra+2rO and the edges as 2rb+2rO. By applying the Pythagorean
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theorem the following equation with Goldschmidt’s tolerance factor t can be derived:

t = rA + rO√
2(rB + rO)

(1.1)

Per definition, the ideal cubic perovskite structure2 exhibits a tolerance factor
of t = 1. It was found that ABO3 compounds with t between 0.9 and 1.05 may
crystallize in the cubic perovskite structure. However, the tolerance factor only
offers a rough approximation, if the ABO3 compound forms perovskite structure
and which ionic radii are tolerated by the perovskite structure3. The concept of
Goldschmidt’s crystal chemistry led to intelligent material design and to hundreds
of new phases just by estimation of the ionic radii. Today perovskites are known for
their versatility reaching from YBa2Cu3O7-δ (superconductivity) [52], SrTiO3 (photo
catalysts) [53], BaTiO3 (capacitors) [54], Pb(Zr0.52Ti0.48)O3 (piezoelectrica) [55],
Co/PbZr0.2Ti0.8O3/La0.7Sr0.3MnO3 (multiferroics) [56] and Ba0.5Sr0.5Co0.8Fe0.2O3-δ

(mixed-ionic electronic conductors) [36] to name only a few.

1.2.2 Perovskite-related Ruddlesden-Popper phases
An+1BnO3n+1

In 1955, Balz and Plieth discovered an unknown phase which was obtained as single
crystals from melts of KF and NiF2 [56]. These single crystals with the K2NiF4

structure were characterized by X-ray diffraction (XRD). Later, in 1957, Ruddles-
den and Popper synthesized new compounds with the K2NiF4 structure by a solid
state route [57]. They showed that Sr2TiO4, Ca2MnO4, and SrLaAlO4 exhibited
the tetragonal K2NiF4 structure discovered by Balz and Plieth. In their honor the
new phases were named Ruddlesden-Popper phases. These phases show a strong
relationship to the perovskites as they are constituted by an arrangement of ABO3

perovskite and A2O2 rock salt-type layers along the crystallographic c-axis. De-
pending on the number of perovskite layers different members of the An+1BnO3n+1

structure with n = 1, 2, and 3 are possible. A2BO4 (n = 1) consists of alternating
perovskite and rock-salt layers (Fig. 1.3a). By increasing the number of perovskite
layers (n = 2 or n = 3), the higher order Ruddlesden-Popper phases A3B2O7 (Fig
1.3b) and A4B3O10 (Fig. 1.3c) are formed. An infinite number of perovskite layers

2 The prototype of the ideal cubic perovskite structure is SrTiO3 with t = 1 [48].
3 After Goldschmidt the perovskite structure forms for 0.8 < t < 1 [50].
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forms the known ideal ABO3 perovskite structure (Fig 1.3d). Promising OTM mate-

a)                 b)                  c)                  d)

b

c

a A
B
O

R

P

R

R

P

 

P

R
 
P
 

P

P

Figure 1.3: Presentation of the different Ruddlesden-Popper phases with octahe-
drally coordinated B-site cations. The rock-salt layers (R) and the perovskite
layers (P) are indicated. a) super cell of A2BO4 b) unit cell of A3B2O7 c) unit
cell of A4B3O10 d) super cell of ABO3.

rials with the Ruddlesden-Popper structure are the lanthanum nickelate phases (see
chapter 2) and especially the La2NiO4+δ compound. It is an orthorhombically dis-
torted polymorph of the tetragonal K2NiF4 structure due to the mismatch of lattice
parameters of the two layers. This is minimized by a compression of the perovskite
layers by slight tilting of the NiO6 octahedra and an expansion of the rock-salt layers
most probably aided by the insertion of excess oxygen ions [58]. Upon heating the
structure adopts tetragonal structure at high temperatures, which is metastable at
cooling to room-temperature [59]. The atomic parameters as fractions of the unit
cell are for the lanthanum cation 0, 0, 0.3625 (Wyckoff position 4e), for the nickel
cation 0, 0, 0 (Wyckoff position 2a), for the oxygen O1 anion 0,1

2 ,0 (Wyckoff posi-
tion 4c), and for the oxygen O2 anion 0, 0, 0.1797 (Wyckoff position 4e) [60]. The
structure is prominent for the ability to accommodate interstitial oxygen O3 (Fig
1.4), which is then located at 1

4 ,
1
4 ,

1
4 (Wyckoff position 8e) [61]. The La2NiO4+δ
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Chapter 1 Introduction

system can take up excess oxygen ranging from 0 ≤ δ ≤ 0.25 at the interstitial
positions [62]. This excess oxygen is responsible for the good ionic conductivity of
the materials.

A
B
O
Ointerstitial

c

b

Figure 1.4: Perspective view of tetragonal La2NiO4+δ viewed along [100] axis show-
ing the interstitial oxygen position at 1

4 ,
1
4 ,

1
4 (Wyckoff position 8e) [61].

1.3 Preparation of oxygen-transporting materials

1.3.1 Sol-gel process
There are several methods to produce oxide powders such as solid state reaction,
co-precipitation, spray pyrolysis, hydrothermal synthesis, and sol-gel synthesis [63].
The sol-gel technique offers a simple and fast way to obtain high purity and well
homogeneous powders, especially if complex stoichiometries are involved [64]. All of
the materials in this thesis were produced by a modified Ethylenediaminetetraacetic
acid (EDTA) and Citric acid (CA) sol-gel synthesis approach. The combination of
EDTA and CA offers very effective chelating agents, which form complexes with a
large variety of metal cations [65]. Fig. 1.6 displays the sol-gel route as it was used
throughout the thesis [66, 67].
First of all calculated amounts of EDTA and CA were added to water. The pH

value was adjusted to be around 9 to allow complete dissolvation of the precursor
powders. Then stoichiometric amounts of metal-salt precursor solutions were added.
By monitoring the pH value the degree of polymerization could be roughly controlled
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A(NO3)x, B(NO3)x

sol

gel

amorphous intermediate powder

crystalline powder

drying       T = 373-393 K      

precalcination        ambient air T > 423 K      

calcination 10 h        ambient air T = 1173-1273 K

EDTA, CA, NH3
. H2O

pH ≈ 9

A(NO3)x, B(NO3)x EDTA, CA, NH3
. H2O

sol

gel

amorphous intermediate powder

crystalline powder

sol

gel

amorphous intermediate powder

crystalline powder

sol

gel

amorphous intermediate powder

crystalline powder

sol

gel

amorphous intermediate powder

crystalline powder

Figure 1.5: Flowchart of the used sol-gel route.

[68]. The solution was stirred over night at 373-393 K to evaporate most of the water.
After that a highly viscous gel was formed, which was a three-dimensional, metal-
organic polymer network. The metal precursors were homogenously distributed in
the gel. This accounts for a major-time saving compared to other preparations
methods such as solid state reaction. The obtained gel was then precombusted
in a heating mantle in ambient air starting at 423 K. The temperature increased
during the process to around 773 K due to initiated self combustion. Most of the
organic residues were burned out as CO, CO2, and nitrogen oxides. After that
a fine nano-scaled amorphous intermediate powder precursor was obtained, which
consists mainly of metal oxides and carbonates [69]. In a subsequent sintering step
at 1173-1273 K the desired crystalline powder was formed by solid state reaction of
the amorphous components [67, 70].

1.3.2 Preparation of dense oxygen-transporting membranes
An important step to characterize the oxygen permeation flux of the powders was
the preparation of dense ceramic membranes. The powders, which were obtained by
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the sol-gel synthesis, have to be pressed and sintered. Depending on the treatment
of the green membrane bodies different microstructures can be archived, which can
influence the membrane properties. In the sintering step the material will be heated
just below the melting point. The surface free energy will be reduced, which results
in a decrease of free energy of the system and finally in a densification of the sample
[71]. This comes together with mass transport by diffusion of atoms and ions inside
the sample by defects. These defects are imperfections of the crystal which form
depending on temperature and surrounding gas pressure (see chapter 1.4.1). The
absolute rates of sintering or grain growth are controlled by defect concentration, be-
cause they control the rate at which matter is transported [71]. The microstructure,
the density, and the grain size are not only controlled by the maximum sintering
temperature, but also by holding time at that temperature and heating and cooling
rates. A crucial step is to find the optimum sintering conditions for each composi-
tion. In this thesis the green membrane bodies were uniaxially pressed with diameter
of 16 or 18 mm and approximately 1 mm thickness. The green bodies were then
sintered according to the empirically found optimum sintering conditions.

1.4 Mixed ionic electronic conductors

1.4.1 Defect chemistry and ionic conductivity
The ionic conductivity of many oxide compounds adheres closely to their defect
chemistry. The perfect crystal at zero Kelvin and in vacuum is free of defects, but
with rising temperature and interaction with the gas atmosphere, which in the case
of oxides is related to the oxygen partial pressure, defects are formed as an energetic
relation between Gibbs free energy, enthalpy and entropy. By the formation of
defects the entropy increases, which lead to a minimum of the Gibbs free energy.
This is defined by the following relation [72, 73].

∆G = ∆H − T∆S (1.2)

In the field of MIECs point defects such as missing atoms (vacancies) or additional
atoms (interstitials) play a decisive role for their performance.

10



1.4 Mixed ionic electronic conductors

1.4.1.1 Ionic conduction via vacancies in perovskite oxides

In perovskite oxides the oxygen conduction follows a vacancy mechanism. The ideal
ABO3 perovskite consists of a large fixed valent cation on the A site with a low
oxidation state such as Ba2+ or Sr2+ and a smaller multivalent transition cations
such as Co2+/3+/4+ or Fe2+/3+/4+ on the B site. It is known that for example BSCF
is characterized by the ability to accommodate a large oxygen deficit with retention
of the cubic perovskite structure. The overall higher positive charge on the cations is
compensated by the formation of oxygen vacancies and electrons. This is normally
presented in Kröger-Vink notation [74].

Ox
O ↔ V ••O + 1

2O2(g) + 2e′ (1.3)

The created electrons are then responsible for the electronic conductivity (see chap-
ter 1.4.2). The migration of the oxygen species through the lattice was shown to
follow a vacancy mechanism through the faces of the BO6 octahedra (Fig. 1.6a)
[75].

a)                                b)

A
B
O

V

<110>

Figure 1.6: a) Unit cell of the ABO3 perovskite with octahedral coordination of
the oxygen ions. The white atoms indicate oxygen vacancies and the black arrow
indicate oxygen diffusion along the [10-1] direction into an unoccupied B6O octa-
hedron. b) Projection of the <110> edge of a B6O octahedron and curved path
for oxygen migration with constant B-O distance.

This triangle-shaped face is spanned by two A-site and one B-site cations. The
migration can be expressed by a geometrical approach just taking the ionic radii of
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the involved cations into account as was shown by Cook & Sammells [76].

rcritical =
r2
A + 3

4(a2
0)−
√

2(a0)(rB) + rB

2rA +
√

2a0 + 2(rB)
(1.4)

With ra the radius of the A-site cation, rb the radius of the B-site cation, and a0

the cubic unit cell. The value rcritical is defined as a circle just touching the radii of
the three involved cations. However, recent experimental and computational stud-
ies reveal that the migration does not follow a straight line but rather a curved
migration path, which keeps the B-O distance constant (Fig. 1.6b). The curved
path is energetically more favorable than the direct path [77]. This was shown for a
lot of perovskite compositions such as La0.6Sr0.4Co0.8Fe0.2O3-δ [78], La0.6Sr0.4CoO3-δ

[80], La0.8Sr0.2Ga0.8Mg0.15Co0.05O2.8 [80], and La0.64Sr0.4Ti0.92Nb0.08O2.99 [81]. This
migration path should be common in mixed ionic electronic conductors with per-
ovskite structure.

1.4.1.2 Ionic conduction via interstitials in perovskite-related
Ruddlesden-Popper oxides

The layered A2BO4+δ Ruddlesden-Popper structure exhibits the ability to take up
additional oxygen inside the rock-salt layers. This excess has to be compensated by
one of the following mechanisms: cation antisite, oxygen vacancies, oxidized lattice
oxygen ions or oxidized nickel ions. For La2NiO4+δ defect energy calculations show
that the most likely mechanism involves oxidation of nickel ions or lattice oxygen
ions [? ]. The amount of excess oxygen is a critical value. For low amounts of excess
oxygen, i.e. small delta values, the existence of isolated defects is most probable
and the charge-compensating electron holes are introduced on the nickel sites by
the following equations.

1
2O2 +NixNi ↔ O′i +Ni•Ni (1.5)

1
2O2 +NixNi ↔ O′′i + 2Ni•Ni (1.6)

With increasing excess oxygen, defect clustering becomes significant and the electron
holes are additionally compensated on lattice oxygen sites by the following equation.
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1.4 Mixed ionic electronic conductors

1
2O2 +NixNi +Ox

O ↔ O′′i +Ni•Ni +O•O (1.7)

The generated holes remain preferentially in the NiO planes. The excess oxygen
is introduced in the interstitial position in the La2O2 planes (Fig. 1.4, Wyckoff
position 8e). Experimental studies show conflicting results. Buttrey et al. describes
O2−

2 as the main defects [82]. Several other groups believe that the main charge
compensation mechanism involves the nickel site with a mixed valent Ni2+/3+ state
[83–85]. This discrepancy may be related to different delta values. The migration
of mobile species in La2NiO4+δ takes place via an interstitial mechanism. Migration
in the a-b plane along the rock-salt layers is reported to require lower activation
energies than through the perovskite sheets along the c axis, so that the oxygen
conduction is highly anisotropic [58]. The migrating oxygen ions move into the
apical oxygen sites whereby charge transfer occurs after the following equation.

(O′′i : O•O)′ ↔ O′i +Ox
O (1.8)

The migration through the perovskite layers happens also via an interstitial mech-
anism, but with far higher activation energies. The migrating oxygen is bond to
Ni3+ and this complex migrates preferentially through the NiO planes rather than
the La2O2 planes. The calculated activation energies are lower than the experimen-
tal values on polycrystalline La2NiO4+δ powder [86], because in a randomly oriented
sample both mechanism contribute to the overall measured activation energy. If it
is possible to obtain specially textured samples, the high anisotropy could be used
as an advantage.

1.4.2 Electrical conductivity
The electrical conductivity is differentiated in n-type and p-type conductivity [87].
In the case of n-type conduction electrons are the main charge carriers, which are
formed by introducing oxygen vacancies according to equation 1.3. In the case of
p-type conduction the main charge carriers are electron holes, which are formed by
the reduction of B-site cations according to:

Bx
B ↔ B′B + h• (1.9)

The type of conduction of metal oxides is defined by the different defect reactions
and equilibria and their dependence on temperature and the oxygen partial pressure.
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The following equations show all important conditions.

Ox
O ↔ V ••O + 1

2O2(g) + 2e′ (1.10)

1
2O2(g) ↔ O′′i + 2h• (1.11)

nil↔ e′ + h• (1.12)

Ox
O ↔ O′′i + V ••O (1.13)

By applying the law of mass action the resulting defect concentrations can be calcu-
lated and it is common to present the results graphical as Brouwer diagrams4. Most
of the mixed ionic electronic materials such as acceptor doped ABO3 perovskites
and the La2BO4+δ Ruddlesden-Popper-phases exhibit a positive Seebeck coefficient,
which means predominant p-type conduction at ambient oxygen pressure and low
temperatures. In the case of a LaBO3 perovskite, which is acceptor doped with diva-
lent strontium ions the additional negative charge can be compensated by reduction
of B-site cations (electronic compensation) or release of oxygen and formation of
vacancies (ionic compensation) [89]. At lower temperatures the compensation is
mainly electronic. The electron holes as localized charge carriers follow a thermally
activated small polaron hopping mechanism along the O-B-O bonds. This behavior
can be described with an Arrhenius approach [90].

σe = C

T
exp
−Ea
kT

(1.14)

In this equation Ea is the activation energy of oxygen migration, k is the Boltz-
mann constant and C is the pre-exponential constant, which includes carrier con-
centration and other material-dependent parameters. With increasing temperature
the conductivity reaches a maximum and then decreases slowly, which is associated
with oxygen vacancy formation and the consumption of electron holes due to ionic
compensation.

4In a Brouwer diagram also known as a Kröger-Vink diagram the concentration of defects is
plotted in a log-log representation against the oxygen partial pressure [87, 88].
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1.4 Mixed ionic electronic conductors

1.4.3 Oxygen transport through dense oxide membranes
The main driving force of oxygen transport is the difference in the oxygen chemical
potential on the feed and sweep side of the membrane. Therefore, the migration
oxygen anions are transported along the gradient of chemical potential (∇µ). The
process of oxygen transport is divided in three steps [91–93]. i) surface exchange
with the gas phase on the feed side ii) bulk diffusion iii) and surface exchange on the
sweep side of the membrane. Hereby the slowest process is the overall rate limiting
step.

2O2-

4e-

feed side          dense oxide membrane           sweep side

Figure 1.7: The oxygen permeation through a dense MIEC oxide membrane with
indicated gradient of oxygen partial pressure. Surface exchange reactions on
the feed and sweep side and Wagner equation for the bulk diffusion controlled
regiment.

For relatively thick membranes the oxygen flux can be described by Wagner theory
[94–96].

JO2 = 1
16F 2L

µ′O2ˆ

µ′′O2

σe · σi
σe + σi

dµO2 (1.15)

With F = Faraday constant, L = membrane thickness, µ= chemical potential,
σe= electrical conductivity, σi= ionic conductivity.
By decreasing the thickness, bulk diffusion becomes insignificant and the exchange
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processes on the gas interfaces are rate limiting. In this case the Wagner equation
can not be used anymore. To distinguish between diffusion and kinetic controlled
regiments the oxygen permeation flux of membranes with different thicknesses is
measured. Another approach was introduced by Bouwmeester et al. [93], who
introduced the critical thickness Lc. It is defined as the quotient of the ionic diffusion
coefficient (Di) or tracer diffusion coefficient (D*) and the surface exchange coefficient
(k). These values can be obtained from 18O-16O isotope exchange secondary ion mass
spectrometry (SIMS) measurements.

Lc = Di

k
= D∗

k
(1.16)

This equation can give a rough estimation about surface controlled (L <�< Lc) or
bulk diffusion controlled (L >�> Lc) regiments of thin and thick membranes. In most
cases both processes will affect the obtained oxygen permeation flux [93]. The bulk
diffusion can be limited either by the oxygen migrating species, the electrons, or the
electron holes. The electronic conductivity of the MIECs in focus is typically several
magnitudes higher than the ionic conductivity [97]. The contribution of electrical
conductivity can be disregarded and the Wagner equation simplifies to:

JO2 = 1
16F 2L

µ′O2ˆ

µ′′O2

σidµO2 (1.17)

The ionic conductivity of the migrating species can be described by the Nernst-
Einstein equation in dependence of concentration and diffusion coefficient [98]:

σi = 4F 2

RT

[
cV ••O

]
DV ••O

(1.18)

This leads to:

JO2 = 1
4LRT

µ′O2ˆ

µ′′O2

[
cV ••O

]
DV ••O

dµO2 (1.19)

Assuming a constant diffusion coefficient and constant concentration of vacancies
by using a small oxygen pressure gradient (∆p = 0.01 atm) the equation can be
integrated to [100]:
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JO2 =

[
cV ••O

]
DV ••O

4L ln
p′O2

p′′O2

(1.20)

However, since the diffusion coefficient and the concentration of vacancies depend
heavily on the oxygen partial pressure this equation can not be used for larger
pressure differences. More detailed discussion is available in literature [101–104].

1.5 Integration of OTMs into fossil-fuel power plants
A worthwhile approach to produce the required oxygen for the oxy-fuel combustion
process is the use of OTMs. The membranes can be operated in a four-end or
three-end process [105].

1.5.1 Four-end process: requirement for CO2-tolerant
membranes

In four-end operation the membrane is operated in sweep-gas mode using the formed
flue gas CO2 as sweep. This sweep-gas operation can remarkably save energy com-
pared to other operations modes such as high-pressure operation or vacuum extrac-
tion [106, 107]. Furthermore, the four-end operation offers the great advantage of
diluting the oxygen to optimize the flame temperature in the combustor and as well
to use the generated process heat to hold the MIEC membrane unit at the high tem-
peratures, which are needed for sufficient oxygen permeation performance [108–110].
Fig. 1.8 shows the concept of an oxy-fuel combustion power plant with integrated
OTM module.
The known high-flux materials are on basis of alkaline-earth elements, mainly

barium and strontium, and several studies show the severe degradation of CO2 on
the oxygen permeation flux [39, 40, 111]. A good approach to design CO2-tolerant
materials is to use thermodynamic values to estimate the stability of certain oxides
against carbon dioxide. It was proven that the stability of a carbonate compound is
directly connected to the polarizing power of the associated cation due to distortion
and weakening of the intra-ionic bonds in the carbonate anion [112]. Since the
polarizing power of a cation depends inversely on the cation size5, the alkaline
cations Cs, Rb, K, Na form the most stable carbonate compounds. The stability

5This is only valid for a constant charge. The polarizing power of a cation can be estimated from
the ratio of the charge to the ionic radius ( Z

r ) [50].
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heat recovery
steam generator

Reactor
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Figure 1.8: Principle of a oxy-fuel combustion power plant operated in four-end
mode with integrated oxygen-transporting membrane module (after [105, 108]).

of the carbonates then decreases for the alkaline-earth elements from Ba > Sr >
Ca >= the rare-earth cations (such as La, Ce, Gd). The rare-earth cations are
similar in size to calcium, but exhibit normally a higher charge (3+ compared to
2+) [113]. This is also proven by explicit calculation of the decomposition reactions
in an Ellingham diagram (Fig 1.9).
The approach of avoiding the alkaline-earth elements was followed in Chapter 2

by using the Ruddlesden-Popper La2NiO4+δ phases. Further thermodynamic con-
siderations lead to the perovskite stabilization energies introduced by Yokokawa et
al. [116].

∆rH(ABO3) = ∆H0
f (ABO3)−∆H0

f (AOn)−∆H0
f (BOm) (1.21)

Considering the following reaction equation 1.22 describes the perovskite forma-
tion from carbonate and metal oxide.

ACO3 +BO2 ↔ ABO3 + CO2 (1.22)

Then the following reaction energy can be formed:

∆rH
0(eq.1.22) = ∆rH

0(ABO3)−∆rH
0(ACO3) (1.23)
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Figure 1.9: Ellingham diagram with decomposition temperatures of carbonates un-
der different CO2 partial pressures. Chemical poential of CO2 above NiCO3,
FeCO3, CoCO3, La2O2CO3, SrCO3, and BaCO3 were calculated from thermody-
namic data [114]. The chemical potential of La2(CO3)3 was determined experi-
mentally [115]. The dashed lines represent the chemical potential of CO2 in the
surrounding atomsphere for different partial pressures. p°(CO2)=101.3 kPa refers
to standard conditions.

A stabilization of the perovskite structure can be achieved by increasing the sta-
bility of the perovskite or decreasing the stability of the carbonate. By introducing
elements with higher stability against the carbonate formation CO2-tolerant mate-
rials can be expected even with alkaline-earth elements inside the solid solution. In
chapter 3 the A site of calcium- and strontium-containing perovskites was partially
exchanged with rare-earth elements. The La0.6Ca0.4Co0.8Fe0.2O3-δ, La0.6Ca0.4FeO3-δ,
La0.6Sr0.4Co0.8Fe0.2O3-δ, and Pr0.6Sr0.4FeO3-δ materials show good tolerance in long-
term oxygen permeation experiments in CO2-containing atmospheres.
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1.5.2 Three-end process: requirement for high-flux and
long-term stable membranes

In three-end operation the separated oxygen is extracted by vacuum pumps (Fig
1.10) [105]. The membrane is not in contact with CO2 and known high-flux materials
can be used. An influence of the membrane microstructure on oxygen permeation
properties was reported for many perovskite systems [117–120].

gas turbine and
generator depleted

air

fuel

O2

CO2
H2O

heat recovery
steam generator

Reactor

BurnerOTM    module
O2 heat
O2 heat

air

1                       

2                       3

H2O

CO2 to storage

condensation

Figure 1.10: Principle of a oxy-fuel combustion power plant operated in three-end
mode with integrated oxygen-transporting membrane module (after [105]).

In Chapter 4.1 the optimization of the microstructure of SCF and BSCF was in-
vestigated. Another problem is that the prominent BSCF material exhibits stability
problems in the intermediate temperature range. The operation at high tempera-
tures (T > 850 °C) may be non-economical and need to be reduced to the intermedi-
ate range (T < 850°C). The BSCF material shows a slow phase decomposition from
the cubic perovskite structure to a hexagonal polymorph, which is impermeable for
oxygen. This was investigated in detail by transmission electron microscopy (TEM)
[121]. Some strategies to overcome this problem were proposed in literature. Yakolev
et al. reported that doping small amounts of zirconium (< 10 mol.%) significantly
improves the stability of BSCF in the intermediate temperature range [122]. This
approach was pursued in chapter 4.2 where the stabilization of the BSCF structure
by zirconium doping was investigated by long-term oxygen permeation experiments,
in-situ XRD, scanning electron microscopy (SEM) and TEM.
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2 Chapter 2

CO2-tolerant alkaline-earth free
membrane materials

2.1 Summary
This chapter deals with the properties of alkaline-earth free CO2-tolerant membrane
materials. Section 2.2 describes basic investigations of the Ruddlesden-Popper phase
La2NiO4+δ. The effect of substitution on the nickel position with cations of different
ionic radius and valence (Co2+, Cu2+, Mg2+, Al3+, Fe3+, Zr4+) was investigated with
regards to oxygen permeation performance and membrane microstructure. In-situ
XRD and long-term oxygen permeation experiments confirmed a high tolerance of
La2NiO4+δ towards CO2. In the La2Ni0.9Fe0.1O4+δ system, a secondary phase was
found by Mössbauer spectroscopy, which was identified by TEM as the higher order
Ruddlesden-Popper phase La4Ni2.1Fe0.9O10-δ.
In section 2.2 the iron-doped La2NiO4+δ and La4Ni3O10-δ phases were further

characterized. The oxygen permeation flux of La2Ni1-xFexO4+δ (x = 0.02, 0.1) and
the electrical conductivity of La2Ni1-xFexO4+δ (x = 0.02, 0.1) and La4Ni3-xFexO10-δ (x
= 0.3, 0.9) were found to slightly decrease with increasing iron content. For the first
time oxygen partial pressure and high temperature dependent Mössbauer studies
were used to examine the materials. The TEM and SEM investigations revealed
that the La2Ni0.98Fe0.02O4+δ system is single phase in contrast to La2Ni0.9Fe0.1O4+δ.
Section 2.3 describes a new alkaline-earth free 40 Mn1.5Co1.5O4-δ - 60 Ce0.9Pr0.1O2-δ

dual-phase membrane synthesized by a rapid one-pot combustion synthesis. The
microstructure analysis by backscattered SEM and energy dispersive X-ray spec-
troscopy (EDXS) revealed a micro-scale mixture of the electron and ion conducting
phases, which form an interpenetrating, percolating network. In-situ XRD and
long-term permeation measurements revealed an excellent tolerance towards CO2.

33



Chapter 2 CO2-tolerant alkaline-earth free membrane materials

2.2 Effect of doping, microstructure and CO2 on
La2NiO4+δ-based oxygen-transporting materials

Tobias Klande, Konstantin Efimov, Salvatore Cusenza, Klaus-Dieter Becker, and
Armin Feldhoff

Journal of Solid State Chemistry 184 (2011) 3310-3318

34



Effect of doping, microstructure, and CO2 on La2NiO4þd-based
oxygen-transporting materials

Tobias Klande a,n, Konstantin Efimov a, Salvatore Cusenza b, Klaus-Dieter Becker b, Armin Feldhoff a

a Institute of Physical Chemistry and Electrochemistry, Leibniz Universität Hannover, Callinstr. 3-3a, D-30179 Hannover, Germany
b Institute of Physical and Theoretical Chemistry, Technische Universität Braunschweig, Hans-Sommer-Str. 10, D-38106 Braunschweig, Germany

a r t i c l e i n f o

Article history:

Received 22 July 2011

Received in revised form

8 October 2011

Accepted 10 October 2011
Available online 17 October 2011

Keywords:

Mixed ionic-electronic conductor

K2NiF4 structure

Carbon dioxide

Long-term stability
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a b s t r a c t

Alkaline earth-free La2NiO4þd based materials were synthesized by a sol–gel method and studied by

X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) techniques as well as oxygen permeation experiments. Effects of doping the nickel position with

a variety of cations (Al, Co, Cu, Fe, Mg, Ta, and Zr) were investigated with regards to oxygen flux and

microstructure. Doping was always found to diminish the oxygen flux as compared to the reference

composition. However, larger grains, which were achieved by longer annealing times at 1723 K have a

minor negative impact on oxygen permeation flux in case of La2NiO4þd and La2Ni0.9Fe0.1O4þd system.

Mössbauer spectroscopy shows that the iron-doped system exhibits a secondary phase, which was

identified by high-resolution transmission electron microscopy (HRTEM) as a higher Ruddlesden-

Popper phase. In-situ XRD in an atmosphere containing 50 vol% CO2 and long-term oxygen permeation

experiments using pure CO2 as the sweep gas revealed a high tolerance of the materials towards CO2.

& 2011 Elsevier Inc. All rights reserved.

1. Introduction

Mixed ionic-electronic conductors (MIECs) have received con-
siderable interest over the last few years because of their applic-
ability as oxygen-transporting membranes (OTMs). They can be
used in a wide range of applications such as the production of
high-purity oxygen [1], in petrochemical processes such as the
oxidative coupling of methane to ethylene or ethane (OCM) [2],
the partial oxidation of methane to syngas (POM) [3], or as cathode
materials in solid-oxide fuel cells (SOFCs) [4]. Also, possible applica-
tion of OTMs in power plants with CO2 capture were discussed [5].
Good MIECs contain alkaline-earth metals, e.g., (LaxSr1–x)(CoyFe1–y)
O3–d (LSCF) and (BaxSr1–x)(CoyFe1–y)O3–d (BSCF), which exhibit high
oxygen permeabilities because of their high concentrations of
oxygen vacancies [6,7]. However, they suffer from instability against
CO2 by forming thermodynamically stable carbonates that act as a
barrier for oxygen permeation [8,9]. From thermodynamical calcu-
lations via an Ellingham diagram, shown in Fig. 1, it can be expected
that La2NiO4þd is stable in CO2 containing atmospheres at elevated
temperatures. However, at temperatures below 1073 K and 1 atm
CO2 the expected decomposition into lanthanum carbonate and
nickel oxide may be slow due to kinetic reasons. Recently, Eichhorn
Colombo et al. showed long-term CO2 stability of La2NiO4 using
permeation experiments in CO2 at different temperatures [14].

In the present article the CO2 stability was further investigated by
in-situ XRD and long-term permeation experiments under CO2

containing atmospheres. Another hindrance is the relative high
coefficient of linear thermal expansion (CTE) of 3D conducting
perovskites, typically between 20�10�6 and 24�10�6 K�1

[15,16]. Compared to the CTEs of standard electrolytes such as
yttrium-stabilized zirconia (YSZ) or gadolinium-doped ceria (CGO),
which exhibit CTE values of approximately 10�10�6 K�1, this poor
thermomechanical compatibility may lead to mechanical stress and
cracking during operational processes. With relatively low CTE values
between 11.9�10�6 K�1 and 13.8�10�6 K�1 La2NiO4þd seems to
be suitable for applications in integrated systems [17,18]. The
Ruddlesden–Popper-phase perovskite-related La2NiO4þd is a promi-
nent candidate for ceramic membranes with long-term stability. The
crystal structure, as shown in Fig. 2, is built from alternating
perovskite-like and rock-salt-like layers arranged along the c-axis.
The oxygen transport through La2NiO4þd occurs at elevated tem-
peratures mainly via a 2D interstitial migration mechanism in the
rock-salt-like layers [19] but also to a small extent via oxygen-
vacancy migration through the perovskite-like layers. Several groups
observed ordering of bound interstitial excess oxygen in super-
structures at 9 and 300 K by transmission electron microscopy
(TEM) [20,21]. Furthermore, Skinner et al. reported phase transitions
in this system that were detected with in-situ high-temperature
neutron powder diffraction. The transitions occur between the
orthorhombic and tetragonal modifications at low temperatures
(To423 K) [22]. The tetragonal structure is then maintained over a
temperature range of 423–1073 K on heating and cooling, and loss of
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interstitial oxygen was detected up to a temperature of 723 K. These
phase transitions do not influence oxygen-permeation properties in
the intermediate temperature range (T¼773–1073 K) and the beha-
vior at these temperatures has yet to be investigated by in-situ TEM.
La2NiO4þd offers the above mentioned advantages, but the oxygen
flux is poor compared to perovskite materials such as BSCF. The
present work is focused on a systematical overview of the influence
of different dopants on the oxygen-permeation fluxes in the
La2NiO4þd system. In the stoichiometric base compound, the A-site
cation lanthanum is trivalent and the B-site cation nickel is divalent.
Due to oxygen hyperstoichiometry a significant amount of nickel is
oxidised to the trivalent state. By doping of the B-site with different
cations of increasing valence the interstitial oxygen content can be
influenced. By changing the concentration of interstitials, which are
the main diffusing species [19], an effect can be assumed on oxygen
permeation, which may result in oxygen transport membranes with
enhanced properties. Furthermore, in this article the influence of
grain size on oxygen flux was investigated for La2NiO4þd and
La2Ni0.9Fe0.1O4þd. Previously, various groups reported an influence
of grain size on the functional characteristics of several MIEC
materials [23–26]. By optimizing the microstructure of the perovs-
kite related La2NiO4þd materials properties can be improved. The
results of TEM studies and Mössbauer experiments on the iron-
doped La2NiO4þd are also reported.

2. Experimental

2.1. Sample preparation

The powders were synthesized by the sol–gel route using
stoichiometric amounts of metal oxides, ethylenediaminetetraacetic
acid (EDTA) and citrate, as described elsewhere [27–29]. After the
reactants were fired in a heating mantle, the obtained products were
pre-calcined at 1173 K with a heating and cooling rate of 3 K min�1.
The powders were uniaxially pressed into 16 mm green bodies at
50 kN for 15 min. Gas-tight membranes for oxygen-permeation
measurements with a thickness of 1 mm were then sintered in air
at 1723 K with an annealing time of 10, 40 or 140 h with a heating
and cooling rate of 2 K min�1. Samples for Mössbauer experiments,
enriched with 57Fe, were prepared under the same conditions with
an annealing time of 10 h at 1723 K. An overview of all doped
materials is shown in Table 1.

2.2. X-ray diffraction analysis

X-Ray diffraction (XRD) analysis was performed at room tempera-
ture using a Bruker-AXS D8 Advance diffractometer equipped with a

Fig. 2. La2NiO4þd shown with arrangement of bulding blocks along the c-axis; the

arrows indicate the diffusion of interstitial oxygen through the rock-salt layers

(structure data ICSD no. 1179).

Fig. 1. Ellingham diagram with decomposition temperatures of carbonates under

different CO2 partial pressures. Chemical potential of CO2 above NiCO3, FeCO3, CoCO3,

La2O2CO3, SrCO3, and BaCO3 were calculated from thermodynamic data [10–12]. The

chemical potential of La2(CO3)3 was determined experimentally [13]. The dashed lines

represent the chemical potential of CO2 in the surrounding atmosphere for different

partial pressures. p1(CO2)¼101.3 kPa refers to standard conditions.

Table 1
Overview of the base material La2NiO4þd and doped La2Ni0.9M0.1O4þd solid

solutions: unit cell parameters from XRD, estimated effective grain diameter from

scanning electron microscope surface-views, activation energy of oxygen permea-

tion in the temperature range from 1023 to 1123 K, and secondary phases

obtained by XRD except for the iron-doped sample (marked by *) by high-

resolution transmission electron microscopy and Mössbauer spectroscopy.

Composition Unit cell

parameters

Grain

diameter

Activation

energy

Secondary

phase

a (nm) c (nm) (mm) (kJ mol�1)

La2NiO4þd 0.3862 1.2683 1.8 56.7 –

La2Ni0.9Zr0.1O4þd 0.3863 1.2698 0.4 67.0 La2Zr2O7

La2Ni0.9Al0.1O4þd 0.3862 1.2689 0.8 75.9 La3Ni2O7

La2Ni0.9Fe0.1O4þd 0.3876 1.2671 1.2 75.3 La4Ni2.1Fe0.9O10*

La2Ni0.9Co0.1O4þd 0.3867 1.2649 2.7 54.1 –

La2Ni0.9Mg0.1O4þd 0.3864 1.2687 3.3 58.4 La2O3

La2Ni0.9Cu0.1O4þd 0.3858 1.2729 5.3 66.9 La3Ni2O7
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Cu Ka radiation source. Data sets were recorded in step-scan mode in
the angular range of 201r2yr601 at an interval of 0.021. High-
temperature measurements were conducted in an in-situ cell (HTK-
1200 N, Anton Paar) between room temperature and 1273 K under an
atmosphere of 50 vol% CO2/50 vol% air. The heating rate was
12 K min�1 with an equilibration time of 30 min before each
measurement.

2.3. Mössbauer spectroscopy

Transmission Mössbauer spectroscopy (TMS) was performed
on La2Ni0.9Fe0.1O4 powder, which was obtained by grinding dense
ceramics. The powder was synthesized by using a metallic iron
precursor, which was 96.63% enriched in 57Fe (Chemotrade) and
were used without any further treatment. A standard Halder
Mössbauer system was employed in constant acceleration mode
with a 57Co/Rh g-ray source. The spectra were fitted by employing
the general Mössbauer spectral analysis software Recoil [30] using
lineshape functions accounting for a distribution of quadrupolar
interactions. The velocity calibration was performed using a-Fe
foil, and the isomer shifts are stated relative to the center of this
calibration.

2.4. Scanning electron microscopy

Field-emission scanning electron microscopy (FE-SEM) imaging
was performed using a JEOL JSM-6700 F field-emission instrument
at a low excitation voltage of 2 kV. For backscattered-electron
channeling contrast imaging at higher excitation voltages, samples
were polished to crystallinity by vibration polishing and then
investigated using a JEOL JSM-6510 QSEM.

2.5. Transmission electron microscopy

TEM investigations were performed at an accelerating voltage
of 200 kV on a JEOL JEM-2100 F-UHR field-emission instrument
(CS¼0.5 mm, CC¼1.2 mm). The microscope was operated as a
high-resolution TEM (HRTEM) as well as a scanning TEM (STEM)
in high-angle angular dark field (HAADF) mode. The preparation
method of the TEM specimen is described in detail elsewhere [8].
HRTEM multislice simulations were performed using JEMS software.

2.6. Oxygen permeation measurements

Oxygen permeation was measured in a custom-made high-
temperature permeation cell, as described elsewhere [23,31]. The
membranes were sealed on an alumina tube with a gold cermet
(Heraeus). The feed side was fed with synthetic air (20 vol%
O2/80 vol% N2) at a rate of 150 mL min�1, whereas Ne (1.0 mL min�1,
99.995%) and He (29.0 mL min�1, 99.995%) or CO2 (29.0 mL min�1,
99.995%) were fed to the sweep side. An Agilent 7890 gas chromato-
graph with a Carboxen 1000 column was employed to analyze the
gas mixture. The absolute flux rate was calculated using neon as an
internal standard. The total O2 leakage was calculated and subtracted
from the total O2 flux after the N2 concentration was measured.

3. Results and discussion

3.1. X-ray diffraction

The XRD patterns of the different materials (Fig. 3) showed the
formation of La2NiO4–d-type phases, which can be indexed as the
tetragonal K2NiF4 (S.G. I4/mmm) structure (ICSD no. 1179), which is
typical for La2NiO4þd at high temperatures and air atmosphere. This
structure is metastable at room temperature and can accommodate

various oxygen hyperstoichiometries. No other main crystalline
phases were observed. However, some powders exhibited a low
amount of additional reflections, which are marked by asterisks. In
the Zr-doped system, the additional reflection at 28.31 can be
attributed to the (2 2 2) reflection of La2Zr2O7 (ICSD no.154752).
The Al- and Cu-doped systems exhibit additional reflections at 31.91,
which can be assigned to the (1 0 5) reflection of Ruddlesden–
Popper type by-phase La3Ni2O7 (ICSD no. 155320). In the Mg-doped
system, the reflection at 29.91 corresponds to the (0 1 1) reflection of
La2O3 (ICSD no. 56166). No pure phase could be obtained by
tantalum doping. With respect to the sensitivity of XRD, no other
crystalline phases were found. By doping the B-site with cations of
different valence oxygen hyperstoichiometry should be affected. The
general trend for La2NiO4þd observed by Rice and Buttrey [32] is for
unit cell parameter a to decrease and c to increase with increasing d.
Furthermore, it can be expected that cell parameters change by
doping according to the dopant’s ionic radius. However, no trend
can be derived from variation in lattice parameters for the Al-, Cu-,
Mg- and Zr-doped systems (see table 1). The change is within the
limits of experimental error. The unit cell parameters for the base
system as well as for the cobalt- and iron-doped systems are in good
agreement with the literature [33–35]. Because CO2 stability is an
important factor for membrane applicability, in-situ XRD measure-
ments were performed on the undoped La2NiO4þd system in the
temperature range of 303–1273 K in an atmosphere containing
50 vol% CO2 and 50 vol% air. Fig. 4 shows no additional reflections
that would indicate the presence of other phases, e.g., carbonates or
phase transitions during heating or cooling. Using the temperature-
dependent shift of the cell volume during these measurements, the
CTE was estimated to be 15.1�10�6 K�1 in an atmosphere contain-
ing 50 vol% CO2 and 50 vol% air. This result agrees with the values
reported in the literature of 11.9�10�6 K�1 and 13.8�10�6 K�1

Fig. 3. Room-temperature XRD patterns of La2NiO4þd membranes with different

dopants on the Ni site. The theoretical Bragg positions for La2NiO4þd (ICSD 1179)

are labeled at the bottom of the figure.
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measured in air [17,18]. Compared to 3D perovskites, which
exhibit values between 20�10�6 K�1 and 24�10�6 K�1

[15,16,36,37], La2NiO4þd possesses a better thermomechanical
compatibility, which assures stability in integrated systems such
as membrane reactors or SOFCs.

3.2. Membrane microstructure

The microstructures of all membranes were examined using
FE-SEM. No cracks or pores were visible on the surfaces of the
membranes. In the bulk material only a few non-connected pores
were observed. The average grain size was analyzed using the Image J
[38] particle analyzer by measuring the grain area in mm2 and then
the effective grain diameter was estimated by assuming circle-shaped
grains. Table 1 shows the average grain size for the base material and
La2Ni0.9M0.1O4þd (M¼ Al, Co, Cu, Fe, Mg, Zr). Although the amount of
doping is as low as 10 mol%, significant differences in the average
grain-size area were observed which increased in the order
Zr4þoAl3þoFe3þoNiþ2oCoþ2oMgþ2oCuþ2. The copper-
doped La2NiO4þd solid solution exhibited the largest grains, with
an average size of 5.3 mm, whereas mixed crystals with the highly
charged zirconium provided the smallest grains at 0.4 mm. From our
data, a general trend can be discerned. Cations with low oxidation
states favor the formation of large grains, whereas more highly
charged ions favor the formation of small grains. Grain size can
therefore be directly controlled by doping with metal cations
possessing different valences, which results in tailor-made
solid solutions. This doping may affect the oxygen-permeation
properties with respect to grain or grain-boundary diffusion and
surface exchange reactions. However, it is difficult to differentiate
between grain size and doping effects and to correlate this to
functional properties such as chemical stability and, especially,
oxygen flux.

3.3. Oxygen permeation

Oxygen-permeation measurements were conducted in the
temperature range of 1023–1223 K. Fig. 5 shows the oxygen-
permeation flux of the base material and La2Ni0.9M0.1O4þd (M¼

Al, Co, Cu, Fe, Mg, Ni, Zr) from air (feed side) to helium (sweep
side) at different temperatures. The doping of the Ni site affects
the oxygen-permeation performance of the membranes. The
highest flux rate of 0.47 mL min�1 cm�2 at 1223 K was achieved
on a 1 mm thick undoped La2NiO4þd membrane. The iron-doped
membrane La2Ni0.9Fe0.1O4þd exhibited a flux rate of 0.46 mL
min�1 cm�2 at 1223 K, which is similar to that of the undoped
system. However, doping was found to always diminish the oxygen-
permeation rate at 1223 K, which decreases in the order
Fe3þ4Co2þ4Zr4þEMgþ2EAl3þECuþ2. No dependence of the
permeation rate on the doped ion’s regular valence was observed.
The regular oxidation state of Ni cations in the La2NiO4þd structure is
divalent, and a partial amount of the Ni is oxidised to the trivalent
state to compensate for the incorporation of excess oxygen. From this
point of view, it would be favorable to insert higher-valence cations
to increase the oxygen-carrier concentrations and, therefore, the
oxygen-permeation performance. However, no significant improve-
ment was observed in this respect. It can be expected that the
interstitial oxygen content increases by doping with Al3þ , Fe3þ , and
Zr4þ and decreases by doping with Cu2þ ,Mg2þ and Co2þ . However,
recently, Kharton et al. reported the results of static lattice and
molecular dynamics calculations [39] on the La2NiO4þd system and
the incorporation of iron, copper and cobalt. These computations
showed that the incorporation of higher-valence ions increases the
ionic charge-carrier concentration, but the mobility of the oxygen
anions in both layers of the La2NiO4þd structure is reduced. We
observed, in general, that the doping of the Ni site leads to a
reduction of the oxygen-permeation performance. However, as pro-
posed by Kharton et al. [35] two contributions to the total ionic
conductivity play a decisive role: ionic conduction in the perovskite
layers due to oxygen vacancy migration and the interstitial oxygen
mechanism. By doping on the B-site both mechanisms may be
affected in a positive or negative way. This may explain our above
described experimental results and is consistent with literature data
on La2Ni0.9Co0.1O4þd [34] and La2Ni0.9Fe0.1O4þd [35] membrane
materials, which exhibit a smaller flux than undoped La2NiO4þd

[40]. A correlation of the grain sizes, which were reported in
Section 3.2, with the oxygen-permeation rates is difficult.
Apparently, larger grains, as observed in the copper- and

Fig. 4. In-situ XRD patterns of La2NiO4þd under 50 vol% CO2 and 50 vol% air;

heating and cooling rate: 12 K min�1, equilibration time at each temperature:

30 min.

Fig. 5. Oxygen permeation rate of the base material, La2NiO4þd, and La2Ni0.9

M0.1O4þd (M¼ Al, Co, Cu, Fe, Mg, Zr); membrane thickness: 1 mm, feed side:

150 mL min�1 synthetic air, sweep side: 29 mL min�1 He and 1 mL min�1 Ne.
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magnesium-doped La2NiO4þd, exhibit low oxygen fluxes. In con-
trast to this observation, the zirconium- and aluminum-doped
samples, which provide the smallest grains, also show low fluxes.
This disagreement shows as well, that for improving the overall
permeation flux all parameters have to be carefully considered. The
activation energies of oxygen diffusion in the temperature range
from 1023 to 1223 K were estimated from the Arrhenius represen-
tation; the results are summarized in Table 1. The base and cobalt-
doped materials exhibit the lowest activation energies of
56.7 kJ mol�1 and 54.1 kJ mol�1, respectively. The activation energy
of the iron-doped system, at 75.3 kJ mol�1, is slightly higher. These
results are in good agreement with data from the literature, where
values of 52.1 kJ mol�1 for La2NiO4þd [41] and 69–80 kJ mol�1 for
La2Ni0.9Fe0.1O4þd [42] were reported. To assess the CO2 stability
during the permeation experiments, a long-term measurement was
conducted over 120 h using pure CO2 as the sweep gas. As is evident
in Fig. 6, a constant O2 permeation flux was observed. Nevertheless,
the oxygen-permeation rate is lower than that achieved with pure
helium on the sweep side. The decrease of oxygen flux at the start of
the measurement may be explained by the inhibiting effect of CO2

on the surface exchange reaction, which hinders the release of
oxygen from the solid surface due to reaction of absorbed CO2

species with the oxygen vacancies on the membrane surface [43].
Furthermore, the fact that the oxygen surface exchange had various
rates in different gas atmospheres is well known and was discussed
in detail elsewhere [44–46]. Compared to alkaline-earth-containing
materials, e.g., (La0.4Sr0.6)(Co0.8Fe0.2)O3–d, which was measured by
our group, the oxygen-permeation flux of La2NiO4þd is maintained
for more than 100 h, whereas the Sr-containing material exhibits a
slow decline in the flux and broke down completely after operating
for 60 h. Although La2NiO4þd shows a lower flux than (La0.4Sr0.6)(-
Co0.8Fe0.2)O3–d, it possesses excellent long-term stability in nearly
100 vol% CO2 sweep gas at 1173 K.

3.4. Influence of membrane microstructure on oxygen permeation

It was reported that grain or grain boundary interactions play a
key role in ionic conduction [23–26]. Many perovskite materials
show an increase in oxygen conductivity by increasing the grain
size. For perovskite related La2NiO4 based materials this was not yet
investigated. To investigate the influence of the grain size and grain
boundaries in detail, two samples were chosen. To change the grain
size, annealing times of 10, 40 and 140 h at 1723 K were applied to

samples of La2NiO4þd and La2Ni0.9Fe0.1O4þd. Table 2 shows the
average grain sizes that were obtained by this treatment, whereas
Fig. 7 a–c shows the SEM images of the surfaces of the
La2Ni0.9Fe0.1O4þd membranes that were sintered for different
annealing times. In addition, a surface view of a La2NiO4þd mem-
brane that was polished to crystallinity and then examined by the
channeling contrast technique is shown in Fig. 7d. As is evident in the
figures, grain growth was induced by longer sintering times. The base
material exhibits grain sizes of 1.8, 2.7 and 4.6 mm2 for the mem-
branes sintered for 10, 40 and 140 h, respectively. The oxygen flux
decreases from 0.47 to 0.41 to 0.31 mL min�1 cm�2 with increasing
grain size and, therefore, with decreasing amount of grain bound-
aries. For the iron-doped sample, average grain sizes of 1.2, 1.7 and
8.2 mm2 were obtained after annealing times of 10, 40 and 140 h. The
oxygen flux was 0.46 mL min�1 cm�2, which increased slightly to
0.49 mL min�1 cm�2 and then decreased to 0.39 mL min�1 cm�2.
Thus, the base material shows lower fluxes with increasing grain size
(Fig. 8), whereas for the iron-doped samples, this effect is less
pronounced. To conclude, our experimental findings show a negative
effect of an increased grain size on oxygen permeation. This may be
related to faster grain boundary diffusion, which may be more
favorable in case of the predominantly 2D-conducting interstitial
mechanism in La2NiO4þd.

3.5. Mössbauer measurements on La2Ni0.9Fe0.1O4

Transmission Mössbauer measurements were performed at
298 K, Fig. 9. As is evident in the figure, the spectra are dominated
by a doublet with a quadrupole splitting of about QS(I)¼1.4 mm/s.
However, due to the slight asymmetry visible at its center, a
second doublet with a smaller splitting, QS(II), of about 0.4 mm/s
is required for a consistent and appropriate fit of the spectrum.
The spectrum was fitted with Voigt model functions which allow
for a distribution of quadrupolar interactions at the nuclei.
According to Menil et al. [47], the observed isomer shift IS(I) of
the doublet with the larger quadrupole splitting, Table 3, can be
attributed to octahedrally coordinated Fe3þ . The shift IS(II) of the
second quadrupole doublet approaches the range expected for
Fe4þ . Thus, the second doublet may be attributed to an iron
species with a mixed Fe3þ/Fe4þ charge state where the difference
in the experimental isomer shifts, IS(I)–IS(II), amounts to about
0.2 mm/s. For comparison, note that in the case of the system
(La,Sr)(Fe,Mn)O3 a value of 0.3 mm/s was obtained for the
difference in shifts for Fe3þ and Fe4þ [48]. Because Fe3þ is known
to occupy Ni2þ regular positions in La2Ni0.9Fe0.1O4þd [49], the
spectroscopically detected presence of a second iron species
possessing a Fe3þ/Fe4þ charge state suggests the presence of a
secondary phase. In fact, according to the phase diagram for La–
Fe–Ni–O reported by Kiselev et al. for 1370 K, the sample under
investigation in the present study, La2Ni0.9Fe0.1O4þd, should
consist of three phases at high temperatures: La2O3, La2

Ni0.9Fe0.1O4þd and La4Ni2.1Fe0.9O10–d [50]. Here, the latter phase
may contain a mixed-valent iron component and, thus may be
associated with the experimentally observed secondary phase.
This phase composition is also consistent with our TEM observa-
tions, see below. In conclusion, our observation of two quadrupole-
split subspectra due to iron ions of different valency is compatible

Fig. 6. Oxygen flux rate of La2NiO4þd and (La0.4Sr0.6)(Co0.8Fe0.2)O3–d membranes

at 1173 K with a thickness of 1 mm, feed side: 150 mL min�1 synthetic air, sweep

side: 29 mL min�1 He or CO2 and 1 mL min�1 Ne.

Table 2
The dependence of the average grain size on annealing time and the estimated

effective grain diameters for La2NiO4þd and La2Ni0.9Fe0.1O4þd.

Dwell time (h) 10 40 140

Effective grain diameter La2NiO4þd (mm) 1.8 2.7 4.6

Effective grain diameter La2Ni0.9Fe0.1O4þd (mm) 1.2 1.7 8.2
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with the admittedly incomplete information available for the La–Fe–
Ni–O phase diagram.

Previously, 57Fe Mössbauer absorption spectra of La2Ni1–xFexO4þd

have been reported by Fontcuberta et al. (xE0.02) [49] and by Tsipis
et al. (x¼0.1) [51]. However, whereas Tsipis et al. [51] reported a
strictly symmetrical signal that could be fitted with a single quadru-
pole doublet, the spectrum obtained by Fontcuberta et al. [49] is
strongly asymmetric and requires three quadrupole doublets for an
acceptable fit. Good agreement is observed between the present
study and spectral parameters reported in the literature for the
dominating doublet possessing the largest splitting, see Table 3. In
respect to the secondary contributions in their spectrum which
amount up to 30% of total intensity, Fontcuberta et al. [49] speculate
that these could be due to iron ions incorporated into intergrowth
phases, La2þnNi1þnO4þ3n. Indeed, the presence of such a phase,
La4Ni3O10 with n¼2, is confirmed by the present results obtained by
TEM as is reported below. A striking discrepancy, however, remains
in respect to the isomer shift of the secondary contribution(s) to the
Mössbauer spectra. Whereas the two secondary subspectra

observed by Fontcuberta et al. [49] most probably are due to Fe3þ

ions, the isomer shift observed in the present work indicates a Fe3þ/
Fe4þ mixed-valent charge state of iron. According to Tsipis et al.
[52], in bulk La4Ni2.7Fe0.3O10–d iron is present as Fe3þ exclusively. A
possible reason for this discrepancy with the present work may be
due to the fact that the secondary intergrowth phase in our sample
is present as lamellae possessing thicknesses of the order of 10 nm,
see below, and that the electronic structure of these nanophases is
not yet comparable with that of the bulk. Alternatively, the
secondary signal observed in our sample could be due to iron ions
in the bulk of La2Ni1–xFexO4þd which compensate for the excess of
interstitial oxygen. Further work, including an in-situ Mössbauer
study at high temperatures, is under way to solve these open
questions.

3.6. HRTEM and SAED

Samples of La2NiO4þd and La2Ni0.9Fe0.1O4þd were vibrational
polished to preserve crystallinity to the very surface and then

Fig. 8. Oxygen-permeation flux of the base material, La2NiO4þd, and La2Ni0.9Fe0.1O4þd after different annealing times.

Fig. 7. SE surface view micrographs of the grain structure of La2Ni0.9Fe0.1O4þd with different sintering times (a) 10 h, (b) 40 h and (c) 140 h and (d) La2NiO4þd 140 h

channeling contrast image.
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investigated using backscattered-electron channeling contrast
imaging. In Fig. 10, La2NiO4þd showed no formation of a foreign
phase, whereas La2Ni0.9Fe0.1O4þd showed numerous lamellae-like
structures inside the host grains. A different iron-containing phase
was detected by our Mössbauer experiment. The grain boundaries
were examined in detail to find possible by-phases. Furthermore,
the nature of the grain boundaries might be a key factor for the
oxygen permeation performance. Three grains are shown in Fig. 11a:
the upper grain is oriented along zone axis [3 1 1], the lower is
oriented along zone axis [1 1 0] and the grain on the left side of the
micrograph is not oriented. No amorphous or other phases were
observed at the interface between the two oriented grains,
see Fig. 11b. Therefore, the different grains are in intimate contact
without contaminations inside the grain boundaries. As stated
previously, according to the phase diagram of Kiselev et al. [50],
the sample should consist at high temperatures of the three
different phases: La2O3, La2Ni0.95Fe0.05O4þd, and La4Ni2.1-

Fe0.9O10–d. As shown in Section 3.1, La2Ni1–xFexO4þd is indeed
the main phase, as confirmed by XRD. With respect to the
sensitivity of XRD, the other phases in low concentrations may
not be detectable. The perovskite-related Ruddlesden–Popper
phase, which is characterized by a different stacking sequence
of the successive c-axis, was observed as an intergrowth in several
La2Ni1–xFexO4þd host grains. As seen in the HAADF-STEM image
(Fig. 12 a), the lamella goes through the whole host grain. HRTEM
(Fig. 12 b,c) reveals the interface between the La2Ni1–xFexO4þd and
La2þnNi1þnO4þ3n–d phases. The lamella is approximately 15–30 nm
thick. The SAED pattern in Fig. 12d shows La2Ni1–xFexO4þd along the

[1 1 0] zone axis. Fig. 12e shows the superposition of the SAED
patterns from the host grain and the detected La2þnNi1þnO4þ3n–d

intergrowth phase. Via EDXS, an enrichment of iron could be
detected in the lamella. The simulated HRTEM contrast images for
La4Ni3O4 and La2NiO4 phases (Fig. 12c) via the JEMS software using
the multislice method are in good agreement with our experimental
data. Therefore, according to the SAED and the JEMS simulation, the
intergrowth can be clearly indexed as an iron-containing La4Ni3O4

phase which is in accordance with the present Mössbauer and TEM
observations. Because La2O3 was also detected by EDXS, we con-
clude that La2–Ni0.95Fe0.05O4þd is the main phase and that La4Ni2.1-

Fe0.9O10–d and La2O3 are by-phases. These intergrowths were not
reported and discussed in a previous publication concerning the
La2Ni0.9Fe0.1O4þd system [51]. It may be difficult, but not impossible
as shown by Kiselev et.al. [50] , to detect these phases by XRD.
However, they can be seen directly in the electron microscope as
seen in Figs.10 and 12.

4. Conclusions

The La2NiO4þd system exhibits good stability in CO2-contain-
ing atmospheres and long-term operation compared to alkaline-
earth-containing oxygen-transporting membranes. Doping the
membranes with a variety of ions with different valences does
not improve the oxygen flux, but the process can influence the
surface microstructure and grain size. Furthermore, increasing
grain size by annealing for longer times at high temperatures had
a negative impact on the oxygen-permeation flux. Smaller grains

Fig. 9. Mössbauer spectrum of La2Ni0.9Fe0.1O4þd at 298 K.

Table 3
Mössbauer fitting result for La2Ni0.9Fe0.1O4þd at room temperature from present

work and from literature: A – area fraction (error), /dS – mean values of isomer

shift (vs a-Fe) and /DS – mean values of quadrupolar splitting.

temperature

(K)

State A (%) /dS
(mm/s)

/DS
(mm/s)

Ref.

298 Fe3þ 95.2(14) 0.339(1) 1.409(3) This work

Fe3þ/Fe4þ 4.8(14) 0.13(4) 0.36(6)

295 Fe3þ 68(2) 0.322(1) 1.440(4) [49]

Fe3þ 19(4) 0.295 0.85(2)

Fe3þ 13(4) 0.267(6) 0.40(3)

295 Fe3þ 100 0.33 1.35 [51] in air

Fe3þ 100 0.34 1.31 [51] in oxygen

Fig. 10. (a) The polished-surface channeling contrast images of La2NiO4þd

sintered for 10 h and (b) La2Ni0.9Fe0.1O4þd sintered for 10 h.
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are beneficial for oxygen-permeation performance in the case of

La2NiO4þd and La2Ni0.9Fe0.1O4þd. TEM and Mössbauer experi-
ments reveal that La2Ni0.95Fe0.05O4þd is accompanied by La4Ni2.1-

Fe0.9O10–d and La2O3 by-phases.
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W. Gruner, U. Vogt, A. Hähnel, J. Woltersdorf, J. Solid State Chem. 182 (2009)
2961.

[38] M.D. Abramoff, P.J. Magelhaes, S.J. Ram, Biophotonics Int. 11 (2004) 36.
[39] E.N. Naumovich, V.V. Kharton, J. Mol. Struct. 946 (2010) 57.
[40] V.V. Kharton, E.V. Tsipis, E.N. Naumovich, A. Thursfield, M.V. Patrakeev,

V.A. Kolotygin, J.C. Waerenborg, I.S. Metcalfe, J. Solid State Chem. 181
(2008) 1425.

[41] R. Sayers, R.A. De Souza, J.A. Kilner, S.J. Skinner, Solid State Ionics 181 (2010) 386.
[42] E.V. Tsipis, E.N. Naumovich, A.L. Shaula, M.V. Patrakeev, J.C. Waerenborgh,

V.V. Kharton, Solid State Ionics 179 (2008) 57.
[43] J.E. ten Elshof, H.J.M. Bouwmeester, H. Verweij, Solid State Ionics 89 (1996) 81.
[44] J.A. Lane, J.A. Kilner, Solid State Ionics 136–137 (2000) 927.
[45] K. Yashiro, S. Onuma, A. Kaimai, Y. Nigara, T. Kawada, J. Mizusaki,

K. Kawamura, T. Horita, H. Yokokawa, Solid State Ionics 152–153 (2002) 469.
[46] I.V. Khromushin, T.I. Aksenova, Zh.R. Zhotabaev, Solid State Ionics 162 (2003)

37.
[47] F. Menil, J. Phys. Chem. Solids 46 (1985) 763.
[48] K.L. da Silva, A. Börger, K.-D. Becker, F. Tietz, D. Stöver, Solid State Ionics 192
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The Ruddlesden–Popper (RP) phases La2Ni1−xFexO4+δ (x=0.02, 0.1) and La4Ni3−xFexO10−δ (x=0.3, 0.9)
were successfully synthesized via the sol–gel route. Even though X-ray diffraction did not show any second-
ary phases for La2Ni0.9Fe0.1O4+δ, approximately 5–10% of the higher order RP phase La4Ni2.1Fe0.9O10−δ were
detected in backscattered electron contrast imaging, whereas La2Ni0.98Fe0.02O4+δ exhibits no foreign phases.
This was also confirmed by transmission electron microscopy (TEM). Furthermore, the oxygen permeation
performance and electrical conductivity of La2Ni1−xFexO4+δ were found to decrease slightly with increasing
iron content. The Mössbauer spectra of La2Ni1−xFexO4+δ (x=0.02, 0.1) are dominated by a quadrupole-split
doublet. With increasing temperature, however, a minority iron species is detected. The dominating doublet
reveals an unusual high-temperature behavior of quadrupolar interactions, which was observed by in-situ
Mössbauer measurements at high temperatures and different oxygen partial pressures. This is most
likely related to ordering phenomena of oxygen.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Mixed ionic electronic conductors (MIECs) with perovskite structure
such as Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), perovskite-related Ruddlesden–
Popper (RP) type phases La2NiO4+δ or the higher order La4Ni3O10−δ

phase have received considerable attention concerning their possible ap-
plication as oxygen-transporting membranes (OTMs) for the production
of high-purity oxygen, oxygen‐enriched air, or as solid oxide fuel cell
(SOFC) cathodes [1–3].

The RP series is formed by an arrangement of LaNiO3 perovskite and
LaO rock salt-type layers. The firstmember of the series Lan+1NinO3n+1

with n=1 adopts the K2NiF4 structure, consisting of alternating perov-
skite and rock-salt layers, whereas the end member, LaNiO3 with n=∞
exhibits the perovskite structure [4].

In the orthorhombic La4Ni3O10−δ structure (n=3), three layers of
NiO6 octahedra and one rock-salt layer are stacked along the crystallo-
graphic c-axis. This leads to two different nickel sites. The nickel ions at
Wyckoff position 4a in the middle of the perovskite layers are in close
contact to other neighboring nickel octahedral sites (Fig. 1). On the
other hand, the nickel ions at Wyckoff position 8i are sandwiched be-
tween a rock-salt and a perovskite layer [5]. The La4Ni3O10−δ structure
is orthorhombic at room temperature, but transformation to tetragonal
symmetry at high temperatures was reported [2]. The oxygen content

of La4Ni3O10−δ can be close to exact stoichiometry (in the literature
values have been reported, e.g., of δ=−0.02 [6] and −0.05 [7],
corresponding to a slight oxygen excess), but can also exhibit a significant
oxygen deficit, see e.g. Ref. [3] with δ=+0.22.

The La2NiO4+δ structure, on the other hand, possesses only one dis-
tinct nickel site (Fig. 1),Wyckoff position 2a [8]. This compound, however,
can accommodate a wide range of oxygen excess (0≲δ ≲ 0.25) at inter-
stitial positions in the rocksalt layers, which results in different crystal lat-
tice symmetries [9]. Studies using in-situ neutron diffraction show a
transformation from orthorhombic to tetragonal symmetry between
room temperature and 423 K under vacuum conditions [10]. The loss of
excess oxygen can be detected up to 723 K.

The electrical conductivity of pure and doped La2NiO4+δ is charac-
terized by amaximumwhich is observed between 600 and 750 Kwith
conductivity values of about 60 S cm−1 [7,11,12]. Higher order RP
phases exhibit a pronounced metallic behavior, mainly due to the in-
creasing number of O\Ni\O bonds. Due to its high electrical conduc-
tivity of 180 S cm−1 at room temperature and of 120 S cm−1 at 650 K
La4Ni3O10−δ seems favorable for numerous applications [2].

The stability of the RP phases was investigated in detail by
Zinkevich et al. [13] and Bannikov and Cherepanov [14]. They found
that the higher RP phases decompose in air with pO2=0.2 bar at
1230 K into La2NiO4+δ, NiO, and O2. Thus, La2NiO4+δ seems to be a
phase of high thermodynamic stability among the RP series. However,
some groups reported about decomposition of this phase after
long-term treatment. Gauquelin et al. annealed single crystals of
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La2NiO4+δ for 13 days at 1273 K in air [15]. By detailed transmission
electron microscopy (TEM) investigations they showed the formation
of few Ni-enriched La4Ni3O10−δ and La3Ni2O7−δ lamellae on the sur-
face of the crystals. Amow et al. found small amounts of La3Ni2O7−δ

and La2O3 after annealing La2Ni0.9Co0.1O4+δ for 14 days at 1223 K in
air [16]. However, the decomposition of the materials was not ana-
lyzed quantitatively, as the foreign phases were only detected in
small amounts at the surface and not in the bulk material. Stabiliza-
tion of the La2NiO4+δ structure by iron doping was reported earlier
[17]. Kiselev et al. investigated the phase relations in the La-Ni-Fe-O
system in detail. They found that La2NiO4+δ can take up a maximum
iron content of 5 mol% for samples quenched from 1370 K to room
temperature [18]. However, some groups reported about single
phase La2Ni0.9Fe0.1O4+δ and La2Ni0.8Fe0.2O4+δ solid solutions at
room temperature [19,20]. Nevertheless, in a previous work we
showed by vibration polishing and scanning electron microscopy
(SEM) as well as by TEM that La2Ni0.9Fe0.1O4+δ is indeed composed
of three different phases (La2Ni0.95Fe0.05O4+δ, La4Ni2.1Fe0.9O10−δ,
La2O3) [21]. It is expected that iron promotes stabilization of perov-
skite layers leading to higher order RP phases due to its tendency to
the higher formal valence of 3. This corroborates with thermodynam-
ic data, as LaNiO3 decomposes in air at 1123 K [14], whereas LaFeO3 is
stable up to its melting point at 2163 K [22].

Concerning earlierMössbauer investigations of iron-doped La2NiO4+δ

some discrepancies are observed. Tsipis et al. [11] obtained a symmetrical
signal for La2Ni0.9Fe0.1O4+δ at room temperature, which could be fitted
using a single quadrupole doublet, whereas Fontcuberta et al. [23]
reported a strongly asymmetric spectrum for La2Ni0.98Fe0.02O4+δ which
required three quadrupole doublets for an acceptable fit. Furthermore,
Tsipis et al. measured spectra of La4Ni2.7Fe0.3O10−δ and observed two dif-
ferent iron environments, as expected from structural data (Fig. 1), with a
relative area ratio close to 2:1, which indicates statistically distributed
Fe3+ ions atWyckoff positions 4a and 8i [24]. In contrast to these results,
Carvalho et al. reported, that iron ions in La4Ni2.97Fe0.03O10−δ preferably
occupy the nickel site 4a [25]. In a previous work we reported about
La2Ni0.9Fe0.1O4+δ which showed a slight asymmetry in its room-
temperature Mössbauer spectrum [21]. This motivated a detailed
in-situ Mössbauer spectroscopy investigation of iron doped La2NiO4+δ.
Therefore, the present work is focused on the behavior of the iron envi-
ronment, oxygen defect ordering and oxidation state at high tempera-
tures and variable oxygen partial pressures to understand the behavior
of thismaterial at operation temperatures (1023–1223 K) in amembrane

reactor. Furthermore, supplementing results for XRD, electrical conduc-
tivity, oxygen permeation, scanning electron microcopy (SEM), and
TEM are reported.

2. Materials and methods

2.1. Sample preparation

Thematerials were synthesized by the sol–gel route using stoichio-
metric amounts of metal oxides, ethylenediaminetetraacetic acid
(EDTA) and citrate as described elsewhere [21,26,27]. All sintering
processes were conducted in air atmosphere with heating and cooling
rates of 2 K min−1. Powders of La4Ni3−xFexO10−δ (x=0.3, 0.9) were
sintered at 1373 K in air for 40 h. All powders were then uniaxially
pressed to 16 mm green bodies under 50 kN for 15 min. For conduc-
tivity and oxygen permeation measurements gas-tight membranes of
La2Ni1−xFexO4+δ (x=0.02, 0.1) with thicknesses of 1 mm were
sintered at 1623 K for 10 h. The membranes of La4Ni3−xFexO10−δ

(x=0.3, 0.9) were sintered for 10 h at 1373 K. The density of the
La2Ni1−xFexO4+δ (x=0.02, 0.1) membranes was greater than 95% of
the theoretical value. The density of the La4Ni3−xFexO10−δ (x=0.3,
0.9) ceramics was around 70%. The TEM specimen was prepared
using a ceramicmembrane. The samples used in theMössbauer exper-
iments were prepared in the sameway but usingmetallic iron powder
96.63% enriched in the 57Fe isotope (Chemotrade). The iron powder
was dissolved in half concentrated nitric acid and then introduced in
the sol–gel synthesis. The prepared ceramic membranes, which were
sintered for 10 h at 1623 K, were crushed using an agate mortar to ob-
tain powdered samples for the Mössbauer investigations.

2.2. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed at room tempera-
ture using a Bruker AXS D8 Advance diffractometer with Cu Kα radia-
tion. Data sets were recorded in a step-scan mode in the angular range
of 20°≤2Θ ≤ 60° with intervals of 0.02°.

2.3. Conductivity measurements

The sintered ceramic samples were cut into rods of 1×1.5 mm2

with a length of 10 mm. A “4-stripe” geometry, made from 4 Pt
wires each with 2 mm displacement between each other pressed on
top of the samples, was used to measure the total DC conductivities.
Markers of the Pt wires were clearly visible on top of the samples.
After measurements and EDXS analysis it was shown that platinum
is located at the contact region within a depth of up to 1 μm. So,
any influence on the conductivity measurement can be ruled out.
The samples were heated and cooled in air between 423 and 1223 K
with a rate of 1 K min−1. A direct current of 10 mA was fed to the
sample and the voltage was recorded. The total DC conductivity, σtotal,

was calculated according to the relation σtotal=I/V*d23/A, where the
voltage V was measured between the inner contacts 2 and 3 with a
distance, d23=2 mm, and the current, I, between the outer contacts
1 and 4 with d14=6 mm. A represents the cross-section area of the
rods. Finite element method (FEM) analysis using COMSOL Multi-
physics (Comsol) show that this calculation is correct for a homoge-
neous sample of the given geometry within an error of 1% or less.

2.4. Oxygen permeation measurements

Oxygen permeation was measured in a home-made high-tempera-
ture permeation cell as described elsewhere [28]. For sealing purpose,
the membranes were sealed on the alumina tubes using a gold cermet
(Heraeus). The feed side was fed with synthetic air (20 vol.% O2/
80 vol.% N2) at a rate of 150 mL min−1, whilst Ne (1.0 mL min−1,
99.995%) and He (29.0 mL min−1, 99.995%) were applied to the sweep

Fig. 1. Crystal structure of tetragonal La2NiO4+δ (s. g. I4/mmm, ICSD no. 1179) and
orthorhombic La4Ni3O10−δ (s. g. Fmmm, ICSD no. 80279) with indication of
Wyckoff positions for nickel sites.
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side. An Agilent 7890 gas chromatograph with a Carboxen 1000 column
was employed to analyze the gasmixture. Using neon as an internal stan-
dard, the absolute flux rate was calculated. By measuring the N2 concen-
tration, the total oxygen leakage was calculated and subtracted from the
total oxygen flux.

2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) investigations were
made at 200 kV on a JEOL JEM-2100F-UHR field-emission instrument
(CS=0.5 mm, CC=1.2 mm). The microscope was operated as a
high-resolution TEM (HRTEM) and in the selected-area electron dif-
fraction (SAED) mode. The preparation method of the TEM specimen
is described in detail elsewhere [29].

2.6. Scanning electron microscopy

Field-emission scanning electron microscopy (FE-SEM) imaging was
performedusing a JEOL JSM-6700Ffield-emission instrument at a lowex-
citation voltage of 2 kV. The samples were polished to crystallinity by
vibrational-polishing and then investigated by a backscattered-electron
channelling contrast technique with higher excitation voltage.

2.7. Mössbauer spectroscopy

AMössbauer studywas conducted of the RP phases La2Ni1−xFexO4+δ

(x=0.02, 0.1) and La4Ni3−xFexO10−δ (x=0.3, 0.9). In-situ 57Fe
Mössbauer transmission spectra of the system La2Ni0.9Fe0.1O4+δ were
taken in the temperature range from 298 to 1023 K in flowing atmo-
spheres of He, O2, and synthetic air with total fluxes of 100 mL min−1.
Spectrawere taken after equilibration times of 2–3 h at 673 K and higher
temperatures. In view of the relatively low iron content and high elec-
tronic mass-absorption coefficient of the abovementioned iron-doped
RP phases for the 14.4 keV Mössbauer γ-radiation, samples were pre-
pared using metallic iron 96.63% enriched with the 57Fe isotope.
A standard Mössbauer system (Halder) was employed in constant ac-
celeration mode using a 57Co/Rh γ-source. The spectra were fitted by
Voigt-type model functions accounting for a distribution of quadrupolar
interactions at the iron nuclei using the Recoil code [30]. The velocity cal-
ibrationwas carried out using anα-Fe foil and the isomer shifts are stated
relative to the center of this calibration. Oxygen partial pressures were
measured using an oxygen gas sensor (Metrotec) at the outlet of the
furnace.

3. Results and discussion

3.1. X-ray diffraction

The room-temperature XRD patterns, Fig. 2, of iron-doped
La2NiO4+δ materials can be indexed as single phase tetragonal
K2NiF4 structure (S.G. I4/mmm, ICSD no. 1179). This structure is
characteristic for La2NiO4+δ at high temperatures in air [10]. Anal-
ysis of the Ruddlesden–Popper type La4Ni3−xFexO10−δ phases, see
Fig. 3, showed the formation of a single La4Ni3O10−δ phase of or-
thorhombic structure (s.g. Fmmm, ICSD no. 80279). The obtained
unit cell parameters, presented in Table 1, are in good agreementwith lit-
erature data on La2Ni0.98Fe0.02O4+δ, La2Ni0.9Fe0.1O4+δ, La4Ni2.7Fe0.3O10−δ,
and La4Ni2.1Fe0.9O10−δ [7,24,18]. The increase of the cell parameters with
increasing iron content is compatible with the ionic radii of high-spin
Fe3+ (78 pm) and Ni3+ (60 pm) [31].

3.2. Electrical conductivity

The conductivity measurements of La2Ni1−xFexO4+δ (x=0.02,
0.1) and La4Ni2.1Fe0.9O10−δ reveal broad maxima. However, small dif-
ferences in heating and cooling curves were observed. As an example,

the total conductivity of La2Ni0.98Fe0.02O4+δ and La4Ni2.1Fe0.9O10−δ

on heating and cooling in air are shown in Fig. 4. In the case of
La4Ni3−xFexO10−δ (x=0.3, 0.9) compounds this difference between
heating and cooling characteristics is located at temperatures be-
tween 500 and 623 K, and the conductivity in that range is lower on
heating than on cooling. This behavior was also observed on heating
for pure La4Ni3O10−δ at 548 K by Amow et al. and was explained by
a phase transformation from orthorhombic to tetragonal symmetry
[2]. In contrast to that the La2Ni1−xFexO4+δ (x=0.02, 0.1) com-
pounds show a different behavior. At around 873 K, the conductivity
maximum is higher on heating than on cooling because of the change
in oxygen content, as is discussed below.

The electronic conductivity inMIECmaterials is known to be several
orders of magnitude higher than the ionic conductivity [32,33]. The
contribution of the ionic conductivity to the measured values is there-
fore negligible. A p-type small polaron hopping mechanism accounts
for the observed conductivity increase with increasing temperatures
before the maximum value is reached. Due to the temperature driven
oxygen loss and the subsequent generation of electrons the number of
electron holes is decreased beyond the maximum and the conductivity
decreases accordingly (pseudometallic), which was also observed for

Fig. 2. Room-temperature XRD patterns of La2Ni0.98Fe0.02O4+δ and La2Ni0.9Fe0.1O4+δ

with theoretical Bragg positions for La2NiO4+δ (ICSD no. 1179) labeled at the bottom
of the figure.

Fig. 3. Room-temperature XRD patterns of La4Ni2.7Fe0.3O10−δ and La4Ni2.1Fe0.9O10−δ

with theoretical Bragg positions for La4Ni3O10−δ (ICSD no. 80279) labeled at the bot-
tom of the figure.
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other iron containing perovskite type materials like, e.g. Ba0.5Sr0.5Co0.8-
Fe0.2O3−δ or Ba0.5Sr0.5Zn0.2Fe0.8O3−δ [32,33]. The total DC conductivity
on cooling for all investigated samples is shown in Fig. 5 in an Arrhenius
representation. For La2Ni1−xFexO4+δ (x=0, 0.02, 0.1) the observed
maximum is in agreement with the literature [7]. However, in contrast
to those investigations a decrease of electronic conductivity is observed
with increasing iron content. The maximum conductivity value of La2-
Ni0.98Fe0.02O4+δ amounts to about 66 S cm−1 and that of La2Ni0.9Fe0.1-
O4+δ to about 40 S cm−1. The conductivity of undoped La2NiO4+δ

behaves qualitatively similarly to the conductivity of the iron doped
material (see Fig. 5 and Ref. [2]) with a maximum conductivity value
of about 114 S cm−1.

The conductivity of undoped La4Ni3O10−δ is known to bemetallic at
temperatures of interest [2]. Our measurements show a decrease in
conductivity with increasing iron content for the higher order RP
phases. Dopingwith 10% iron still preservesmetallic conduction behav-
ior with a maximum conductivity of 156 S cm−1 at room temperature.
For La4Ni2.1Fe0.9O10−δ the conductivity maximumwas found at around
573 K. This may be explained by the increasing number of O\Fe\O
bonds and by the knowledge that electronic conduction in LaFeO3 oc-
curs via an electron hopping mechanism [34]. Note that the density of
the La4Ni3−xFexO10−δ (x=0.3, 0.9) RP phases was only of about 70%
of theoretical density because of the low sintering temperatures that
had to be used to avoid phase decomposition.

3.3. Oxygen permeation

Permeation measurements were performed on La2Ni0.98Fe0.02O4+δ.
Attempts to investigate the oxygen permeation of the higher order
Ruddlesden–Popper phases La4Ni2.7Fe0.3O10−δ and La4Ni2.1Fe0.9O10−δ

were not successful. Because of the relatively low sintering temperature
(1373 K) no densemembranes could be obtained. Increasing the synthe-
sis temperature induces phase decomposition into La2Ni1−xFexO4+δ,
NiO, and release of oxygen as discussed by Zinkevich et al. [13]. However,
there could be possible applications of suchmaterials as, e.g., porous cath-
odes in solid oxide fuel cells [17].

Fig. 6 shows the oxygen permeation flux in the temperature range
from 1023 to 1223 K for La2Ni0.98Fe0.02O4+δ. For comparison reasons,
data for undoped La2NiO4+δ and La2Ni0.9Fe0.1O4+δ taken from [21]
are displayed as well. Undoped La2NiO4+δ exhibits a better oxygen
permeation performance than the iron-doped systems. It is known
that the ionic conduction in lanthanum nickelates takes place via
both oxygen interstitials and oxygen vacancies [3]. By adding Fe3+

ions, it is expected that the concentration of oxygen interstitials in-
creases and the concentration of oxygen vacancies decreases [7].
Hereby, a predominant contribution of interstitial conduction may
be anticipated for La2Ni0.9Fe0.1O4+δ rather than for La2NiO4+δ. The
significant contribution of both conduction mechanisms results in
an overall increased oxygen transport for undoped La2NiO4+δ [11].
By these assumptions, the oxygen permeation flux should decrease in
the following order: La2NiO4+δ>La2Ni0.98Fe0.02O4+δ>La2Ni0.9Fe0.1O4+δ.
This is in agreement with our experimental findings and literature data
[7,11]. The difference between the permeation of La2Ni0.98Fe0.02O4+δ

and La2Ni0.9Fe0.1O4+δ membranes is small and may be within the limits
of experimental error. However, it is to be kept inmind that oxygen trans-
port is often influenced strongly – or even determined – by ceramic
microstructure and preparation conditions [21]. Oxygen diffusion coeffi-
cients in the grain boundaries and in the grain bulk may differ by orders
of magnitude [35].

3.4. Transmission and scanning electron microscopy

The La2Ni0.9Fe0.1O4+δ sample, which is in the focus of the present
study, shows noticeable formation of lamella-like intergrowth struc-
tures as was reported in detail in our previouswork [21]. The investiga-
tion of La2Ni0.98Fe0.02O4+δ showed no formation of impurity phases, see
for example Fig. 7, which is in accordance with literature data [7,18].
Furthermore, samples of La2Ni0.98Fe0.02O4+δ and La2Ni0.9Fe0.1O4+δ

were vibrational-polished to preserve crystallinity to the very surface
of the specimen. The SEM investigation in backscattered electron
channeling contrast showed no formation of intergrowths in the
La2Ni0.98Fe0.02O4+δ sample, whereas the La2Ni0.9Fe0.1O4+δ sample
exhibits several about 20–30 nm wide lamellae-like structures in-
side the grains (Fig. 8). In a previous work we also investigated
vibrational-polished La2NiO4+δ surfaces, which showed single-
phase material [21]. By analyzing the micrographs obtained for
La2Ni0.9Fe0.1O4+δ, it was found that the total area of impurity
phase accumulated to around 5–10% for a slowly cooled sample
at room temperature. On the basis of the decomposition reaction
La2Ni0.9Fe0.1O4+δ→La2Ni0.95Fe0.05O4+δ+La4Ni2.1Fe0.9O10−δ+La2O3,
the total amount of the La4Ni2.1Fe0.9O10−δ phase is calculated to be
approximately 7%.

3.5. Mössbauer measurements of La2Ni1−xFexO4+δ and La4Ni3−xFexO10−δ

Fig. 9 shows 57Fe Mössbauer spectra of La2Ni1−xFexO4+δ for x=
0.02 and 0.1 at room temperature. As seen, both spectra are fully sym-
metric and can be fitted with one quadrupole-split doublet. This indi-
cates that the samples are single phase and that the ferric ions are
located at a single crystallographic position. According to Menil [36]
the observed isomer shift IS of the doublet can be identified as
being due to octahedrally coordinated Fe3+ ions. These spectroscop-
ic findings are in full agreement with the structural information for
La2NiO4+δ at room temperature (space group Fmmm) yielding a
distorted octahedral oxygen coordination for the Ni site. The obser-
vation of a fully symmetric spectrum of La2Ni0.9Fe0.1O4+δ at room

Table 1
Room-temperature unit cell parameters of La2Ni1−xFexO4 (s. g. I4/mmm, ICSD no.
1179) after sintering for 10 h at 1623 K in air and La4Ni3−xFexO10 (s. g. Fmmm, ICSD
no. 80279) after sintering for 40 h at 1373 K in air.

Sample Lattice parameters [Å] Unit cell
volume [Å³]

Space
group

a b c

La2Ni0.98Fe0.02O4 3.8646(1) – 12.6650(4) 189.15(2) I4/mmm
La2Ni0.9Fe0.1O4 3.8762(1) – 12.6717(5) 190.38(2) I4/mmm
La4Ni2.7Fe0.3O10 5.4263(3) 5.4829(3) 28.018(2) 833.66(9) Fmmm
La4Ni2.1Fe0.9O10 5.4534(3) 5.5091(3) 28.137(2) 846.03(8) Fmmm

Fig. 4. Temperature-dependent total DC conductivity during heating and cooling of
La2Ni0.98Fe0.02O4+δ and La2Ni0.9Fe0.1O4+δ in air. Error bar is indicated in the top
right corner and of the same size as the symbols.
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temperature is at slight variance with our previous work [21]
where a second doublet of low intensity was needed to fit the slight
asymmetry of the room‐temperature spectrum. In the present work,
however, such asymmetric spectra are observed at elevated temperatures
see, e.g., the spectrum of La2Ni0.9Fe0.1O4+δ at 673 K, Fig. 10, and a small
second doublet is required for producing an acceptable fit to the spec-
trum. This asymmetry increases with rising temperature and becomes
clearly visible at the highest measuring temperature of 973 K (Fig. 10).
The conflictingfindings in the present and previouswork [21] seem to in-
dicate that equilibration of samples is difficult at room temperature.

Mössbauer spectra of La4Ni2.7Fe0.3O10−δ and La4Ni2.1Fe0.9O10−δ

are also shown in Fig. 9 for reasons of comparison. La4Ni3O10−δ is a
Ruddlesden–Popper phase Lan+1NinO3n+1 with n=3. In agreement
with the two nonequivalent structural sites for nickel in this phase,
the spectrum is given by a superposition of two doublets due to
iron cations located at the Ni sites (Fig. 1). In agreement with the
work on La4Ni2.97Fe0.03O10−δ reported by Carvalho et al. [25], it is found
that iron cations in both La4Ni2.7Fe0.3O10−δ and La4Ni2.1Fe0.9O10−δ prefer-
ably occupy the higher symmetric 4a site, see Fig. 1, which possesses the

smaller quadrupolar splitting [24,25]. See Table 2 for isomer shifts, quad-
rupole splittings and area fractions of the room‐temperature spectra.

Fig. 10 shows a series of Mössbauer spectra of La2Ni0.9Fe0.1O4+δ,
taken at selected elevated temperatures in flowing oxygen. As seen,
the spectra are dominated by a doublet (I) with a quadrupole splitting
of about QS(I)=1.3 mm/s. However, as it becomes more apparent
with increasing temperatures, a second doublet of low intensity
with a smaller splitting of about QS(II)=0.4 mm/s is required for
consistent fits of the complete set of spectra. The temperature depen-
dence of the isomer shifts of the two subspectra is dominated by the
second order Doppler shift. Because Fe3+ and Ni2+ ions occupy regu-
lar positions in La2Ni0.9Fe0.1O4+δ [23], the spectroscopically detected
existence of a second iron species alludes the presence of another
phase [21]. In fact, according to the ternary phase diagram for
La-Fe-Ni-O reported by Kiselev et al. for 1370 K, the sample under inves-
tigation in the present study, La2Ni0.9Fe0.1O4+δ, at high temperatures
should consist of three phases, namely of La2O3, La2Ni0.95Fe0.05O4+δ, and
La4Ni2.1Fe0.9O10−δ [18]. Hence, the observation of two quadrupole-split
subspectra due to different iron species in La2Ni0.9Fe0.1O4+δ appears
compatible with the, admittedly incomplete, information available on
the ternary La-Fe-Ni-O phase diagram. However, this conclusion must
be questioned on the basis of the following additional information.
i) The second doublet (II) bears no similarity to the Mössbauer spectra
of La4Ni2.7Fe0.3O10−δ and La4Ni2.1Fe0.9O10−δ (Fig. 9 and Table 2), espe-
cially in respect to the isomer shift. ii) The quadrupole doublet (II) is
found to reversibly appear and disappear with temperature. The forma-
tion and dissolution of a second phase – even if structurally related
Ruddlesden–Popper phases were involved – would require diffusion
of cations to take place. This is difficult to reconcile with the expected
low cation diffusivities in La2NiO4+δ – especially at the low tempera-
tures relevant to the present discussion. In conclusion, the nature of
the minority iron species II observed in the La2Ni0.9Fe0.1O4+δ sam-
ple is not sufficiently understood at present and will require more
detailed investigation.

Another open question refers to the apparently conflicting concentra-
tion estimates of the secondary iron-containing phase. The estimate of 7%
derived for La4Ni2.1Fe0.9O10−δ from the high-temperature phase diagram
is in reasonable agreementwith the findings frombackscattered-electron
channeling contrast SEM analysis (see Section 3.4). It should be noted,
however, that the HRTEM technique was only applied for identification

Fig. 5. Temperature-dependent totalDC conductivity on cooling of La2NiO4+δ, La2Ni0.98Fe0.02O4+δ, La2Ni0.9Fe0.1O4+δ, La4Ni2.7Fe0.3O10−δ and La4Ni2.1Fe0.9O10−δ in Arrhenius representation in air.
The error in temperature is ±2 K and the error in conductivity is ±1%.

Fig. 6. Oxygen flux of iron-doped La2NiO4+δ materials. Data for La2NiO4+δ and La2-
Ni0.9Fe0.1O4+δ taken from [21]; membrane thickness: 1 mm, feed side:
150 mL min−1 synthetic air, sweep side: 29 mL min−1 He and 1 mL min−1 Ne. ±
5% error bars are given as estimated measurement error.
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of the different phases, and not for quantitative analysis of phase amount.
In contrast, the room-temperature Mössbauer spectrum, Fig. 9, does not
provide evidence for the mentioned minority phase, which is in agree-
mentwith theMössbauer spectrum reported by Tsipis et al. [11]. Normal-
ly, one would expect detection of a macroscopic 7% minority phase by
Mössbauer spectroscopy. However, the proposed secondary La4Ni3O10-
type phase is strongly absorbing the γ-radiation due to its large amount
of elements possessing high atomic numbers. Thismay be part of the rea-
son for the reduced sensitivity of Mössbauer spectroscopy in the present
case. Also the possibility is to be considered that the Mössbauer spec-
trum from the 20 nm wide lamellae-like secondary RP phase may
not correspond to that of the corresponding macroscopic phase with
well-defined quadrupolar interactions. Furthermore, the sample in
question was identified by XRD to be single-phase K2NiF4 material.

At elevated temperatures, different crystallographic structures were
reported for La2NiO4+δ (s.g. I4/mmm [10] and F4/mmm [37]) due to

oxygen ordering transformations. Nickel/iron atoms again were found
to occupy the unique crystallographic position (4a) in the tetragonal
structure and are surrounded by six oxygen atoms [10,37]. Transmission
Mössbauer measurements of La2Ni0.9Fe0.1O4+δ in flowing atmo-
spheres of oxygen, synthetic air, and helium were performed in the
temperature range from 298 to 1023 K. The quadrupole splitting
QS(I) of the octahedrally coordinated Fe3+ ions reveals amost unusual
temperature dependence. As shown in Fig. 11 for themeasurements in
pure oxygen, QS(I) exhibits a discontinuity between 570 K and 670 K
associated with a significant value change. Most probably, this obser-
vation can be attributed to the phase change from the orthorhombic
low-temperature to the tetragonal high‐temperature phase. Along
with this discontinuity, also a switching occurs from a splitting
which decreases with increasing temperature to one that increases
with increasing temperature. The discontinuity in slopes is also

Fig. 7. (a) HRTEM image and (b) diffraction pattern for La2Ni0.98Fe0.02O4+δ membrane (diameter of SAED aperture 125 nm). The lattice plane distance was measured to be d(002)=0.64 nm.

Fig. 8. Channeling contrast micrographs of vibrational-polished cross-sections of
(a) La2Ni0.98Fe0.02O4+δ and (b) La2Ni0.9Fe0.1O4+δ sintered for 10 h at 1623 K.

Fig. 9. Room-temperature Mössbauer spectra of La2Ni1−xFexO4+δ, x=0.02 and 0.1, and
La4Ni3−xFexO10−δ, x=0.3 and 0.9.
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observed for measurements in synthetic air and in helium gas, Fig. 11.
On the other hand, the quadrupole splitting QS(II) of the minority
species is nearly independent of the ambient atmospheres used in
our experiments (see Fig. 12 for spectra taken at 1023 K).

The temperature dependence of the quadrupolar interaction at low
temperatures (b600 K) exhibits the behavior most commonly observed
in temperature-dependent Mössbauer studies with dQS(I)/dTb0. The
temperature coefficient of the splitting (1/QS(I))(dQS(I)/dT) takes a
value of about −10−4 K−1. This is of the right order of magnitude
expected on basis of the approximate relation between the tempera-
ture coefficient of the splitting and the thermal volume expansion co-
efficient (1/QS)(dQS/dT)≈−(1/V)(dV/dT), where the latter was
reported to take values of about 0.5·10−4 K−1 [37]. On the other
hand, the high-temperature behavior with quadrupolar interaction
increasing with rising temperature, Fig. 11, is to be considered a
most unusual finding which demands an explanation most proba-
bly related to the disorder of oxygen in the material.

At 1023 K, in-situ Mössbauer spectra of La2Ni0.9Fe0.1O4+δ have been
measured at different oxygen activities aO2 in the range −4b log(aO2)-
0, where aO2=pO2/p0with p0=1 bar. Results for the quadrupolar split-
tings are shown in Fig. 12. As seen, the splitting QS(I) of the octahedrally

coordinated Fe3+ ions increases linearly with decreasing log(aO2), i.e.
dQS(I)/dlog(aO2)b0. Hence, the isothermal behavior observed for QS(I)
indicates an increasing quadrupolar interaction for a decreasing stoichi-
ometry parameter δ in La2Ni0.9Fe0.1O4+δ. This is fully compatible with
the observation made in the temperature-dependent measurements at
constant oxygen activities above about 600 K. According to Refs. [38,39],
in this temperature range the δparameter atfixedoxygenpartial pressure
decreases with temperature which is reflected in the spectra by the in-
crease of QS(I) with increasing temperature, Fig. 11. In conclusion, both
types of measurements (i.e. the isothermal one and the one at variable
temperature) reveal that the loss of excess oxygen results in an increase
of the quadrupolar interaction at the iron nuclei, i.e. dQS(I)/dδb0.

This direct relation between quadrupolar interaction at the iron sites
and crystal stoichiometry is the central result of the present Mössbauer
investigation of the La2Ni1−xFexO4 system. In a first attempt to explain
this relation onemight speculate whether it is brought about by a chang-
ing ordering of the excess oxygen in the structure. On the other hand, a
local defect arrangement involving iron may be considered responsible.
According to Refs. [10,37], iron (Ni) atoms at elevated temperatures occu-
py a unique crystallographic position octahedrally coordinated by oxy-
gen. Four of the anions (O1) with the same interatomic distances dFe−O

lie together with Fe in the ab-plane and represent the equatorial oxygen
ions of the NiO6 octahedra. The two apical oxygen atoms (O2 and O3),
however, possess different interatomic distances dFe−O. Due to the pres-
ence of interstitial oxygen (O4), the O3 site splits up into four positions on

Fig. 10. In-situ Mössbauer spectra of La2Ni0.9Fe0.1O4+δ at 298, 673, and 973 K. Spectra
were measured in flowing oxygen.

Table 2
Mössbauer fitting results for La2Ni1−xFexO4+δ (x=0.02, 0.1) and La4Ni3−xFexO10−δ

(x=0.1, 0.3) at room-temperature from present work and literature: IS — mean values
of isomer shift (vsα-Fe), QS—mean values of quadrupolar splitting and A— area fraction.

IS [mm/s] QS [mm/s] A [%] Ref.

La2Ni0.98Fe0.02O4+δ 0.33 1.44 100 This work
[23]0.322 1.44 68

0.295 0.85 19
0.267 0.40 13

La2Ni0.9Fe0.1O4+δ 0.33 1.39 95 This work
[11]0.13 0.36 5

0.33 1.35 100
La4Ni2.97Fe0.03O9.95 0.26 0.43 58 [25]

0.30 0.95 42
La4Ni2.7Fe0.3O10−δ 0.27 0.34 50 This work

[24]0.30 0.80 50
0.28 0.26 32
0.30 0.72 68

La4Ni2.1Fe0.9O10−δ 0.32 0.36 67 This work
0.32 0.82 33

Fig. 11. Temperature dependence of quadrupolar splitting QS(I) in La2Ni0.9Fe0.1O4+δ.
In-situ high-temperature measurements in flowing atmospheres of oxygen, synthetic
air, and helium.

Fig. 12.Oxygen activity dependence ofMössbauer quadrupole splittings in La2Ni0.9Fe0.1O4+δ

at 1023 K.
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which oxygen can be locally disordered. Due to the small distances in-
volved, temperature-dependent interatomic distances dFe−O and/or
changing occupation of thesenearest neighbor siteswill have a significant
influence on the quadrupolar interactions at the iron nuclei. As a further
possibility for explaining the origin of the observed unusual behavior of
quadrupolar interactions in La2Ni1−xFexO4, local bonding properties
may be considered, e.g., involving π-bonding between iron and oxygen
as was proposed by Suzuki and Okubo [40] in the case of Fe1.33Nb2.67Se10
in which a positive temperature dependence of quadrupolar interactions
was observed, too. Clearly, for an improved understanding of these most
unusual experimental observations, i.e. discontinuity in quadrupolar
splittings and notably the discontinuity in slopes with dQS/dT>0 at ele-
vated temperatures, more detailed experimental as well as supporting
theoretical studies will be required.

4. Conclusions

The Ruddlesden–Popper phases La2Ni1−xFexO4+δ (x=0.02, 0.1)
and La4Ni3−xFexO10−δ (x=0.3, 0.9) were successfully synthesized
via the sol–gel route. By doping with iron, the electrical conductivity
and the oxygen permeation flux were slightly reduced. Transmission
electron microscopy revealed phase decomposition of La2Ni0.9Fe0.1O4

yielding small amounts of the higher order Ruddlesden–Popper phase
La4Ni2.1Fe0.9O10. This phase could not be detected by XRD on slowly
cooled samples. The room-temperature Mössbauer measurements
in present and previous work reflect slight influences of equilibrium
conditions on the iron environment. In-situ Mössbauer measure-
ments on La2Ni0.98Fe0.02O4 and La2Ni0.9Fe0.1O4 exhibited an unusual
high-temperature behavior of quadrupolar interactions at the iron
nuclei, which is most probably related to defects and/or ordering phe-
nomena of the excess oxygen.
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a b s t r a c t

A rapid one-pot combustion synthesis method based on glycine–nitrate, has been applied to prepare a

novel oxygen transporting dual phase CO2-stable membrane of the composition 40 wt%

Mn1.5Co1.5O4�d–60 wt% Ce0.9Pr0.1O2�d (40MCO–60CPO). After sintering at 1300 1C in air for 10 h, the

40MCO–60CPO membranes were characterized by X-ray diffraction (XRD), scanning electron micro-

scopy (SEM), back scattered SEM (BSEM), and energy dispersive X-ray spectroscopy (EDXS), showing

that the 40MCO–60CPO composite represents a micro-scale mixture of mainly the two phases MCO and

CPO, but small amounts of MnO2 and (MnCo)(MnCo)2O4�d were detected in the sintered membranes as

well. The oxygen permeation fluxes through the 40MCO–60CPO dual phase membrane were measured

at elevated temperatures (900–1000 1C) with one side of the membrane exposed to synthetic air and

the other side to a CO2/He sweep gas stream. A stable oxygen permeation flux of 0.48 mL cm�2 min�1

was obtained for a 0.3 mm thick membrane under an air/CO2 oxygen partial pressure gradient at

1000 1C. It was also found that 40MCO–60CPO dual phase membranes are stable for more than 60 h

even when pure CO2 was used as the sweep gas, which recommends 40MCO–60CPO membranes as

promising candidates for 4-end membrane operation in an oxy-fuel power plant.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, oxygen-permeable dense ceramic membranes with
mixed ionic-electronic conductivity (MIEC) have attracted much
attention as economical, efficient, and environment-friendly
means to produce oxygen from air or other oxygen-containing
gas mixtures [1]. In fact, an integration of oxygen transport
membranes (OTMs) into oxy-fuel power plants can integrate
CO2 capture and sequestration strategies in order to reduce CO2

emission. Further, OTMs allow process intensification [2,3] and
enable thermal integration and energy saving [4–7]. A promising
process route in the oxy-fuel power plant concept is the so-called
4-end membrane operation mode [8], in which a part of the flue
gas is recycled as sweep gas on the permeate side of OTMs. The
heat from natural gas or coal combustion offers the possibility of
efficient membrane integration into the oxy-fuel process.

However, the development of the 4-end membrane operation
mode technology is hampered since the state-of-the-art OTMs
suffer from low chemical stability toward corrosive components
of the flue gas such as CO2 and SO2, which lead to a poor oxygen
permeation performance and even membrane destruction [9–14].
It is known that single phase perovskite-type OTM materials
(ABO3) with a high content of alkaline-earth metals on the A site,
easily react with CO2 and SO2 forming carbonates and sulfates
[15–18].

Another type of MIEC membranes is called ‘‘dual phase
membranes’’, which consist of a micro-scale mixture of well-
separated grains of an oxygen ion conductor (OIC) and an electron
conductor (EC). Dual phase membranes offer a promising
approach for the 4-end membrane operation mode technology
since their constituents can be tailored according to practical
requirements. However, if noble metals are used as EC, their high
price turns out as drawback. Further, often reactions between the
OIC and EC at the high operational temperatures take place; new
phases of lower ionic and electronic conductivity are formed and
stability problems are reported. Recently, we have shown
that novel dual-phase membranes without noble metals and
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alkaline-earth metals show a much higher CO2-stability than the
common alkaline-earth-containing membranes [19–21]. How-
ever, the traditional synthesis of dual phase oxides consists in a
simple mixing of the two oxide powders [22–24], which often
requires several sintering-milling steps to get uniform mixtures.
This conventional preparation can be replaced by recent devel-
opments such as the one-pot EDTA-citric acid process [25] or the
glycine-nitrate combustion process (GNP). Especially the GNP is
reported to rapidly produce complex oxide ceramic powders of
uniform composition on an atomic scale and fine enough in grain
size for sintering to a ceramic with a high density [26,27]. Herein,
we combine the rapid one-pot and GNP techniques to develop a
new CO2-stable oxygen-permeable membrane of the composition
40 wt% Mn1.5Co1.5O4�d–60 wt% Ce0.9Pr0.1O2�d (40MCO–60CPO),
with MCO as the EC and CPO as the OIC.

It is generally accepted that oxygen permeation properties of
dual phase membrane are dependent on their electronic and ionic
conductivity, structural and phase stability, as well as thermal
expansion compatibility between OIC and EC [28–31]. Thus, with
these conclusions in mind, we designed our dual phase mem-
brane as follows: (i) MCO spinel is reported to show excellent
electronic conductivity and satisfactory thermal and structural
stability as well as a thermal expansion which matches ferritic
stainless steel. Therefore, MCO has been widely studied in solid
oxide fuel cells (SOFCs) as a protective coating on stainless steel
interconnections and as cathodes for intermediate temperature
SOFCs [32–34]. (ii) Pr-doped ceria is well-known to exhibit high
oxygen ionic conductivity and a good structural stability in a wide
oxygen partial pressure range. These properties recommend CPO
as a solid electrolyte in SOFCs [35] and an oxygen storage material
[36]. On the other hand, the thermal expansion coefficient (TEC)
of CPO is reported to be 10–11�10�6 K�1 [37], which is close to
that of MCO (11.7�10�6 K�1) [32] in the range of 500–900 1C. It
can be expected, therefore, that the MCO and CPO show good
thermal compatibility with each other. (iii) Because of the lack of
alkaline-earth metals in MCO and CPO, high CO2 stability can be
expected. (iv) To guarantee a sufficient electron transport in the
percolation network, the concentration of the highly electron
conducting component MCO in the dual phase materials should
not be o40 wt%.

Therefore, the aim of this study is the fabrication of 40MCO–
60CPO dual phase membrane via a one-pot GNP. Phase structure
and stability as well as oxygen permeability for different sweep
gases including CO2 partial pressures on the permeate side of the
membrane are investigated in detail.

2. Experimental

2.1. Preparation of powders and membranes

The glycine-nitrate combustion process (GNP), as a proven
means to obtain fine and homogeneous powders [25], was used to
prepare the 40 wt% Mn1.5Co1.5O4�d–60 wt% Ce0.9Pr0.1O2�d

(40MCO–60CPO) dual phase composite powders directly. As
shown in the process flow chart (Fig. 1), a precursor was prepared
by combining glycine and the metal nitrates Mn(NO3)2, Co(NO3)2,
Ce(NO3)3 and Pr(NO3)3 in their appropriate stoichiometric ratios
in an aqueous solution. The molar ratio of glycine: total metal
ions was 2: 1. The precursor was stirred and heated at 150 1C in
air to evaporate excess water until a viscous liquid was obtained.
Further heating of the viscous liquid up to 300 1C caused the
precursor liquid to auto-ignite. Combustion was rapid and self-
sustaining, and a precursor ash was obtained, which was calcined
at 950 1C for 10 h. To get green membranes, the resulting powders
were pressed to disk membranes under a pressure of 5 MPa and
held for 15 min in a stainless steel mold with a diameter of
18 mm. These green disks were pressure-less sintered at 1300 1C
in air for 10 h. The surfaces of the disks were carefully polished to
0.3 mm and 0.5 mm thickness, respectively, by using 1200 grit-
sand paper (average particle diameter 15.3 mm), then the mem-
branes were washed with ethanol.

2.2. Characterization of powders and membranes

X-ray diffraction (XRD, D8 Advance, Bruker-AXS, with Cu-Ka

radiation) was used to determine the phase structure. Data sets
were recorded in a step-scan mode in the 2y range of 20–801 with
intervals of 0.021 and using a counting time of 1 s per point. The
morphology of precursor ash and dual phase oxide powder were

Mn(NO3)2 Co(NO3)2

Stirring         150 oC

Calcination        950 oC, 10 h 

40MCO-60CPO membrane 

Compacting;         1300 oC, 10h 
Sintering 

Pr(NO3)3Ce(NO3)3

Precursor ash 

40MCO-60CPO powder 

Glycine 

Precursor 
As a fuel 

  Combustion by
 self-ignition at 300 °C 

Fig. 1. Flow chart for the one-pot preparation of dual phase 40MCO–60CPO membranes by the glycine-nitrate combustion process (GNP).
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characterized by scanning electron microscopy (SEM) and by
energy dispersive X-ray spectroscopy (EDXS) at 15 keV. SEM
and back scattered SEM (BSEM) were made using a Jeol-JSM-
6700F operating at 15 keV. The element distribution in the grains
of the dual phase membrane was studied on the same electron
microscope by EDXS with Oxford Instruments INCA-300 EDX
spectrometer at 15 keV.

2.3. Oxygen permeation performances of membranes

Oxygen permeation measurement was conducted in a home-
made high-temperature oxygen permeation cell [38]. The disc-
shaped membranes were sealed onto an alumina tube
(Ø¼16 mm) at 950 1C in air for 5 h with a gold paste (Heraeus,
Germany). Another quartz tube (Ø¼24 mm) served as the air side
of the permeator. The temperature was maintained with a
microprocessor temperature controller (HTM Reetz GmbH,
Germany) coupled to a tubular furnace with a type K thermo-
couple setting inside the furnace. The effective areas of the
membranes for oxygen permeation were 0.785 cm2. The inlet
gas flow rates were controlled by mass flow controllers (Bron-
khorst, Germany) and the flow rates were regularly calibrated by
using a bubble flow meter. During oxygen permeation measure-
ment, synthetic air (20% O2 and 80% N2) at the rate of
200 mL min�1 was used as feed gas. He/CO2 was used as sweep
gas to remove the permeated oxygen. 1 mL Ne min�1 was used as
an internal standard gas for calculating the total flow rate at the
outlet on the sweep side. The effluents were analyzed by an on-

line gas chromatograph (GC, Agilent 7890A) equipped with a
Carboxen 1000 column. The GC was frequently calibrated using
standard gases in order to ensure the reliability of the experi-
mental data. The calculation of oxygen permeation flux was
demonstrated in detail in our previous papers [19,20].

3. Results and discussion

3.1. Characterization of the 40MCO–60CPO dual phase materials

Fig. 2a and b shows the XRD patterns of the membrane after
sintering at 1300 1C in air for 10 h and of the powder after calcining
the precursor ash at 950 1C in air for 10 h (Fig. 2a and b). For
comparison, the XRD patterns of the pure phase CPO and MCO
powders–also synthesized by the GNP and calcined at 950 1C in air
for 10 h–are given (Fig. 2c and d). The XRD patterns of CPO (Fig. 3c)
confirm its cubic structure (space group 225, Fm-3m) in agreement
with literature [39]. From the Scherrer formalism, the mean
crystallite size of pure CPO is determined to be about 85.4 nm.
From the analysis of the XRD patterns of MCO (Fig. 3d) it follows
that the MCO spinel phase consists of 57.9 wt% cubic MnCo2O4�d

(space group 227, Fd-3mZ) and 42.1 wt% tetragonal Mn2CoO4�d

(space group 141, 141/amdS), as known from literature [32–34].
According to the Scherrer equation, the mean crystallite size of
MnCo2O4�d and Mn2CoO4�d are calculated to be 22 nm and
25.2 nm, respectively. Similar crystallite sizes can be derived from
the XRD pattern of the mixture 40MCO–60CPO powder after
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Fig. 2. XRD patterns of the 40MCO–60CPO membrane after sintered at 1300 1C in air for 10 h (a) and the as-prepared composite powder (b), pure phase powders CPO (c) and

MCO (d), produced by the GNP method and calcined at 950 1C for 10 h in air (flow chart see Fig. 1, for the SEM see Fig. 3). Since MCO gives poor XRD patterns, the 30–40 2y range

of all samples has been measured for long time (10 h).
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calcination at 950 1C (Fig. 2b); mean MCO and CPO crystallite sizes
of 16.4 nm and 66.4 nm have been obtained. Comparing in Fig. 3
the XRD of the mixture 40MCO–60CPO powder with those of the
pure MCO and CPO phases, no other crystalline phases except
those of MCO and CPO were detected in the mixture powder after
calcination at 950 1C. Since MCO gives much weaker XRD signals
than CPO, the 2y range between 30 and 401 was measured over
10 h, and the MCO line at 361 can be taken as a fingerprint for the

existence of crystalline MCO. However, from the XRD patterns of the
40MCO–60CPO dual phase membrane sintered at 1300 1C in air for
10 h, small amounts of MnO2 and the tetragonal (MnCo)(MnCo)2O4�d

can be found. This behavior maybe related to the tetragonal-cubic
structure transformations of Mn2�xCoxO4�d (1.54ZxZ0.98) at high
temperature [40]. According to the phase diagram of the Mn–Co–O
system reported by Aukrust et al., at 1300 1C exists in air for X¼1.5 a
stable mixture of cubic MnCo2O4�d, tetragonal Mn2CoO4�d and the
mixed oxide (Mn,Co)O [41].

The precursor ash obtained by the combustion of the precursor
in the GNP shows a foam-like open-pore structure because of the
vigorous gas evolution (H2O, N2 and CO2) during the GNP
combustion synthesis (Fig. 3a). After sintering the precursor ash
at 950 1C for 10 h, some densification can be stated (Fig. 3b). From
the comparison of the EDXS of the precursor ash (Fig. 3c) and the
powder after 950 1C calcination (Fig. 3d) it follows that the
chemical composition of the ash and the powder is unchanged.
Quantitative analysis based on the Cliff–Lorimer ratio technique,
gave the element ratios Mn/Co¼1:1 and Ce/Pr¼9:1, which are in
accurate agreement with the stoichiometry of the Mn1.5Co1.5O4�d

spinel and of the Ce0.9Pr0.1O2�d cubic fluorite structure.
Fig. 4 shows the SEM and BSEM images of the 40MCO–60CPO

dual phase membranes after sintering at 1300 1C for 10 h at two
different magnifications. The grains of the two phases are well
distributed with clear grain boundaries. The MCO and CPO grains
can be easily distinguished by BSEM, the dark grains are MCO and
the light ones represent CPO since the contribution of the back-
scattered electrons to the SEM signal intensity is proportional to
the atomic number. Furthermore, in the BSEM images of Fig. 4c
and d, the mean grain size areas of MCO and CPO are found to be
0.265 mm2 and 0.329 mm2 through the analysis of 50 grains,
respectively. The EDXS of the membrane (Fig. 5) shows the
presence of Mn, Co, Ce and Pr (Fig. 5b). Fig. 5a shows the
elemental mapping of the top view of the 40MCO–60CPO mem-
brane obtained by EDXS. The green color (dark in BSEM) is an
overlap of the Mn and Co signals, whereas the yellow color (light
in BSEM) stems from an average of the Ce and Pr signals.
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Fig. 3. SEM (a and b) pictures and EDXS (c and d) analysis of the precursor ash

after burning the precursor (a and c) and the 40MCO–60CPO powder (b and d)

after calcination of the precursor ash at 950 1C for 10 h in air (see Fig. 1).

Fig. 4. SEM (a and b) and BSEM (c and d) of the surface of the 40MCO–60CPO dual phase membrane after sintered at 1300 1C in air for 10 h for different magnifications. In

BSEM, the dark grains represent the MCO grains, the light ones represent the CPO grains, since the contribution of the backscattered electrons to the SEM signal intensity is

proportional to the atomic number.
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3.2. Oxygen permeation properties and stability of the

40MCO–60CPO dual phase materials

The oxygen permeation flux through the 40MCO–60CPO dual
phase membranes as a function of temperature with CO2 as
sweep gas is presented in Fig. 6. All the data were collected after
oxygen permeation had reached steady state (after about 24 h).
As shown in Fig. 6a, the oxygen permeation fluxes increase with
increasing temperature. For example, when the temperature
increases from 900 1C to 1000 1C, the oxygen permeation flux
increases from 0.26 mL cm�2 min�1 to 0.48 mL cm�2 min�1. At
950 1C, a stable oxygen permeation flux of 0.37 mL cm�2 min�1 is
obtained through a membrane with a thickness of 0.3 mm.
Table 1 summarizes the oxygen permeation fluxes through
several types of dual phase membranes [19–21,31,42,43]. As
shown in Table 1, the oxygen permeation fluxes through our
40MCO–60CPO membrane are comparable with or even higher
than those of other dual phase-type membranes reported in the
open literature, e.g. the oxygen permeation fluxes through our

40MCO–60CPO membrane are comparable with those of the dual
phase membranes NiFe2O4–Ce0.9Gd0.1O2�d [19,20] and Fe2O3–
Ce0.9Gd0.1O2�d [21] at 950 1C under similar experimental condi-
tions. Comparing with the dual phase membrane Ce0.8Gd0.2O3�d–
15 vol% MnFe2O4�d [31], our 40MCO–60CPO membrane shows
slightly lower oxygen permeation flux under an air/He oxygen
partial pressure gradient, unfortunately the oxygen permeation
flux through the Ce0.8Gd0.2O3�d–15 vol% MnFe2O4�d dual phase
membrane was not studied under CO2 atmosphere in [31].
Moreover, the Ce0.8Sm0.2O2�d–La0.8Sr0.2CrO3�d dual phase mem-
brane with a thickness of 0.3 mm exhibits an oxygen permeation
flux of 1.4�10�7 mol cm�2 s�1 (0.19 mL cm�2 min�1) under an
air/He oxygen partial pressure gradient at 950 1C [42], which is
nearly two times lower than that on our 40MCO–60CPO mem-
brane. Fig. 6b shows the gas permeation fluxes through the
40MCO–60CPO dual phase membrane with pure CO2 as sweep
gas as Arrhenius plot. The apparent activation energies were
calculated to be 89 kJ mol�1 in the temperature range of 900–
950 1C and 64 kJ mol�1 in the temperature range of 950–1000 1C.
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It is known that the rate-limiting step of oxygen permeation
through an MIEC membrane can be controlled either by oxygen
surface exchange or by oxygen ions bulk diffusion. In order to
identify the rate limiting step of oxygen transport through our
40MCO–60CPO membrane with CO2 as sweep gas, we studied the
oxygen permeation under different oxygen partial pressures on
the sweep side at different temperatures while keeping the
oxygen pressure on the air side constant at 0.20 bar. The different

oxygen partial pressures on the sweep side were adjusted by
changing the CO2 flow rate and measured by gas chromatography
in this study. Fig. 7 displays the influence of different CO2 flow
rates on oxygen permeation on the 40MCO–60CPO membrane
with 0.5 mm thickness at different temperatures. It was found
that for all temperatures the oxygen permeation fluxes were
increased with increasing the CO2 flow rate. For example, when
the CO2 flow rate increased from 19 to 116 mL min�1, the oxygen
partial pressures on the permeate side decrease from 0.007 bar to
0.002 bar; whereas the oxygen permeation fluxes increased from
0.19 mL cm�2 min�1 to 0.23 mL cm�2 min�1 at 1000 1C. When
using CO2 as sweep gas, we can observe the usual behavior,
namely that the oxygen permeation fluxes increase if the gradient
of the oxygen partial pressure across the membrane is increased,
which can be achieved by off-transporting the permeated oxygen
as fast as possible by an increased sweep flow.

Following Kim et al. [44], JO2
shows a linear relationship with

(Ph�Po)0.5
�(Pl�Po)0.5 according to

JO2
¼

1

2

Ci1Ci2

Ci1þCi2
kio ðPh=PoÞ

n
�ðPl=PoÞ

n
� �

ð1Þ

if the oxygen permeation process is limited by the surface
exchange reaction. If the oxygen permeation process is controlled
by oxygen ion bulk diffusion, JO2

would be linearly proportional to
ln (Ph/Pl) according to [44]

JO2
¼

1

4

/CiDaS
L

ln
Ph

Pl
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Fig. 6. Oxygen permeation fluxes (a) and its Arrhenius plot (b) through the

40MCO–60CPO dual phase gas permeation fluxes of membranes as a function of

temperature with pure CO2 as sweep gas. Conditions: 200 mL min�1 air as feed gas,

29 ml/min CO2 as sweep gas; 1 mL min�1 Ne as internal standard gas; membrane

thickness: 0.3 mm.

Table 1
Steady-state oxygen permeation flux (JO2

) through different dual phase membranes in disk geometries.

Membrane materials Thickness (mm) Temperature (1C) Oxygen flux

(mL cm�2 min�1) air/He

Oxygen flux

(mL cm�2 min�1) air/CO2

Refs.

40 wt% NiFe2O4�d–60 wt% Ce0.9Gd0.1O2�d
a 0.5 1000 0.30 0.27 [19,20]

40 wt% Fe2O3�d–60 wt% Ce0.9Gd0.1O2�d 0.5 1000 0.18 0.16 21

Ce0.8Gd0.2O3�d–15 vol% MnFe2O4�d 0.3 1000 0.40 – 31

60 vol% Ce0.8Sm0.2O2�d–40 vol% La0.8Sr0.2CrO3�d 0.3 950 0.19 – 42

50 wt% Ce0.8Gd0.2O2�d–50 wt% La0.8Sr0.2MnO3�d 1 750 0.02 – 43

40 wt% Mn1.5Co1.5O4�d–60 wt% Ce0.9Pr0.1O2�d 0.5 1000 0.22 0.2 This work

40 wt% Mn1.5Co1.5O4�d–60 wt% Ce0.9Pr0.1O2�d 0.3 950 – 0.37 This work

a The air side of the 40 wt% NiFe2O4�d–60 wt% Ce0.9Gd0.1O2�d dual phase membrane was coated with a La0.6Sr0.4CoO3�d porous layer.
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where JO2
is the oxygen permeation flux, Ci is the oxygen ion

concentration, Da is the diffusion coefficient of the oxygen ion-
electron hole pairs, L is the thickness of the membrane, Ci1, Ci2 are
the oxygen concentrations at the interfaces of the membrane. n is
the order of the chemical reaction at the gas–MIEC interface
which is for the special case of a planar membrane n¼0.5. kio is
the surface-exchange coefficient, and Ph, Pl and Po stand for high
oxygen partial pressure on the feed side, low oxygen partial
pressures on the sweep side and the normalized pressures of
1 bar, respectively.

Correlating and evaluating our oxygen permeation data
according to the above theory of Kim et al. [44], we can state
that the oxygen permeation fluxes JO2

are a linear function of
(Ph/Po)0.5

�(Pl/Po)0.5 and not of ln (Ph/Pl) as shown in Fig. 8. From
this finding, it follows that the oxygen permeation through the
40MCO–60CPO dual phase membrane of 0.5 mm thickness is
controlled in the temperature region studied by the surface
exchange reaction rather than by bulk diffusion.

Fig. 9 shows the oxygen permeation flux through 40MCO–60CPO
dual phase composite membrane with a thickness 0.5 mm as a
function of the CO2 concentration in the sweep gas at 1000 1C. The

different CO2 concentrations have been obtained by mixing with He,
the total flow rate of the sweep gas was kept constant at 30 ml/min
with 1 ml Ne/min as calibration gas. With increasing CO2 concentra-
tion of the sweep gas, only a slight decrease of the oxygen permeation
flux can be seen. This behavior is different to those of alkaline-earth
metals containing perovskites. Schulz et al. reported a strong
decrease of the oxygen permeation flux through the perovskites
Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) and SrCo1�xNbxO3�d (SCN; x¼0.1, 0.2)
due to carbonate formation with increasing CO2 concentrations in the
sweep gas [45]. The slight decrease of the oxygen permeation flux can
be explained by a stronger influence of CO2 on the surface process
compared with pure He which is in complete agreement with
previous reports [19,21]. This finding is also in correspondence with
our previous studies on NiFe2O4�d–Ce0.9Gd0.1O2�d composite mate-
rials and similar to the La0.8Sr0.2MnO3�d–Ce0.8Sm0.2O2�d dual phase
composite membrane of Chen et al., where also a slight reduction of
the oxygen permeation flux was observed when pure CO2 instead of a
more inert sweep gas was used [46].
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Fig. 10 presents the reversibility of the oxygen permeation flux
through the 40MCO–60CPO membrane while periodically changing
the sweep gas between He and CO2 at 1000 1C. When using He as
sweep gas, a stable oxygen permeation flux of 0.22 mL cm�2 min�1

can be obtained, whereas the oxygen permeation flux decreases
immediately to the slightly lower value of 0.20 mL cm�2 min�1 if
CO2 instead of He is used as sweep gas. This behavior is different to
previous findings on the perovskite-type membranes. Arnold et al.
reported an immediate stop of the oxygen permeation for BSCF
membrane when pure CO2 was used as sweep gas at 875 1C but the
oxygen permeation flux recovered if the sweep gas CO2 is switched
back to pure helium [16]. A rapid breakdown of the oxygen
permeability through a (Ba,Sr)(Zn,Fe)O3�d membrane at 750 1C in
a CO2 atmosphere due to the formation of a small amounts of
carbonate on the surface of the membrane has been reported [47].
However, in our study, only a slight decrease of the oxygen
permeation flux was observed. This behavior is ascribed to the
slight inhibiting effect of CO2 on the oxygen surface-exchange
reaction but not to the formation of carbonates. Numerous papers
have shown that the oxygen surface exchange reaction is influenced
by the kind of sweep gas. Ten Elshof et al. have reported that the
activation energy obtained from La1�xSrxFeO3�d (x¼0.1–0.3) under
air/CO, CO2 oxygen partial pressure gradients is much lower than
that under air/He gradient due to the different oxygen exchange
reaction rates in the presence of CO, CO2 or He gas [48].

The oxygen permeation flux through the 40MCO–60CPO dual
phase composite membrane with CO2 as sweep gas is shown in
Fig. 11 as a function of time. During the whole oxygen permeation
test, an oxygen permeation flux of about 0.20 mL cm�2 min�1

was obtained at 1000 1C and no decrease was found. Kharton et al.
have reported that obvious degradation of the oxygen permeation
flux through Ce0.8Gd0.2O2�d–La0.7Sr0.3MnO3�d dual phase com-
posite membrane with time was observed due to the formation of
Sr(Ce, Ln)O3�d (Ln is Gd, La) in the grain boundaries, which can
block the ionic transport [49]. From the stable oxygen permeation
fluxes on our 40MCO–60CPO, we can exclude chemical reactions
between the two MCO and CPO phases involved.

4. Conclusions

A novel oxygen transporting dual phase membrane of the
composition 40 wt% Mn1.5Co1.5O4�d–60 wt% Ce0.9Pr0.1O2�d

(40MCO–60CPO) was prepared with MCO as electron conductor

and CPO as oxygen ion conductor via a rapid one-pot glycine-
nitrate combustion process. XRD confirmed that the 40MCO–
60CPO membrane sintered at 1300 1C in air, represents a micro-
scale mixture of mainly the two phases MCO and CPO, but also
traces of MnO2 and (MnCo)(MnCo)2O4�d have been detected. An
oxygen permeation flux of 0.48 mL cm�2 min�1 was obtained at
1000 1C under an air/CO2 oxygen partial pressure gradient
through a membrane with a thickness of 0.3 mm. The 40MCO–
60CPO dual phase membrane can be operated for at least 60 h
when pure CO2 was used as sweep gas, suggesting that the
40MCO–60CPO dual phase membrane is CO2 stable. The good
stability under pure CO2 recommends the 40MCO–60CPO mate-
rial as a good candidate for the oxygen separation from air in the
4-end membrane operation mode in the oxy-fuel process.
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3 Chapter 3

CO2-tolerant alkaline-earth
containing membrane materials

3.1 Summary
Most of the membrane materials with 100% alkaline-earth elements on the A site,
exhibit a poor tolerance towards CO2. This chapter describes the partial substitution
of alkaline-earth elements on the A site with rare-earth elements that exhibit a higher
tolerance against CO2. The basic idea is based on thermodynamic considerations
via an Ellingham diagram and perovskite stabilization energies (see chapter 1.5.1).
In section 3.1 the series of La1-xSrxCo0.8Fe0.2O3-δ (x = 1, 0.8, 0.6, 0.4) was investi-

gated regarding oxygen permeation flux and the stability towards CO2. All materials
exhibited the cubic perovskite structure expect the rhombohedral
La0.6Sr0.4Co0.8Fe0.2O3-δ. In-situ XRD revealed a phase transition to cubic perovskite
structure at higher temperatures. With increasing lanthanum content the oxygen
permeation flux in an air/helium gradient decreased considerably. It was found by
in-situ XRD and long-term permeation experiments that La0.6Sr0.4Co0.8Fe0.2O3-δ ex-
hibits a good stability towards CO2. The microstructure of different membranes was
investigated by SEM and TEM after operation in CO2.
Section 3.2 presents investigations of the orthorhombic La0.6Ca0.4FeO3-δ and the

rhombohedral La0.6Ca0.4Co0.8Fe0.2O3-δ. In-situ XRD investigations reveal a phase
transition to cubic structure at high temperatures and a high tolerance towards
CO2. The CO2 stability was further confirmed by long-term oxygen permeation
measurements in pure carbon dioxide atmosphere. An increase of 50% in oxygen
permeation flux was achieved by using an asymmetric membrane design, in which a
porous support was coated with a thin dense layer of the same chemical perovskite
composition.
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a b s t r a c t

The SrCo0.8Fe0.2O3�d (SCF) perovskite was systematically doped with increasing lanthanum content up

to 60 wt% on the A-site to investigate the effect on CO2 tolerance. Different powders were prepared by a

sol-gel method and the materials were characterized by in-situ X-ray diffraction (XRD) and long-term

oxygen permeation measurements in CO2-containing atmospheres. The microstructure was investi-

gated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). All

powders exhibit cubic perovskite structure except the rhombohedral La0.6Sr0.4Co0.8Fe0.2O3�d (LSCF

6482), which however, shows a phase transition into cubic perovskite structure at higher temperature.

By doping 20 wt% lanthanum, the tolerance against CO2 is considerably increased and doping with

60 wt% lanthanum resulted in a stable oxygen permeation performance in CO2 atmosphere for at least

200 h. Oxygen permeation experiments in an air/helium gradient showed that with increasing

lanthanum content the oxygen permeation flux decreases. Microstructure analysis of the membranes

after CO2 operation showed that the carbonate preferentially forms a dense layer at the carbon dioxide

exposed sweep side of the membranes.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The increasing demand of electricity, which is mainly pro-
duced by combustion of fossil fuels, leads to global warming by
emission of green-house gases [1]. To reduce the climate-
damaging carbon dioxide, new processes such as oxy-fuel com-
bustion [2], in which pure oxygen is directly combusted with
fossil fuels, are needed. The formed products are mainly carbon
dioxide and water vapor, which can be easily separated by
condensation. However, the production of oxygen by means of
cryogenic processes or pressure swing adsorption (PSA) are
expensive and energy intensive [3]. Using ceramic oxygen-
transporting membranes, which supply an unrivalled selectivity
for O2, these costs can be lowered, resulting in better overall
efficiency and lower electricity costs. Because the flame tempera-
ture would be too high, the oxygen has to be diluted before
combustion. This can be done by the formed carbon dioxide flue
gas in order to achieve an economically reasonable process.
Another advantage would be that the generated process heat
can be used to hold the membrane at operation temperature. By
operating the membrane in sweep-gas mode at ambient pressure

even more energy can be saved compared to highly pressurized
operation or operation under vacuum conditions [4,5].

The prominent mixed-ionic electronic conducting (MIEC) mate-
rials contain alkaline-earth cations, mainly barium and strontium,
on the A-site of the ABO3 perovskite structure, which on the one
hand supply high oxygen fluxes, but on the other hand lead to
membrane degradation in the presence of CO2, which was shown for
Ba0.5Sr0.5Co0.8Fe0.2O3�d for example [6]. A way to handle this
problem is to avoid alkaline-earth elements leading to CO2 tolerant
materials such as La2NiO4þd [7] or dual-phase materials such as
40 wt% NiFe2O4�60 wt% Ce0.9Gd0.1O2�d [8]. A further approach is
to stabilize the structure of known, but CO2-intolerant materials by
doping less reactive elements on the A- and/or B-site. For example
Chen et al. and Zeng et al. doped SCF with 10% tantalum [9] or 10%
titanium [10], which greatly improves tolerance towards CO2. The
A site is predestinated to be substituted by rare-earth cations or
smaller alkaline-earth cations such as calcium. By a thermodynamic
approach using an Elligham diagram, which was provided by Efimov
et al. [11], it can be seen that the smaller La3þ ion (r¼136 pm)
shows improved tolerance against CO2 as compared to the bigger
Sr2þ ion (r¼144 pm). However, the substitution of elements may
lead to structural changes, reduced lattice parameters and therefore
to significantly lower oxygen fluxes. Although, Tan et al. investigated
the stability of La0.6Sr0.4Co0.8Fe0.2O3�d hollow-fiber membranes in
CO2 atmospheres [12] a systematic study of the influence of the
lanthanum concentration on the A-side of SCF is apparently missing.
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In the present work the effect of the lanthanum concentration
in La1�xSrxCo0.8Fe0.2O3�d (x¼1, 0.8, 0.6, 0.4) on CO2 tolerance was
systematically examined by XRD, in-situ XRD in CO2 atmospheres
and long-term oxygen permeation experiments in an air/helium
or air/CO2 gradient. Furthermore the membranes were investi-
gated by SEM before and after the CO2 exposure. The results of
TEM investigations are also reported.

2. Experimental

2.1. Sample preparation

The powders were synthesized by sol–gel-route using stoi-
chiometric amounts of La(NO)3, Sr(NO)2, Co(NO)2, Fe(NO)3, ethy-
lenediaminetetraacetic acid (EDTA) and citric acid. The resulting
gel was heated and stirred over night and then precalcined in
ambient air at 773 K. After thoroughly grinding, the product was
calcined for 10 h at 1273 K in ambient air. Green bodies of
membranes were obtained by uniaxially pressing the powders
at 150 MPa for 30 min, followed by sintering at 1473 K for SCF
(SrCo0.8Fe0.2O3�d), 1523 K for LSCF 2882 (La0.2Sr0.8Co0.8Fe0.2O3�d),
and 1573 K for LSCF 4682 (La0.4Sr0.6Co0.8Fe0.2O3�d) and LSCF 6482
(La0.6Sr0.8Co0.8Fe0.2O3�d) in ambient air for 10 h. At all times
heating and cooling rates of 3 K min�1 were used.

2.2. X-ray diffraction

X-ray diffraction (XRD) analysis was performed at room
temperature using a Bruker-AXS D8 Advance diffractometer with
Cu Ka radiation. Data sets were recorded in a step-scan mode in
the 2Y range of 20–1001 with intervals of 0.021. High-
temperature measurements were conducted in an in-situ cell
HTK-1200 N (Anton-Paar) between room temperature and
1273 K in an atmosphere consisting of 50 vol% CO2/50 vol% N2.
The heating rate was 12 K min�1 with an equilibrium time of

30 min before each measurement. The XRD data were analyzed
using TOPAS 4.0 software (Bruker AXS). The displacement of
oxygen at different temperatures was determined by the Rietveld
method.

2.3. Oxygen permeation

Oxygen permeation was measured in a house-made high-tem-
perature permeation cell as described elsewhere [13,14]. Before the
measurements both sides of the membranes were carefully polished

Fig. 1. Room-temperature XRD pattern of (La1�xSrx)(Co0.8Fe0.2)O3 (x¼1, 0.8, 0.6,

0.4) powders. The calculated Bragg positions for (I) cubic perovskite (s.g. Pm3m,

a¼3.875 Å) and (II) rhombohedral perovskite (s. g. R3c, a ¼5.444 Å, c¼13.241 Å)

are indicated at the bottom of the figure.

Table 1
Room-temperature unit cell parameters of (La1�xSrx)(Co0.8Fe0.2)O3 (x¼1, 0.8, 0.6, 0.4) after sintering for 10 h at the given temperature in air.

Sample Lattice parameters [Å] Unit cell volume [Å3] Space group

a b c

SCF (T¼1473 K) 3.8651 – – 57.74 Pm3m

LSCF 2882 (T¼1523 K) 3.8404 – – 56.64 Pm3m

LSCF 4682 (T¼1573 K) 3.8380 – – 56.54 Pm3m

LSCF 6482 (T¼1573 K) 5.4429 – 13.2406 339.70 R3c

Table 2

Temperature-dependent lattice parameters of LSCF 6482. The rhombohedral distortion was calculated using the relationship:tano¼ 2
ffiffiffi
3
p
ð0:5�xÞ [20]. Z¼number of

formula units per unit cell, Rexp¼expected R-factor, Rwp¼weighted profile R-factor.

T/K a/Å3 c/Å V/Å3 VZ�1/Å3 x (O) o/1 Rexp/% Rwp/%

Rhombohedral 303 5.443 13.241 339.70 56.62 0.533 �6.6 3.34 4.13

phase R3c 373 5.448 13.264 340.90 56.82 0.531 �6.1 3.29 4.03

Z¼6 473 5.455 13.300 342.73 57.12 0.527 �5.3 3.24 4.02

573 5.462 13.337 344.59 57.43 0.525 �4.9 3.22 3.91

673 5.470 13.378 346.70 57.78 0.515 �2.9 3.19 4

Cubic phase 773 3.875 58.17 0.5 3.17 4.07

Pm3m Z¼1 873 3.886 58.68 0.5 3.15 3.99

973 3.899 59.26 0.5 3.13 3.88

1073 3.912 59.88 0.5 3.12 3.83

1173 3.926 60.53 0.5 3.1 3.78

1273 3.941 61.21 0.5 3.09 3.68
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with 800 mesh emery paper to obtain a uniform surface area.
The membranes were sealed on an alumina tube using a gold
cermet (Heraeus). The feed side was fed with synthetic air (20 vol%
O2/80 vol% N2) at a rate of 150 mL min�1, whilst Ne (1.0 mL min�1,
99.995%) and He (29.0 mL min�1, 99.995%) or CO2 (29.0 mL min�1,
99.995%) were applied to the sweep side. An online-coupled Agilent
7890 gas chromatograph with a Carboxen 1000 column was
employed to analyze the gas mixture. Using neon as an internal
standard, the absolute flux rate was calculated. By measuring the N2

concentration, the total O2 leakage was calculated and subtracted
from the total O2 flux.

2.4. Scanning electron microscopy

Field-emission scanning electron microscopy (FE-SEM) ima-
ging was performed on a JEOL JSM-6700F field-emission instru-
ment at low excitation voltage of 2 kV. For backscattered-electron
channeling contrast imaging at higher excitation voltages, the
samples were vibrational-polished to preserve crystallinity up to
the very surface. An energy-dispersive X-ray spectrometer
(EDXS), Oxford Instruments INCA-300, with an ultra-thin window
was used for the elemental analysis at excitation voltage of 20 kV.

2.5. Transmission electron micoscopy

Transmission electron microscopy (TEM) investigations were
made at 200 kV on a JEOL JEM-2100F-UHR field-emission instru-
ment (CS¼0.5 mm, CC¼1.2 mm). The microscope was operated in
bright-field mode and as well as a scanning TEM (STEM) in high-
angle annular dark-field (HAADF) mode including electron
energy-loss spectroscopy (EELS) and electron-loss near-edge
structures (ELNES) and in selected area electron diffraction
(SAED) mode. An energy-dispersive X-ray spectrometer (EDXS),
Oxford Instruments INCA-200, was used for the elemental analy-
sis at excitation voltage of 200 kV. The preparation method of the
TEM specimen is described in detail elsewhere [6].

3. Results and discussion

3.1. Characterization of powders

As seen in Fig. 1 all samples are single-phase materials. The
La1�xSrxCo0.8Fe0.2O3 (x¼1, 0.8, 0.6) powders exhibit the cubic
perovskite structure (s.g.Pm3m 221), whereas LSCF 6482 exhibits
rhombohedral structure at room temperature (s.g. R3c 167). The
obtained unit cell parameters, presented in Table 1, are in good
accordance with literature data on SCF [15], LSCF 4682 [16], and
LSCF 6482 [17]. The decrease of the cell parameters with increasing
lanthanum content is consistent with the decrease of the average
A-site cation radius (Sr2þ (144 pm) is partly replaced by La3þ

(136 pm)) [18]. The Goldschmidt tolerance factor of SCF is close to
unity, which proposes cubic perovskite structure [19]. With
increasing lanthanum content, the Goldschmidt tolerance factor
decreases which may explain the shift to rhombohedral structure
for the end member of our study LSCF 6482. The rhombohedral
distortion was estimated to be o¼�6.61 at room temperature
(Table 2). It was calculated from the x coordinate of the displaced
oxygen atom as obtained by XRD data calculated by the Rietveld
method using the following relationship:tano¼ 2

ffiffiffi
3
p
ð0:5�xÞ [20].

The tilt around the c-axis could be positive (clockwise) or negative
(anti-clockwise) whether the displacement of the oxygen is below
0.5 or above. The oxygen in the ideal cubic non-distored perovskite
structure is located at the highly symmetric crystallographic
Wyckoff position 3d (0.5, 0, 0).

3.2. Membrane microstructure

The optimum sintering temperature for each membrane com-
position was found by several experiments at different tempera-
tures. The effect of even small deviations from the optimum
sintering temperature can have a huge impact on the micro-
structure. As an example, the surface of the LSCF 2882 membrane
sintered at 1373 K for 10 h is shown in Fig. 2a. Because the
sintering temperature was too low, no densification was
observed, which leads to a large amount of porosity. However,
sintering the membrane at 1573 K, which is only 50 K over the
found optimum sintering temperature, leads to precipitation of
cobalt-enriched perovskite in the grain boundaries as was proven
by EDXS analysis (Fig. 2b). The relative elemental distribution of
all cations is given in Table 3. The bulk composition of the
material changes, which may have a significant influence on the
materials properties. The optimum sintering temperatures were

Fig. 2. LSCF 2882 sintered at (a) 1373 K and (b) 1573 K for 10 h in air.

Table 3
Summary of the elemental distribution of La, Sr, Co, and Fe (

P
metal

cations¼100 at%) obtained by EDXS of the LSCF 2882 membrane at the bulk and

the segregated phase at the grain boundary (associated to Fig. 2b).

Bulk membrane Grain boundary

La/at% 10 7

Sr/at% 44 29

Co/at% 36 57

Fe/at% 10 7
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Fig. 3. SE surface view micrographs of the grain structure of (a) SCF (b) LSCF 2882 (c) LSCF 4682 and (d) LSCF 6482. For sintering times refer to Table 1.

Fig.4. In-situ XRD at given temperatures in an atmosphere of 50 vol% CO2/50 vol% N2 of (a) SCF and (b) LSCF 6482. The calculated Bragg positions for (I) cubic SCF (ICSD

79022), (II) orthorhombic SrCO3 (ICSD 15195), (III) cubic CoO (ICSD 28505), (IV) rhombohedral SrCO3 (ICSD 27446), (V) rhombohedral LSCF 6482 (s. g. R3c, a¼5.444 Å,

c¼13.241 Å) and (VI) cubic LSCF 6482 (s.g. Pm3m, a¼3.875 Å) are given at the bottom of the figures. The total period including equilibration and measurement times was

60 min at a given temperature interval.
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found to be 1473 K for SCF, 1523 K for LSCF 2882, and 1573 K for
LSCF 4682 and LSCF 6482. The obtained surface micrographs
show neither porosity nor any segregation of secondary phases
inside the grain boundaries (Fig. 3). The average grain size was
determined using the Image J [21] particle analyzer by measuring
the grain area in mm2 for a series of micrographs for each
membrane, and then the grain diameter was estimated by
assuming circle-shaped grains. The SCF membrane exhibits the
smallest grains with an average grain size of 6.5 mm. With
increasing lanthanum content and higher sintering temperature
the grain size increases to 11.2 mm for LSCF 2882, 14.9 mm for
LSCF 4682 and 22.5 mm for LSCF 6482. With higher sintering
temperatures an increase of the average grain size was expected.
Comparing the LSCF 4682 and LSCF 6482 membranes which were
sintered at the same temperature a significant dependence of the
lanthanum concentration on grain growth was found.

3.3. In-situ X-ray diffraction

To get an overview of the stability of the SCF and LSCF systems
a series of high-temperature in-situ XRD measurements were
conducted for each composition in an atmosphere consisting of
50 vol% CO2 and 50 vol% N2. Due to thermodynamic considera-
tions presented in an Elligham diagram it was shown that the
SrCO3 phase is stable until 1357 K at a CO2 pressure of 5�104 Pa
before it decomposes into SrO and CO2 [11]. By doping with
lanthanum, which exhibits a much higher resistance towards CO2

and carbonate formation, it is therefore expected to improve the
stability of the solid solutions against CO2. The challenge is to find
the optimum amount of strontium that has to be replaced to
greatly enhance tolerance against CO2 and simultaneously keep
the oxygen permeation flux as high as possible.

In Fig. 4a a selection of high temperature in-situ XRD of SCF in
an atmosphere of 50 vol% CO2/50 vol% N2 are shown. The cubic
SrCo0.8Fe0.2O3�d system is stable from room temperature up to
873 K. At 973 K slow decomposition is initialized resulting in a
phase mixture of cubic SCF perovskite and orthorhombic stron-
tium carbonate phase. The dwelling time of 60 min was sufficient
to facilitate the reaction. At 1073 K cubic cobalt oxide could be
detected by XRD data. At 1173 K the orthorhombic SrCO3 trans-
forms into a rhombohedral modification. This behaviour has been
already observed for barium and strontium carbonates. According
to Strømme et al. this modification is stable at 1193 K [22], which
is in good agreement with our high-temperature data. After
quenching in CO2 atmosphere, the formerly single-phase perovs-
kite was decomposed into cubic SCF perovskite, orthorhombic
strontium carbonate and cubic cobalt oxide.

The LSCF 2882 and LSCF 4682 solid solutions showed similar
behavior as reported for SCF above. The formation of orthorhombic
strontium carbonate begun at 973 K. The latter change into the
rhombohedral carbonate modification was also observed. After cool-
ing in 50 vol% CO2/50 vol% N2 containing atmosphere the perovskites
were decomposed into cubic LSCF perovkite, orthorhombic strontium
carbonate and cubic cobalt oxide, which was observed for the related
BaCo0.4Fe0.4Zr0.2O3�d by Efimov et al. [23].

The LSCF 6482 system showed tolerance against CO2 (Fig. 4b).
The perovskite structure is stable at all times on the time scale of
the experiment (60 min at each temperature interval of 100 K). At
room temperature the perovskite is in a rhombohedral modifica-
tion. A phase transition from rhombohedral to cubic symmetry
could be observed at 673–773 K, which is in agreement with
previously reported transition temperatures by Wang et al. [24].
This behaviour was reported for the comparable perovskite
system La0.6Ca0.4Co0.8Fe0.2O3�d (LCCF 6482) as well, but at

Fig. 5. (a) Oxygen permeation flux of 1 mm thick membranes. Conditions: feed

flow rate: 150 mL min�1 synthetic air ( 80 vol% N2, 20 vol% O2). Sweep flow rates

He¼29 mL min�1, Ne¼1 mL min�1 (b) Long-term measurement at 1173 K.

Sweep flow rates: CO2¼29 mL min�1, Ne¼1 mL min�1.

Fig. 6. (a) SCF membrane surface of the sweep side after operation for 24 h in

100 vol% CO2 and (b) LSCF 6482 membrane surface after operation for over 100 h

in 100 vol% CO2.
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slightly higher temperatures by Efimov et al. [11]. At room
temperature, the rhombohedral tilt o was determined to be
around �6.61. With increasing temperature this tilt decreases
and turns over into cubic perovskite structure at around 773 K.
The transformation took place without a significant change in the
cell volume per each formula unit (Table 2). After quenching in
50 vol% CO2 and 50 vol% N2 the perovskite conserves the cubic
symmetry. This is most probably related to the absence of oxygen
during quenching from high temperatures.

3.4. Permeation

Oxygen permeation of all membranes was measured under the
same conditions. Fig. 5a shows the oxygen permeation flux in an
air helium gradient in the temperature range between 1023
and 1223 K. Before the measurements both sides of each mem-
brane were carefully polished with 800 mesh emery paper to
obtain a uniform surface area. It is obvious that the SCF solid
solution exhibits the highest oxygen permeation flux with a value
of 2.2 mL min�1cm�2 at 1223 K. By increasing the lanthanum
content to 0.2, 0.4 and 0.6 mol% the oxygen permeation flux
decreases significantly to 1.4 mL min�1cm�2 for LSCF 2882,
0.8 mL min�1cm�2 for LSCF 4682 and 0.3 mL min�1cm�2 for
LSCF 6482. This observation is explained by point defect behavior.
By introduction of trivalent lanthanum atoms in the SCF perovs-
kite structure, the amount of oxygen vacancies is reduced to
compensate the higher positive charge. Consequentially, this
leads to lower oxygen transport. To analyze the materials as
possible CO2-tolerant materials, the membrane reactor was then
switched to 100 vol% CO2 as sweep gas at constant temperature of
1173 K. As is evident from Fig. 4b the oxygen flux of undoped SCF
was strongly decreased and almost stopped after 3 h of operation.
This is explained by formation of a dense layer of SrCO3 and CoO

at the sweep side of the membrane and was proven by in-situ XRD
and SEM (see Fig. 7 and Section 3.5). The oxygen flux of LSCF 2882
and LSCF 4682 shows a slow decrease with regions of different
slopes. After switching to pure CO2 the oxygen flux decreases
slowly and after 40 h of operation for LSCF 2882 and 26 h of
operation for LSCF 4682 the flux decreases faster. This is in
contrast to SCF membrane. It was expected that the membranes
with higher strontium content will lead to a quicker membrane
degradation and failure. However, at the first glance contradicting
results were obtained because the LSCF 2882 membrane exhib-
ited a longer operation time in CO2 than the LSCF 4682 mem-
brane. With the addition of small amounts of lanthanum (starting
at 0.2 mol%) the oxygen flux is not stopped immediately after
switching to CO2 gas (as observed for SCF) but decreases slowly
with time. Since LSCF 2882 exhibited a higher initial oxygen flux
(Fig. 5a) due to a higher amount of oxygen vacancies it took a
longer time until oxygen permeation broke down completely.
Yokokawa et al. described the thermodynamic aspect of the
perovskite formation [25]. With increasing lanthanum content
the perovskite stabilization energies are increased, which led to
relative stabilization of LSCF 2882 and LSCF 4682 compared to the
SCF membrane. For the LSCF 6482 composition the perovskite
phase may be thermodynamically favored over the carbonate
formation, which may explain the good CO2 tolerance of the
material. Furthermore, the process of oxygen transport through a
dense membrane is controlled (i) by surface exchange with the
gas phase on the sweep side, (ii) by bulk diffusion, and (iii) by
surface exchange with the gas phase on the feed side of the
membrane [26]. The CO2 interacts with the membrane by forming
carbonates and by adsorption on the surface, which hinders the
release of O2 molecules [27]. Tan et al. observed a correlation
between the decreasing overall oxygen permeation flux and the
increasing content of CO2 (0, 20, 50, 70 and 100 vol% CO2) in the

Fig. 7. (a) Fracture surface close to the sweep side of the SCF membrane after operation for 24 h in 100 vol%. CO2 sweep gas. (b–f) Elemental distribution by EDXS of the

area shown in (a).
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sweep gas for LSCF 6482 hollow-fiber membranes [12]. They
proposed that CO2 molecules are chemically adsorbed at the
membrane surface, thus reducing oxygen partial pressure gradi-
ent and surface exchange rates. This was discussed by several
groups elsewhere [28–30]. By increasing the lanthanum content
the stabilization energy of the perovskite is raised, as expected
from the thermodynamic data from the Ellingham diagram [11],
which accounts for a higher CO2 tolerance of the materials. The
1 mm thick LSCF 6482 membrane achieved an oxygen permeation
flux of 0.1 mL min�1cm�2 and was stable in 100 vol% CO2 atmo-
sphere for the investigated period of over 200 h continuous
operation.

3.5. Membranes after operation in CO2

Fig. 6 shows the SCF and LSCF 6482 membranes after operation
in CO2-containing atmospheres. For these experiments the mem-
branes were not polished to provide a better comparability before
and after exposure to CO2. However, same conditions as in the
oxygen permeation measurements were used. It is obvious that
the surface of the SCF membrane (Fig. 6a) was changed as
compared to the well defined grain structure as obtained before
the CO2 experiment (Fig. 3a). The segregated blooming phase on
the surface was found to be cobalt and iron enriched, thus we
expect that it is cobalt oxide as proven by XRD analysis in Section
3.3 and small amounts of iron oxide. The dense surface layer was
depleted of iron and cobalt. From the presence carbon it could be
concluded that it is strontium carbonate, as expected by in-situ

XRD (Section 3.3). The operation in CO2 atmosphere led to a
severe etching of the membrane surface. The LSCF 6482 mem-
brane, which was operated for over 200 h in CO2 atmosphere
showed no formation of carbonates or etchings on the surface
(Fig. 6b). Segregation of small particles at the surface was
observed. The EDXS analysis showed no change of composition
compared to the bulk membrane material.

The fracture surface close to the sweep side of the SCF
membrane after operation for 24 in pure CO2 showed an enrich-
ment of carbon in an around 25 mm thick top layer (Fig. 7a and b).
Cobalt, iron and strontium were homogenously distributed. This
is in contrast to observation for BSCF from Arnold et al. who found
a 40–50 mm thick mixed carbonate and perovskite layer [6]. The
thicker layer may be related to higher carbonate decomposition
enthalpies (DH) for the bigger barium ions [31].

The fracture surface of LSCF 2882 and LSCF 6482 were
vibrational polished to preserve crystallinity to the very surface
and then investigated using backscattered-electron channeling
contrast imaging. The LSCF 6482 showed no phase segregation up
to the surface of the membrane (Fig. 8b), which shows the good
CO2 tolerance of the material. In Fig. 8a the sweep side region of
LSCF 2882 showed phase segregation as expected by in-situ XRD.
The elemental content could not be identified by EDXS in the
SEM. See below for TEM analysis.

TEM Fig. 9a shows two grains in close contact with an
inclusion inside the grain boundary. The obtained SAED patterns
for the upper and lower grain exhibited the cubic perovskite
structure (Fig. 9b and c). The upper grain is orientated along zone
axis [0 0 1] and the lower grain is oriented along zone axis [2 0 1].

Furthermore, the region close to the surface was analyzed by
different TEM techniques. The STEM annular dark-field micrograph
shows regions with different phase composition, which show up
with different contrasts (Fig. 10a). The inset shows a SAED pattern of
the considered orthorhombic carbonate phase oriented along zone
axis [2 1 1]. Following the in-situ XRD analysis it was expected to
find different phases of cubic strontium-depleted perovskite, orthor-
hombic strontium carbonate and cubic cobalt oxide. The analysis of
the phase composition was performed in STEM mode by EELS. The

Fig. 8. Channeling contrast images of the membrane cross-section close to sweep

side of (a) LSCF 2882 and (b) LSCF 6482 membranes (white residues are Al2O3

particles from polishing process, black pinholes are due to closed porosity).

Fig. 9. CO2-exposed sweep side of LSCF 2882 membrane after 200 h of operation.

(a) Bright-field TEM of two grains in close contact. (b) SAED pattern of the upper

grain. (c) SAED pattern of the lower grain.
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EEL spectrum in Fig. 10b in the energy-loss range of 260–340 eV was
obtained from carbonate areas in Fig. 10a. The energies of 272 and
282 eV correspond to the Sr–M2,3 edges and the energies of 290 and
300 eV correspond to C–K edges, which are typical for carbonates
[32,33], indicating the transition of carbon 1 s electrons into higher
unoccupied levels, which correspond to the carbonate C¼O double
and C–O single bonds [34,35]. In the energy-loss range of 500–
900 eV the EEL spectrum of the perovskite exhibits peaks of Fe–L2,3

(710 and 723 eV [36]), Co–L2,3 (782 and 796 eV) and La–M4,5 (837
and 854 eV). These elements were absent in the spectra of the
carbonate phase (Fig. 10c). The O–K ELNES shown in Fig. 10d is very
sensitive to the local environment of the oxygen atoms. The
carbonate spectrum exhibits a narrow peak at 533 eV followed by
the most intense peak at 539 and a smaller peak at 544 eV. This is in
accordance with literature about SrCO3 [34]. The O–K ELNES for the
perovskite is slightly different. The leading peak at 530 eV corre-
sponds to hybridization of the cobalt and iron dxy,dxz and dyz orbitals
with unoccupied oxygen 2p states via 2p–3d interactions, as
observed for complex oxides [37]. The following peaks at 532 and
538 eV may be attributed to additional interactions with the ns and
np states of lanthanum and strontium. The small peak at 541 eV is
related to excitations of O 2p electrons into unoccupied Co, Fe dz

2

and dx
2
�y
2 orbitals [6]. Furthermore, cobalt oxide was detected in the

near-surface region (spectra not shown). The carbonate areas are
very sensitive to the high-energetic electron beam and holes were
drilled easily into them. Beam irradiation causes the decomposition
of SrCO3 into SrO and CO2, which lead to a change of the O–K edges
[34]. The perovskite grains were not damaged by the electron beam
in the typical time scale of an EELS experiment (several minutes).

4. Conclusions

The series of La1�xSrxCo0.8Fe0.2O3�d (x¼1, 0.8, 0.6, 0.4) was
successfully synthesised by a sol–gel method. All powders and
membranes exhibit cubic perovskite structure, except the rhombo-
hedral LSCF 6482, which adopts cubic perovskite structure at
temperatures above 673 K. In-situ XRD measurements and long-
term oxygen permeation measurements in CO2-containing atmo-
sphere reveal the high tolerance of LSCF 6482 towards CO2. Oxygen
permeation experiments in an air/helium gradient showed that with
increasing lanthanum content the oxygen permeation flux
decreases. Microstructure analysis of the membranes after CO2

operation showed that the carbonate preferentially forms a dense
layer at the carbon dioxide exposed sweep side of the membranes.
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a  b  s  t  r  a  c  t

Perovskites  (La1−xCax)FeO3−ı and  (La1−xCax)(Co0.8Fe0.2)O3−ı with  varying  La  and  Ca  contents  (x =  0.4–0.6)
were designed  by  sol–gel  route  as  model  membrane  materials  to be  an  alternative  to  Ba-  and  Sr-
based  systems  for operation  in  the  presence  of CO2. It  was  found  that  only  the  first  members  of the
systems  with  x = 0.4  consisted  of almost  pure  perovskite  phases.  The  materials  containing  more  Ca
(x  =  0.5–0.6)  exhibited  a considerable  amount  of  bi-phase  material,  such  as  brownmillerite  and/or  spinel,
after calcination  at 1223 K. The orthorhombicly  distorted  (La0.6Ca0.4)FeO3−ı and  rhombohedrally  dis-
torted  (La0.6Ca0.4)(Co0.8Fe0.2)O3−ı perovskites  showed  relatively  high  oxygen  permeation  fluxes  at  1223  K
of  0.26  cm3 min−1 cm−2 and  0.43 cm3 min−1 cm−2, respectively.  The  oxygen-ionic  conductivity  of  the
materials was  improved  by about  50%  via  an asymmetric  configuration  using  a porous  support  and
an approximately  10-�m  thick  dense  layer  with  the same  chemical  composition.  In situ XRD  in  an
atmosphere  containing  50  vol.%  CO2 and  long-term  oxygen  permeation  experiments  using  pure  CO2 as
the sweep  gas  revealed  a high  tolerance  of  Ca-based  materials  toward  CO2.  Thus,  we suggest  that  Ca-
containing  perovskite  can  be  considered  promising  membrane  materials  if  operation  in the  presence  of
CO2 is  required.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the last two  decades, mixed oxygen ionic and elec-
tronic conductors (MIECs) have attracted a lot of attention.
Because of their very high oxygen-ionic transport rates over a
wide temperature range, the Ba- and Sr-containing perovskites
[e.g., (Ba1−xSrx)(Co0.8Fe0.2)O3−ı and (La1−xSrx)(Co1−yFey)O3−ı]
rank among the state-of-the-art MIEC materials [1–3]. However,
the wide practical employment of these materials is hindered by
significant problems, like poor chemical and thermomechanical
stability [4–10]. In particular, the degradation of these materials
in the presence of CO2, with the formation of carbonates, [11–16]
handicaps their application in important processes, such as cathode
materials in solid-oxide fuel cells (SOFCs) operated at intermediate
temperatures, in oxyfuel processes or in hydrocarbon partial oxi-
dations, where some CO2 is formed as a bi-product of an undesired
deeper oxidation [17–19].

Tolerance against CO2 can be achieved by the complete replace-
ment of Ba and Sr in the A lattice site of the perovskite structure by
rare-earth elements, like La. Unfortunately, this leads to a dramatic
loss in the oxygen-ionic conductivity of the materials, as caused by
a reduced lattice parameter, which induces lower oxygen mobil-
ity, and by a lower amount of mobile oxygen vacancies, which

∗ Corresponding author. Tel.: +49 511 762 2943.
E-mail address: konstantin.efimov@pci.uni-hannover.de (K. Efimov).

results from a higher oxidation state of the rare-earth cation [20]. To
increase the oxygen deficiency in the perovskite lattice, a Ca cation
with the stable valence state of 2+ can be regarded as a potential
dopant.

The stability of alkaline earth-containing materials in the pres-
ence of CO2 can be evaluated using the Ellingham diagram shown
in Fig. 1. This figure demonstrates the thermodynamic stability of
carbonates at a given CO2 partial pressure and temperature. The
compact lines with positive slope in the diagram represent chemi-
cal potentials of CO2 during the decomposition of corresponding
carbonate, which is equal to negative value of free enthalpy of
decomposition reaction, as calculated with thermodynamic data
using free enthalpy of formation of corresponding educts and prod-
ucts or determined experimentally [21–24]. The dashed lines give
the chemical potential of CO2 at different partial pressures. In gen-
eral, if the CO2 chemical potential of the carbonate decomposition
reaction at the present temperature is higher than at the corre-
sponding partial pressure, the carbonates are thermodynamically
unstable. As can be seen in the Ellingham diagram, CaCO3 is sig-
nificantly less stable than BaCO3 and SrCO3. The relatively small
ionic radius of 135 pm of the Ca2+ cation, as compared with Ba2+

(r = 160 pm)  Sr2+ and (r = 144 pm)  cations, leads to a decline of the
crystal lattice energy of carbonate and can be considered a rea-
son for the lower stability of CaCO3 [25,26]. Note, the Ellingham
diagram gives only a rough guide to estimate the possible toler-
ance of Ca-containing perovskite materials against CO2 because the
stabilization energy of perovskite may  also play an important role

0376-7388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2011.10.030

3.3 Ca-containing perovskites

77



206 K. Efimov et al. / Journal of Membrane Science 389 (2012) 205– 215

Fig. 1. Ellingham diagram for the decomposition of carbonates under different par-
tial pressures. Chemical potential of CO2 above FeCO3, CoCO3, CaCO3, La2O2CO3,
SrCO3, and BaCO3 have been calculated from thermodynamic data [21–23]. The
chemical potential of La2(CO3)3 has been determined experimentally [24]. The
dashed lines represent the chemical potential of CO2 in the surrounding atmosphere
for different partial pressures. p◦(CO2) = 101.3 kPa refers to standard conditions.

[27,28].  Nevertheless, the desirable stability of Ca-containing mate-
rials in the presence of CO2 can be expected from thermodynamic
considerations and was reported for Ca(Ti1−xFex)O3−ı [29].

Teraoka et al. have already reported a high oxygen perme-
ation flux through the perovskite membrane with the composition
(La0.6Ca0.4)(Co0.8Fe0.2)O3−ı in 1988 [30]. Using a higher Ca content,
Stevenson et al. have obtained a very high electrical conductiv-
ity using (La0.4Ca0.6)(Co0.8Fe0.2)O3−ı perovskite in 1996 [31]. Since
then, however, Ca-containing materials have gained little notice as
promising MIEC materials [32–34].  One reason for this lack of atten-
tion may  be the formation of secondary phases, like brownmillerite
and/or the Grenier phase, during the preparation and operation of
the perovskites. It has also been reported that this problem appears
more pronounced with rising Ca content in the materials [31,35].

Recently, the group around Teraoka has developed asym-
metrically structured membranes consisting of a porous support
and thin dense layer and having the chemical composition
(La0.6Ca0.4)CoO3−ı [36]. The main advantage of self-supported
membranes is a result of the good chemical compatibility and
thermomechanical stability of the materials. The oxygen per-
meation flux of the (La0.6Ca0.4)CoO3−ı was enhanced by the
asymmetric configuration up to 300%, which has yielded a value
of 1.66 cm3 min−1 cm−2 [37]. This feature draws a spotlight on the
Ca-containing perovskites as promising candidate MIEC materials.

In the present work, model perovskite systems
(La1−xCax)FeO3−ı and (La1−xCax)(Co0.8Fe0.2)O3−ı (x = 0.4–0.6)
were examined regarding phase purity and stability in the pres-
ence of CO2. Furthermore, bulk and asymmetrically structured
membranes were prepared and investigated for their oxygen-ionic
conducting properties.

2. Experimental

2.1. Powder preparation

A sol–gel route using metal nitrates, citric acid, and ethylene-
diaminetetraacetic acid (EDTA) was applied to prepare the

La1−xCaxFeO3−ı and La1−xCaxCo0.8Fe0.2O3−ı (x = 0.4–0.6) materials
as described elsewhere [38,39]. Given amounts of La(NO3)3 and
Ni(NO3)2 were dissolved in water followed by the addition of EDTA
as an organic ligand and citric acid as a network former. The molar
ratio of metal nitrates:EDTA:citric acid was  equal to 2:1:1.5. The
pH value of the solution was adjusted to the range of 7–9 with
NH3·H2O. The transparent reaction solution was then heated at
423 K under constant stirring for several hours to obtain a gel.
The gel was pre-calcined in the temperature range of 573–673 K
in order to remove organic compounds, followed by calcination for
10 h at 1223 K in air.

2.2. Preparation of bulk and asymmetric membranes

To obtain the bulk membranes, the powders were uniaxially
pressed under 140–150 kN for 20 min  into green bodies. The pel-
lets were then calcined for 10 h at 1423–1523 K with a heating and
cooling rate of 3 K/min.

The asymmetric membranes were manufactured as follows: the
as synthesized powders were ground in a mortar with 20 wt.% of
a pore former block co-polymer Pluronic F 127 (BASF). The mix-
ture was  then press-formed into pellets and fired at 1423 K for
2 h. The dense layers were obtained by spin coating of porous sup-
ports with 3 cm3 slurry (15 wt.% powder in ethanol), drying at room
temperature for 5 h following by calcination at 1423–1523 K for
2–5 h.

2.3. Characterizations of materials

The phase structure of the powders and membranes were stud-
ied by X-ray diffraction (XRD, D8 Advance, Bruker-AXS, with Cu
K�1,2 radiation). Data sets were recorded in a step–scan mode in the
2� range of 20–60◦ with intervals of 0.02◦. In situ XRD tests were
conducted in a high-temperature cell HTK 1200N (Anton-Paar)
between room temperature and 1273 K. Tests in the atmosphere
containing 50 vol.% CO2/50 vol.% air and 50 vol.% CO2/50 vol.% N2
were carried out with heating and cooling rate of 12 ◦C/min. At
each temperature step, the temperature was held for 30 min before
diffraction data collection.

Scanning electron microscopy (SEM) imaging was performed
on a JEOL JSM-6700F field-emission instrument at a low exci-
tation voltage of 2 kV. An energy-dispersive X-ray spectrometer
(EDXS), Oxford Instruments INCA-300, with an ultrathin window
was used for the elemental analysis at an excitation voltage of
15 kV.

Transmission electron microscopy (TEM) investigations were
made at 200 kV on a JEOL JEM-2100F-UHR field-emission instru-
ment (CS = 0.5 mm,  CC = 1.2 mm)  equipped with a light-element
EDXS detector (INCA 200 TEM, Oxford Instruments). The micro-
scope was  operated as scanning TEM (STEM) in high-angle annular
dark-field (HAADF) mode. An energy filter of the type Gatan
GIF 2001 was  employed to acquire electron energy-loss spectra
(EELS).

Specimens for electron microscopy were prepared as follow.
First, the permeate side was  glued with a polycrystalline corun-
dum block using epoxy followed by cutting of membrane into
1 mm × 1 mm  × 2 mm pieces. The protected membrane pieces were
polished on polymer-embedded diamond lapping films to approx-
imately 0.01 mm × 1 mm × 2 mm (Allied High Tech, Multiprep).
Electron transparency for TEM was  achieved by Ar+ ion sputter-
ing at 3 kV (Gatan, model 691 PIPS, precision ion polishing system)
under shallow incident angles of 10◦, 6◦, and 4◦.

Oxygen permeation was measured in a high-temperature per-
meation cell according to the method described elsewhere [40,41].
Before measurements, the bulk membranes were polished with
30 �m polymer-embedded diamond lapping films. Air was fed at a
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Fig. 2. (a) XRD pattern of La1−xCaxFeO3−ı (x = 0.4–0.6) powders. The calculated Bragg positions for orthorhombic perovskite (space group Pnma;  a = 5.496 Å, b = 7.772 Å
and  c = 5.566 Å) are marked with ticks at the bottom of the figure. The intensities of non-perovskite phases are marked in the figure with B for Ca2Fe2O5 brownmillerite
and  S for Ca2FeO4 spinel. (b) XRD pattern of La1−xCaxCo0.8Fe0.2O3−ı (x = 0.4–0.6) powders. The calculated Bragg positions for rhombohedral perovskite (space group R3̄c,
a  = 5.391 Å, b = 13.263 Å) are marked with ticks at the bottom. The intensity of impurity phases are marked in the figure with B for Ca2Co2−yFeyO5, S for Co3O4 spinel and C
for  Ca3Co2−zFezO6.

rate of 150 cm3 min−1 to the feed side; He or CO2 (29.0 cm3 min−1)
and Ne (1.0 cm3 min−1) gases were fed to the sweep side. The
effluents were analyzed by gas chromatography on an Agilent
6890 instrument equipped with a Carboxen 1000 column. The gas
concentrations in the effluent stream were calculated from a gas
chromatograph calibration. The absolute flux rate of the effluents
was determined by using neon as an internal standard. The relative
leakage of O2, which was evaluated by measuring the amount of
N2 in the effluent stream, was subtracted in the calculation of the
oxygen permeation flux.

3.  Results and discussion

3.1. Characterization of powders

The Goldschmidt tolerance factors for perovskite systems
(La1−xCax)FeO3−ı and (La1−xCax)(Co0.8Fe0.2)O3−ı (x = 0.4–0.6) lie
close to unity (t ≤ 1), even for various ratios of Fe4+/Fe3+ and
Co4+/Co3+/Co2+ cations [25,42]. Accordingly, it may  be expected
that both systems crystallize in the perovskite structure. How-
ever, as can be seen in Fig. 2a and b, only the first members of

Fig. 3. In situ XRD pattern of (a) La0.6Ca0.4FeO3−ı and (b) La0.6Ca0.4Co0.8Fe0.2O3−ı . The data were collected during heating and cooling in an atmosphere containing 50 vol.%
CO2/50 vol.% air. Ftotal = 100 cm3 min−1.
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Table 1
Lattice parameters of the LCF perovskite system. The orthorhombicity � was  calculated by: � = 2(a  − c)/(a + c) [48].

T/K Orthorhombic phase (Pnma, Z = 4) Cubic phase (Pm3̄m, Z = 1)

a/Å b/Å c/Å V/Å3 VZ−1/Å3 � a V

303 5.522 7.774 5.487 235.525 58.881 0.0065
773 5.533 7.813 5.521 238.67 59.667 0.0021
873 5.542 7.836 5.536 240.48 60.12 0.001
973 3.923 60.372

1073  3.929 60.68
1173  3.936 61.016
1273  3.944 61.359

the systems (La1−xCax)FeO3−ı and (La1−xCax)(Co0.8Fe0.2)O3−ı with
x = 0.4 consisted of almost pure perovskites with the amount of the
main phases at 97% and 98%, respectively. The compounds with
higher calcium contents include significant fractions of bi-phases.
For the iron-based system, these higher calcium contents were
attributed to brownmillerite (Ca2Fe2O5) and CaFe2O4 spinel. For
cobalt-based materials, these were indexed as brownmillerite-like
phase Ca2Co2−yFeyO5, Co3O4 spinel and the layered complex oxide
Ca3Co2−zFezO6. Brownmillerite exhibits ordered oxygen vacancies
along the c-axis [43]. The Ca3Co2−zFezO6 structure contains chains
of face-shared CoO6 octahedra arranged along the c-axis [44]. These
structures are unfavorable for oxygen-ionic transport. For this rea-
son, the bi-phase-containing compounds with high calcium ratios
have not been considered for further investigations.

The crystal symmetry and lattice parameters of the materi-
als were determined by the Pawley method [45]. It was  found
that both systems showed the distorted perovskite structure.
The (La0.6Ca0.4)FeO3−ı (LCF) exhibited an orthorhombic symme-
try (space group Pnma, number of formula units per unit cell
Z = 4), corresponding to the LaFeO3 oxide with lattice parame-
ters of a = 5.496 Å, b = 7.772 Å and c = 5.566 Å [46]. The structure of
(La0.6Ca0.4)(Co0.8Fe0.2)O3−ı (denoted as LCCF) was rhombohedrally

Fig. 4. XRD pattern of the (a) LCF membrane after sintering at 1523 K for 10 h and
(b)  polished LCF membrane. Bragg-positions of (c) orthorhombic LCF perovskite and
(d)  CaFe2O4.

distorted (space group R3̄c, Z = 6) likewise in the LaCoO3 perovskite
with the lattice parameters of a = 5.391 Å and b = 13.263 Å [47].

The stability of the LCF and LCCF perovskites in different gas
atmospheres and temperatures was investigated using an in situ
XRD technique. Fig. 3a shows the diffraction pattern of LCF collected
in an atmosphere containing 50 vol.% air and 50 vol.% CO2. During
heating and cooling in the temperature range of 303–1273 K, the
oxide retained its perovskite structure. The formation of carbonates
or additional phases was not observed in the measurements. How-
ever, an increase in the temperature above 973 K resulted in the

Fig. 5. (a) SEM micrograph from the cross-section of the unpolished LCF membrane
sintered at 1523 K for 10 h showing formation of a tarnishing layer on the mem-
brane surface (15 kV excitation voltage). (b–d) Elemental distribution by EDXS of
corresponding area: (b) Fe, (c) Ca, (d) La.
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Table 2
Lattice parameters of the LCCF perovskite system. The degree of rhombohedral strain ω was determined using the relationship: cH/aH =

√
6/ cos ω [49].

T/K Rhomboedric phase (R3̄c, Z = 6) Cubic phase (Pm3̄m, Z = 1)

a/Å c/Å V/Å3 VZ−1/Å ω a V

303 5.391 13.263 333.837 55.639 5.5
773 5.436 13.383 342.516 57.086 5.7
873  5.449 13.411 344.819 57.47 5.6
973  5.464 13.431 347.266 57.877 4.7

1073  5.475 13.438 348.909 58.151 3.6
1173  3.888 58.773
1273 3.898 59.227

reversible adoption of cubic perovskite symmetry. Table 1 sum-
marizes the calculated lattice parameters and unit cell volumes
at corresponding temperatures. The orthorhombicity � decreased
continuously with increasing temperature [48]. The crystal unit
cell of orthorhombic perovskite growth with the temperature was
almost independent from the direction. Furthermore, the transition
from orthorhombic to cubic symmetry occurred without a jump in

unit cell volume. Hence, the thermal expansion coefficient (CTE) of
the LCF oxide could be estimated from XRD data to be 15 × 10−6 K−1.

Similar behavior was observed for the LCCF powder (Fig. 3b).
The perovskite material was stable over the whole temperature
range. The reversible transformation of the rhombohedral to the
cubic modification took place above 1173 K without a significant
change of the cell volume per each formula unit (Table 2). The

Fig. 6. (a and b) SEM micrographs of porous supports fired at 1423 K for 2 h: (a) LCCF and (b) LCF. (c and d) Surface of asymmetric membranes showing a dense layer obtained
by  spin coating and sintering: (c) LCCF sintered at 1443 K for 5 h and (d) LCF sintered at 1473 K for 5 h. (e and f) Fractured surface of asymmetric membranes: (e) LCCF sintered
at  1443 K for 5 h and (f) LCF sintered at 1473 K for 5 h. Excitation voltage 2 kV.
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parameter of rhombohedral strain ω remained almost constant
until 873 K and decreased with further increasing temperature
[49]. The lattice parameters of the LCCF perovskite unit cell
expanded isotropically with increasing temperature. Thus, the CTE
of the LCCF was evaluated from the XRD data to be 20 × 10−6 K−1.

Additionally, in situ experiments in an atmosphere containing
50 vol.% N2 and 50 vol.% CO2 were carried out for both per-
ovskite systems. The LCF and LCCF oxides remained stable at these
conditions. This result is evidence of the high tolerance of the Ca-
containing perovskite materials against CO2, as well as the desirable
stability of LCF and LCCF at low oxygen partial pressures and tem-
peratures between 303 and 1273 K.

3.2. Membrane preparation and characterization

The bulk membranes, having a thickness of 1 mm,  were pre-
pared by uniaxial pressing and subsequent sintering. Gas-tight
membranes with densities above 90% and low porosities were
obtained only after sintering at 1523 K for 10 h. However, in the
unpolished LCF membrane, pronounced growth of CaFe2O4 and
La2O3 bi-phases was observed by XRD, as shown in Fig. 4a. After
polishing of the LCF membrane, the ratio of the bi-phases declined
to a value of 3 wt.%, as determined by XRD (Fig. 4b), which equals
their amount in the as-synthesized powder. To elucidate these find-
ings, the unpolished LCF membrane surface was investigated by
SEM. Fig. 5a shows an SEM micrograph from the cross-section of
the LCF membrane acquired with 15 kV acceleration voltages. It
is obvious that a tarnish film with average thickness of 2 �m was
accrued on the membrane surface. Elemental distribution by EDXS
(Fig. 5b–e) revealed the strong accumulation of iron and calcium
combined with the absence of lanthanum in the tarnish layer. Using
Cliff-Lorimer quantification, 66 at.% iron and 33 at.% calcium of the
total value of cations were detected in the surface film. Accord-
ing to EDXS and XRD results, the tarnish layer on the unpolished
LCF membrane can be understood as a CaFe2O4 phase. Thus, it can
be concluded that the CaFe2O4 spinel formed in the LCF mem-
brane at 1523 K preferentially on areas near the surface. A loss
in oxygen from the perovskite structure, as induced by high tem-
peratures, may  be designated as the possible driving force for this
process [35]. A decline in oxygen content led to the reduction of
iron cations and formation of stoichiometric CaFe2O4 spinel. The
preferential formation of CaFe2O4 instead of other stoichiometric
compounds with higher oxygen content like LaFeO3 is also con-
sistent with this hypothesis. A stoichiometric oxide arose at the
membrane surface because oxygen loss on the membrane surface
occurred faster than in bulk. Due to poor oxygen-ionic conductiv-
ity caused by low amount of mobile oxygen vacancies as well as
non-cubic crystal symmetry, the CaFe2O4 film can be considered a
protective layer, which prevents further oxygen release and further
perovskite decomposition. In addition, this hinders the recovery of
the perovskite structure during cooling. Decomposition of the LCF
ceramic at high temperatures due to irreversible oxygen release
can be a handicap for operation of the material under long-term
conditions with a steep oxygen gradient. These conclusions are sup-
ported by the fact that the unpolished LCF membranes sintered at
1523 K do not show any oxygen permeation flux.

For the LCCF membrane, the formation of a tarnish layer was not
observed by XRD or SEM. Traces of a Ca2Co2−yFeyO5 phase could
be detected only with the help of XRD. These findings point out
to the advantageous stability of LCCF perovskite at extremely high
temperatures, as compared with LCF.

To prepare the LCCF and LCF asymmetric membranes, the pow-
ders obtained from the sol–gel synthesis were intermixed with
20 wt.% of block co-polymer Pluronic F 127 as a pore former. This
material was utilized because the use of an organic pore former
is widely applied for the fabrication of a porous support [50–53].

Fig. 7. EDX spectra from the surface of a cross-sectioned LCF membrane: (a) LCF
porous support and (b) LCF dense layer showing the slight accumulation of Ca and
Fe  in the dense layer.

Then, porous membrane supports were constructed by press form-
ing and calcination at 1423 K for 2 h. Fig. 6a and b shows SEM
micrographs from the surface of LCCF and LCF porous supports,
respectively. Obviously, both supports had very high porosities. The
pore size distribution of the LCCF support differed from that of LCF
materials. The LCCF support exhibited some open pores, with sizes
of about 10 �m,  alongside 0.5–3 �m large pores. In contrast, the
pore size distribution of the LCF support was  in the mostly homoge-
nously range of 0.5–2 �m.  The high amount of open pores leads
to good air permeability through both supports, which was  in the
range of approximately 20–25 cm3 min−1 cm−2 between 1123 and
1223 K.

The spin-coating method was  applied to obtain dense mem-
branes on the porous supports. Subsequently, the LCCF membrane
was sintered at 1448 K for 5 h. Very low porosities and no cracks
were observed in the membrane surface using SEM (Fig. 6c). Despite
these occurrences, slightly elevated nitrogen leakage was detected
during oxygen permeation measurements. This finding suggests
that the dense layer was not completely homogeneously devel-
oped on the porous support. The size of the grains in the surface
layer was  found to be in the range of 2–6 �m.  The LCF dense layer,
shown in Fig. 6d, was also formed after sintering at 1473 K for 5 h.
The LCF grains in the surface layer were smaller than that of LCCF
and amounted to 1–3 �m.  The average thickness of the dense layer
of both materials was about 10 �m,  as found in SEM micrographs
from the cross-sections shown in Fig. 6e and f. Both supports main-
tained their open pore structure after sintering. The distribution of
the pore size in the bulk of LCCF and LCF materials after generation
of dense layers was similar to that on the surface before sinter-
ing. EDXS of the cross-sections revealed that the LCCF dense layer
retained its initial composition. A slight accumulation of calcium in
the LCF dense layer was detected by EDXS (Fig. 7), which is related
to the formation of Ca2FeO4 at the membrane surface. The pres-
ence of the bi-phase in the dense layer should be critically viewed
because the impurities cannot be removed by polishing. Because
the formation of a stoichiometric bi-phase on the surface of the LCF
membrane is due to oxygen loss, sintering of the ceramic mate-
rial in an atmosphere with high oxygen content may  be considered
a possible method to prevent the perovskite decomposition and
should be proven in a further investigation.
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Fig. 8. (a) Oxygen permeation flux of 1 mm thick bulk membranes and asymmet-
rically structured membranes. Conditions: sweep flow rates: He = 29 cm3 min−1,
Ne  = 1 cm3 min−1; feed flow rates: 150 cm3 min−1 synthetic air (80 vol.% N2, 20 vol.%
O2). (b) Arrhenius presentation of oxygen permeation.

3.3. Measurements of oxygen permeation through LCCF and LCF
membranes

Measurements of oxygen permeation flux through bulk and
asymmetric membranes were carried out in air/He gradients at
temperatures between 1223 K and 1023 K with 50 K steps. Prior
to the experiments, the bulk membranes were polished with
polymer-embedded 30-�m diamond lapping film to achieve a
uniform surface appearance. The tarnish CaFe2O4 layer, which
formed on the LCF bulk membrane after sintering, was thereby
removed. Fig. 8a shows the oxygen permeation fluxes of bulk and
asymmetric membranes. For LCCF bulk membrane, a maximum
flux of 0.43 cm3 min−1 cm−2 was observed at 1223 K. This value is
comparable to that of La0.6Ca0.4CoO3−ı, as reported by Watanabe
et al. [37]. The oxygen permeation flux through the asymmetric
LCCF membrane at 1223 K was improved by 50% to a value of
0.66 cm3 min−1 cm−2. However, this value was approximately two
orders of magnitude lower than expected from the Wagner equa-
tion, which states that the oxygen ionic conductivity is limited by
bulk diffusion [54]. From our findings, we can assume that oxy-
gen permeation through the asymmetric LCCF membrane is also

Fig. 9. Oxygen permeation flux of the LCCF bulk membrane with a thickness of
1  mm at 1173 and 1123 K. Conditions: sweep flow rate He or CO2 = 29 cm3 min−1,
Ne  = 1 cm3 min−1; feed flow rate 150 cm3 min−1 synthetic air (80 vol.% N2,
20  vol.% O2).

strongly controlled by surface exchange reactions. Furthermore,
the value of the oxygen permeation flux through the present asym-
metric LCCF membrane was  2.5 times smaller than that reported
by Watanabe et al. [37]. This result can be explained by the pres-
ence of low amount of bi-phases, like Ca2Co2−yFeyO5 and Co3O4, in
the surface layer (see discussion related to Figs. 9 and 10), which
diminish the active area for oxygen exchange on the surface, as
well as oxygen permeation through the membrane. Furthermore,
the inhomogeneous distribution of the pore size in the porous sup-
port is unfavorable and is caused by a reduction of the effective area
for oxygen permeation [37].

The activation energy of the oxygen ionic conductivity for bulk
and asymmetric LCCF membranes was determined from the tem-
perature dependency of oxygen fluxes by an Arrhenius plot, as
given in Fig. 8b. Although the asymmetric membrane structure
has an effect on the oxygen permeability, which is considerably
weaker than expected, the activation energy of the oxygen ionic
conductivity was  found to be half that of the bulk membrane.
For the asymmetric LCCF membrane, the activation energy was
determined to be 65 kJ mol−1, compared with the activation energy
of the bulk membrane, which had a value of 137 kJ mol−1. This
fact indicates the different rate limiting steps for oxygen perme-
ation through asymmetric and bulk membranes. The activation
energy for bulk LCCF membrane corresponds to the value that
was calculated by Carter et al. from self-diffusion coefficients as
a function of temperature [50]. Moreover, if activation energy is
determined from the temperature dependency of surface exchange
coefficients, it is around 70 kJ mol−1 [55]. Accordingly, we can
assume that the oxygen surface exchange reaction is the rate
limiting step for the asymmetric membrane. In contrast, oxy-
gen permeability through a bulk membrane is limited by bulk
diffusion.

The LCF material exhibited an oxygen permeation of
0.26 cm3 min−1 cm−2 at 1223 K for the bulk membrane and
0.36 cm3 min−1 cm−2 for the asymmetric membrane at 1223 K
(Fig. 8a). The activation energies for bulk and asymmetric mem-
branes were calculated to be 215 kJ mol−1 and 91 kJ mol−1,
respectively. It can be concluded that oxygen permeation through
the bulk membrane is controlled by diffusion and by surface
exchange reaction for the asymmetric membrane. Relatively low
flux through the asymmetric LCF membrane can be explained by
the accumulation of an CaFe2O4 phase in the surface layer during
preparation.
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Fig. 10. (a) STEM-HAADF micrograph of the permeate side of an LCCF membrane quenched in the presence of CO2. (b) SAED pattern from the area marked with an asterisk
in  (a). (c–f) Elemental distribution by EDXS of the area shown in (a): (c) Co, (d) Ca, (e) Fe and (f) La.

3.4. Stability of LCCF material against CO2

To examine the stability of Ca-containing materials during oper-
ation in the presence of CO2, a time-dependent oxygen permeation
experiment on 1 mm thick LCCF bulk membrane was  carried out
using pure CO2 as a sweep gas. As can be seen in Fig. 9, a steady state
of oxygen flux was reached within 3 h after switching the sweep
gas from He to CO2 at 1173 K. Subsequently, the oxygen perme-
ation declined from 0.27 cm3 min−1 cm−2 to 0.16 cm3 min−1 cm−2

and maintained this value for 100 h. The decrease of oxygen flux at
the start of the measurement may  be explained by the inhibiting
effect of CO2 on the surface exchange reaction, which hinders the
release of oxygen from the solid surface due to reaction of absorbed
CO2 species with the oxygen vacancies on the membrane surface
[15]. Furthermore, the fact that the oxygen surface exchange had
various rates in different gas atmospheres is well known and has
been discussed in detail elsewhere [56–58].  The constant oxygen
permeation flux through the LCCF membrane after steady state
conditions were achieved suggests a high tolerance of the LCCF
material toward CO2. In contrast, the functional performance of Ba-
and Sr-containing perovskites completely collapses, even at lower
CO2 partial pressures, after a very short time.

The LCCF perovskite also exhibited constant oxygen permeation
performance at 1123 K (Fig. 9). This result points to the desir-
able inherent stability of LCCF alongside its high CO2 tolerance at
temperatures below 1173 K. The temperature of 1173 K can be con-
sidered critical for many Co-containing perovskites because they
tend to form hexagonal distorted perovskite phases below this

temperature [7,9,10]. The reason for this issue is a reduction of
cobalt cations combined with the spin-state transition leading to a
significant decrease in ionic radius from Co2+ (high spin) = 74.5 pm
to Co3+ (high spin) = 61 pm,  Co3+ (low spin) = 54.5 pm, and Co4+

(high spin) = 53 pm [25]. The small Co3+ (low spin) and Co4+ cations,
especially together with large A-site cations like Ba2+ and/or
Sr2+, resulted in a Goldschmidt tolerance factor higher than 1
for corresponding perovskites, which is unfavorable for cubic and
orthorhombic symmetries [7–9]. As mentioned in section 3.1, the
tolerance factor for LCCF perovskite did not exceed the value of 1
by any ratio of Co4+/Co3+/Co2+, because of the relatively small ionic
radii of La3+ and Ca2+ cations. Furthermore, the high amount of
La3+ cations in the LCCF may stabilize the valence and spin state of
cobalt in a similar way  as doping of Zr4+ or Ti4+, which is beneficial
for the delayed phase transition kinetics of Ba- and Sr-containing
cobaltites [10,59].

After the long-term oxygen permeation experiment, the LCCF
membrane was quenched in a CO2 atmosphere down to room tem-
perature and investigated by XRD, SEM and TEM methods. XRD of
the permeate site of the membrane revealed no CaCO3 formation.
Except for traces of Ca2Co2−yFeyO5 and Co3O4, the LCCF mate-
rial was  found to consist of rhombohedrally distorted perovskite.
SEM examination of the fractured surface of the permeate side
proved that neither a tarnish layer nor cracks were formed on the
membrane. However, the inclusion of phases, which have different
chemical compositions than LCCF perovskite, in the regions near
the surface and in the bulk were observed by the STEM HAADF
technique (Fig. 10a) by areas with dark Z contrast. Selected area
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Fig. 11. (a) HRTEM micrograph showing two different phases on the cross-sectioned permeate side of LCCF membrane quenched in the presence of CO2. (b and c) EEL spectra
from  the areas marked in (a). (d and e) O-K ELNES from the areas marked in (a).

electron diffraction was applied to the area marked with an aster-
isk in Fig. 10a  and showed no perovskite structures. The intensity
distribution of the diffraction data in Fig. 10b  from the corre-
sponding area can be attributed to a brownmillerite phase with
an orthorhombic symmetry (space group Pnma) oriented along the
[1,0,1] zone axis. The elemental distribution by EDXS in Fig. 10c–f
reveals the accumulation of calcium, combined with the depletion
of lanthanum in this area. Using Cliff-Lorimer quantification, the
composition of the brownmillerite phase was found to be approxi-
mately Ca2Co1.5Fe0.5O5. Furthermore, some additional areas in the
sample, which contained a brownmillerite phase or cobalt oxide,
were detected by EDXS in the LCCF membrane.

Additionally, Fig. 11a  shows an HRTEM micrograph from the
membrane surface, demonstrating the presence of two  phases in
this area. The phase on the left-hand side exhibited lattice fringes
with a separation distance of approximately 7.4 Å, which cor-
responds to the (0 2 0) planes of the brownmillerite phase. The
EEL spectra, which were acquired from both phase areas marked
in Fig. 11a, showed lanthanum-M4,5, cobalt-L2,3, iron-L2,3, and
oxygen-K ionization edges (Fig. 11b and c). The weak intensities of
the lanthanum-M4,5 edge in Fig. 11c clearly reveal that the phases
had different chemical compositions. Furthermore, unequal chem-
ical environments of the cations in these phases were detected
via analysis of the O-K energy-loss near edge structure (ELNES),
which is sensitive to cation coordination, valence, and spin-state
[8,60]. The O-K ELNES in Fig. 11d is typical for perovskite oxides
[38,39].  In contrast, the pattern of the O-K ELNES in Fig. 11e  cannot
be attributed to a perovskite structure. According to HRTEM and
EELS experiments, the phase in the LCCF membrane surface shown
in Fig. 11a  can be indexed as brownmillerite and perovskite oxides.
The presence of lanthanum traces in the brownmillerite phase may
be explained by the limited substitution of calcium due to similar
ionic sizes [25].

Because the traces of brownmillerite and cobalt oxide were
observed in the as-prepared powder and in the sintered ceramic,
we assumed that the formation of foreign phases in the LCCF mem-
brane was not due to operation in a CO2-containing atmosphere.
The non-perovskite phases developed during the synthesis of LCCF
materials and sintering of the ceramic, which is a general prob-
lem of this type of solid solutions. Nevertheless, Ca-based materials
can be considered promising for operation in the presence of CO2,
as LCCF ceramics exhibit stable functional performance in CO2-
containing atmospheres and no carbonate formation was observed
by different analytical methods.

3.5. Comparison of the oxygen permeation flux through LCCF and
LCF perovskite with established MIEC materials

To evaluate whether Ca-containing perovskites are candidate
membrane materials, the oxygen permeation flux through LCCF

Table 3
Comparison of oxygen permeation flux through several relevant MIEC materials
under CO2-free conditions; sweep flow rates: He  = 29 cm3 min−1, Ne = 1 cm3 min−1;
feed flow rates: 150 cm3 min−1 synthetic air (80 vol.% N2, 20 vol.% O2).

J(O2)/cm3 min−1 cm−2

1073 K 1173 K

(Ba0.5Sr0.5)(Co0.8Fe0.2)O3−ı
a 1.48 2.26

(La0.4Sr0.6)(Co0.8Fe0.2)O3−ı
a 0.31 0.61

La2NiO4+ı 0.22 0.38
(La0.6Ca0.4)(Co0.8Fe0.2)O3−ı (LCCF) 0.08 0.27
(La0.6Ca0.4)FeO3−ı (LCF) 0.02 0.16

a Useable only under CO2-free conditions.

and LCF bulk membranes were compared with that of established
MIEC materials. Table 3 summarizes the oxygen permeation fluxes
of relevant MIEC membranes with equal thicknesses of 1 mm.
These experiments were conducted under the same conditions as
for our measurement setup. Obviously, the LCCF and LCF mem-
branes exhibited lower oxygen permeation fluxes compared with
Ba- and/or Sr-containing materials, as well as La2NiO4+ı. Neverthe-
less, Ba- and/or Sr-containing membranes cannot be operated in the
presence of CO2 because of the formation of (Ba,Sr)CO3 [11–16].
The tolerance of La2NiO4+ı material toward CO2 is just as desir-
able as that of our presented LCCF and LCF membranes. In terms
of electrical conductivity, however, Ca-containing materials clearly
exceeded La2NiO4+ı [31,61,62].  Thus, we  propose that Ca-based
perovskites can be considered promising membrane materials for
operation in CO2-containing atmospheres, especially when high
electrical conductivity is required as, for example, with cathode
material applications in SOFCs [63,64].

4. Conclusions

(La1−xCax)FeO3−ı and (La1−xCax)(Co0.8Fe0.2)O3−ı (x = 0.4–0.6)
perovskite systems were fabricated as alternative materials to
Ba- and/or Sr-based perovskite for operation in the presence of
CO2. Because only the first member of the systems with low Ca
content (x = 0.4) consisted mainly of a perovskite phase, these
were investigated regarding chemical stability and oxygen ionic
conducting properties. The La0.6Ca0.4FeO3−ı (LCF) perovskite
was found to be orthorhombically distorted, adopting a cubic
symmetry at temperatures above 1173 K. The lattice symmetry of
La0.6Ca0.4Co0.8Fe0.2O3−ı (LCCF) perovskite was reversibly trans-
formed from rhomohedral to cubic above 873 K. Furthermore,
in situ XRD experiments in the CO2-containing atmosphere reveal
the high tolerance of both materials toward CO2, as expected from
the thermodynamic considerations. The bulk and self-supported
asymmetrically structured membranes were designed from both
materials. Here, the LCF material was found to not be stable at
extremely high temperatures because of the formation of a tarnish
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layer consisting of Ca2FeO4 spinel during sintering at 1523 K.
The bulk LCCF membrane exhibited an oxygen permeation flux
with a maximal value of 0.43 cm3 min−1 cm−2 at 1223 K. The flux
of 0.66 cm3 min−1 cm−2 through asymmetric membranes with a
dense layer thickness of about 10 �m was found to be two  orders
of magnitude lower than the value expected from theoretical
calculations. The activation energies of oxygen ionic conductivity
of bulk and self-supported membranes were determined to be
137 kJ mol−1 and 65 kJ mol−1, respectively. These results point
out that oxygen permeation through a bulk membrane is limited
by self-diffusion. In contrast, the limiting step for the oxygen
permeation performance of asymmetric membranes lies in the
surface exchange reaction. Similar behaviors were also observed
for the LCF membrane. Additionally, the relatively low oxygen
permeation flux through asymmetric membranes can be explained
by the accumulation of impurities, like brownmillerite and spinel
phases, in the surface layer, as well as by the poor distribution of
pore sizes in the porous support. The LCCF bulk membrane showed
a constant oxygen permeation performance during long-term
operation in the presence of CO2. No formation of carbonate was
detected in the membrane after testing for 100 h at 1173 K and for
60 h at 1123 K. Therefore, both the high tolerance against CO2 and
good inherent phase stability of the LCCF was confirmed. Thus, we
propose that Ca-containing perovskites, LCCF, can be considered
alternative membrane materials to Ba- and/or Sr-based perovskite
for operation in CO2-containing atmospheres. The synthesis and
sintering conditions, however, should be optimized to prevent the
formation of non-perovskite phases, which are primarily critical
for performance of an asymmetrically structured membrane.
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4 Chapter 4

Studies of microstructure and
phase stability of perovskites

4.1 Summary
This chapter deals with the investigation of the effect of microstructure on BSCF
and SCF membranes and the influence of partial B-site substitution on long-term
stability of the well known BSCF material.
In section 4.2 membranes of BSCF and SCF with different grain size distributions

were obtained by variation of the dwell times between 2 and 32 hours. The grain
growth was found to follow a power law. The grains of SCF exhibited an average
grain size from 11.3 to 19.9 µm, whereby the average grain size of BSCF was found to
reach from 13.9 to 41.3 µm. The membranes with larger grains showed a reduction
of oxygen flux for the SCF system, which may be related to a phase transition to
an oxygen ordered SrCo0.8Fe0.2O2.5 brownmillerite by-phase, which was identified
by TEM. The BSCF membranes exhibited a reduced oxygen flux for smaller grains.
With larger grain size the oxygen flux increased, but it was found that it was nearly
independent from grain sizes in the regiment between 24 to 42 µm.
Section 4.3 deals with investigations of B-site zirconium substitution to improve

the long-time stability of BSCF. The series of (Ba0.5Sr0.2)(Co0.8Fe0.2)1-xZrxO3-δ (x =
0.01, 0.03, 0.05, 0.07, and 0.09) was synthesized and it was found using XRD and
TEM, that the composition up to x = 0.03 consists of a single phase cubic perovskite
phase. With higher zirconium content a (Ba,Sr)ZrO3 secondary phase formed and
the oxygen permeation flux decreased considerably. Long-term oxygen permeation
measurements and in-situ XRD reveal that a relative stabilization compared to
undoped BSCF is achieved. However, the overall stability still remains poor.
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Abstract

The effect of grain size on oxygen permeation properties of Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) and SrCo0.8Fe0.2O3−δ (SCF) membranes was inves-
tigated by variation of the dwell time. The membrane microstructure was examined by field-emission scanning microscopy (FE-SEM) and then
evaluated using a statistical approach. With longer dwell times the grain growth was stimulated and leaded to grains with a narrower size distribution.
The grains of SCF (average size from 11.3 to 19.9 �m) were found to be smaller than those of BSCF (average size from 13.9 to 41.3 �m). The
oxygen permeation flux of BSCF membranes was found to be independent of grain size in the range from 24 to 42 �m. However, membranes
with smaller grains (13.9 �m) show a decreased oxygen permeation flux. For the SCF membranes a decrease in permeation flux with larger grains
was observed for average grain sizes between 11.3 and 19.9 �m. By transmission electron microscopy (TEM) formation of an oxygen ordered
SrCo0.8Fe0.2O2.5 brownmillerite by-phase could be observed at the oxygen-depleted sweep side of the membrane.
© 2012 Elsevier Ltd. All rights reserved.

Keywords: Microstructure; Grain size; Oxygen permeation; Scanning electron microscopy; Transmission electron microscopy

1.  Introduction

The emission of green-house gases from fossil power
plants can be reduced by sequestration of CO2 by oxyfuel
combustion.1 In this process the fuel is directly combusted with
pure oxygen and the reaction products, water and CO2, can be
easily separated from each other by condensation. The required
oxygen for this technology can be produced by the use of mixed
ionic–electronic conductors (MIECs) as oxygen-transporting
membranes (OTMs).2 For this application, ceramic membrane
materials with good oxygen-ionic and electronic conductivities
are advantageous, which are often classic ABO3 perovskite
materials. Other structures such as fluorites or perovskite-related
structures like La2NiO4+δ are known to possess slightly lower
oxygen permeation properties.3 Among the perovskite materi-
als Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) is known to posses the
highest stable oxygen permeability under long-term conditions
at high temperatures (T  > 1123 K).4 To obtain further optimized
membranes the focus is on: (i) technical improvements such as

∗ Corresponding author. Tel.: +49 511 762 2943; fax: +49 511 762 19121.
E-mail address: tobias.klande@pci.uni-hannover.de (T. Klande).

asymmetric membrane design5; (ii) optimization of microstruc-
ture and processing parameters.6 In fact, the influence of
microstructure on membrane properties has to be understood
but it is discussed controversially throughout a lot of different
studies and materials. For (La0.5Sr0.5)FeO3−δ, Diethelm et al.
reported lower oxygen permeation performance with larger
grain size.7 This matches with measurements by Kusaba et al.
and Etchegoyen et al. who reported analogous results for
La0.1Sr0.9Co0.9Fe0.1O3−δ and La0.6Sr0.4Fe0.9Ga0.1O3−δ per-
ovskite material.8,9 Watanabe et al. observed this behavior for
Ba0.95La0.05FeO3−δ.10 For the perovskite-related anisotropic
oxygen conductor La2NiO4+δ as well, a decrease of oxygen
permeation with larger grains, thus fewer grain boundaries,
was reported.11 Also for so called dual-phase membranes
a decrease of oxygen flux was found for larger grains for
Ce0.85Sm0.15O3−δ–Sm0.6Sr0.4FeO3−δ.12 Other groups showed
a increase of oxygen flux for larger grains – therefore a negative
impact of grain boundaries – for (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3−δ,13

Ca(Ti0.8Fe0.2)O3−δ,14 LaCoO3−δ
15,16 (La0.6Sr0.4)(Co0.2Fe0.8)

O3−δ,17 La0.3Sr0.7CoO3−δ,18 Sr(Co,Fe,Cu,Cr)O3−δ,19

and SrFe(Al)O3−δ–SrAl2O4 composites.20 However, for
the system (Ba1−xSrx)(Co0.8Fe0.2)O3−δ contradicting results
were reported. For the end member SrCo0.8Fe0.2O3−δ larger

0955-2219/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jeurceramsoc.2012.11.023
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oxygen permeation with decreasing grain size was reported.21

Grain size of BSCF was reported to have a strong influence,22

small influence23 or no influence.24,25 In this study on BSCF
and SCF we prepared different membranes with different
microstructure by changing the dwell time during sintering.
All samples were investigated using X-ray diffraction (XRD)
to ensure phase purity. The microstructure was investigated by
field-emission scanning electron microscopy (FE-SEM) and
the obtained micrographs were analyzed to obtain the grain
sizes. The different membranes were investigated by oxygen
permeation measurements to observe the influence of different
grain sizes. Transmission electron microscopy (TEM) was used
to investigate the microstructure after permeation experiments.

2. Experimental

Powders of SrCo0.8Fe0.2O3−δ (SCF) and Ba0.5Sr0.5Co0.8
Fe0.2O3−δ (BSCF) were prepared via a combined citrate and
ethylene-diamine-tetraacetic acid (EDTA) complexing method
as described elsewhere.26 Stoichiometric amounts of metal
oxides were dissolved in water with subsequent addition of
complexing agents and NH3·(H2O). The obtained aqueous
solution was changed into a gel by continuous stirring and
heating. After combustion in a heating mantle, the powders
were precalcined at 1173 K in air for 10 h with heating and
cooling rates of 2 K min−1. The ground powders were uniax-
ially presses into 16 mm green bodies at 150 kN for 20–30 min.
The final sintering process was conducted at 1373 K with a
heating and cooling rate of 1 K min−1 in ambient air atmo-
sphere with different dwell times of 2, 4, 8, 16, and 32 h. The
relative densities were measured via the Archimedes method
on a Sartorius balance model BP 211D with a resolution of
0.01 mg. X-ray diffraction (XRD) analysis was performed using
a Bruker AXS D8 Advance diffractometer equipped with a
Cu K�  radiation source. Data sets were recorded in a step-
scan mode in the 2θ  range of 20◦ ≤  2θ  ≤  90◦ at an interval of
0.02◦. All powders, membranes, and ground membranes were
investigated to ensure phase purity. The microstructure of the
different membranes was investigated in a JEOL JSM-6700 F
field-emission instrument at a low excitation voltage of 2 kV.
Several micrographs of each membrane were taken and then
analyzed using the Image J particle analyzer.27 Effective grain
diameters were estimated from measured grain areas in �m2

by assuming circle-shaped grains. For each membrane between
400 and 500 grains were evaluated. Oxygen permeation was
measured in a custom-made high-temperature permeation cell,
as described elsewhere.13 Both sides of each membrane were
carefully polished with 800 mesh emery paper and then sealed
on an alumina tube with a gold cermet (Heraeus). The feed side
was fed with synthetic air (20 vol.% O2/80 vol.% N2) at a rate
of 150 mL min−1, whereas Ne (1.0 mL min−1, 99.995%) and
He (29.0 mL min−1, 99.995%) were fed to the sweep side. An
Agilent 7890 gas chromatograph with a Carboxen 1000 col-
umn was employed to analyze the gas mixture. The absolute
flux rate was calculated using neon as an internal standard. A
possible O2 leakage was calculated and subtracted from the

total O2 flux after the N2 concentration was measured. TEM
investigations were performed at an accelerating voltage of
200 kV on a JEOL JEM-2100 F-UHR field-emission instru-
ment (Cs = 0.5 mm, Cc = 1.2 mm). The microscope was operated
as a high-resolution TEM (HRTEM) and in selected area elec-
tron diffraction (SAED) mode. The preparation method of TEM
specimen is described in detail elsewhere.28

3.  Results

All produced powders and crushed membranes were inves-
tigated by XRD. The post-calcination process at 1223 K was
sufficient to form single-phase material. However, to achieve
gas-tight membranes higher sintering temperatures of 1373 K
were necessary. The XRD analysis confirmed formation of
single-phase cubic perovskite structure (s.g. Pm3̄m) as can be
seen for example in Fig. 1. The cell parameter for BSCF with
a = 3.986 Å and for SCF with a  = 3.872 Å are in agreement with
literature data (ICSD no. 109462 and 79022).29,30 The decrease
of the cell parameter with decreasing barium content is in accor-
dance with the cation radii of Ba2+ (161 pm) and Sr2+ (144
pm).31

To judge the quality and gas-tightness of the membranes, the
relative density was determined by Archimedes method on sin-
tered membranes. Only membranes with low porosity, which
means not more than 10% deviation from the theoretical den-
sity, were taken into investigation of the permeation properties
(Table 1).

In order to increase the grain size of the material, sev-
eral membranes were sintered with different dwell times. As
expected the average grain size increased with increasing time.
Fig. 2 shows surface of all BSCF membranes with corresponding
grain size distributions. The slope of the cumulative distribution
function shows the spreading around the mean value. A steeper
curve represents a smaller variation. By the shape of the curve the
amount of grains below a certain grain size can be determined.

Fig. 1. Room-temperature XRD powder patterns of (a) SrCo0.8Fe0.2O3−δ (SCF,
a = 3.872 Å) and (b) Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF, a = 3.986 Å). Miller
indices are given for cubic symmetry (s.g. Pm3̄m).
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Fig. 2. Cumulative distribution function, log-normal density function, and sur-
face view of Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes after sintering at 1373 K with
different dwell times: (a) 2 h, (b) 4 h, (c) 8 h, (d) 16 h, and (e) 32 h.

Table 1
Overview of samples according to sintering time, density, average grain size,
and activation energy.

Sample Sintering
time (h)

Density (%
theoretical)

Average grain
size (�m)

Act. energy
O2permeation
(kJ mol−1)

BSCF 1 2 90.7 13.9 29.7
BSCF 2 4 92.8 24.1 34.9
BSCF 3 8 92.2 25.2 34.8
BSCF 4 16 92.0 29.1 33.5
BSCF 5 32 91.4 41.3 34.5
SCF 1 8 94.2 11.3 46.8
SCF 2 16 94.1 15.1 46.6
SCF 3 32 94.3 19.9 55.8

The obtained grain sizes were plotted as histograms. Then, they
were fitted with log-normal distribution density function. For
each sintering time more than 400 different grains were analyzed
and the spreading correlates to a log-normal distribution.

The average grain size as estimated by SEM micrographs
increases from 13.9 to 41.3 �m. The grain size for BSCF sintered
for 2 h is in the range of 1–40 �m whereby most of the grains
are between 5 and 16 �m. With longer dwell times the growth
of bigger grains was stimulated. The membrane sintered for 4 h
exhibited grains in the range of 3–55 �m with the majority of
grains between 15 and 25 �m. When sintered for 8 h the grain
size spans from 5 to 60 �m with a lot of grains between 20 and
30 �m. A dwell time of 16 h leads to a grain size distribution
between 6 and 90 �m with many grains between 20 and 40 �m.
When sintered for 32 h the grain sizes distribute between 10 and
90 �m with most of the grains are around 30–50 �m. The slope
of the cumulative distribution function shows an inhomogeneous
distribution of grains for the BSCF 2 h sample. With increasing
dwell time the grain size distribution is shifted to larger grains
with smaller scatter around the mean value, as can be seen in
Fig. 2. The grain size of all BSCF samples plotted as a function
of dwell time is shown in Fig. 3. The grain growth follows a

Fig. 3. Dependence of the average grain size on dwell time during sintering
at 1373 K for Ba0.5Sr0.5Co0.8Fe0.2O3−δ and SrCo0.8Fe0.2O3−δ. Fitting was per-
formed using the power law d = kt1/n.32
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Fig. 4. Cumulative distribution function, log-normal density function, and
surface view of SrCo0.8Fe0.2O3−δ membranes after sintering at 1373 K with
different dwell times: (a) 8 h, (b) 16 h, and (c) 32 h.

power law d  = kt1/n, 32 where k is the grain growth constant
and n the grain growth exponent. Experimental results show a
variation for metals and ceramics for n between 2 and 4.33 The
grain growth constant and the grain growth exponent for BSCF
were estimated to be 12.8 and 3.1. The change in porosity was
insignificant for the different dwell times.

For SCF analogous behavior was observed with an increase
of the grain size from 11.3 to 19.9 �m (Fig. 4). The grain size
of SCF sintered for 8 h ranges from 1 to 34 �m with most of the
grains between 7 and 11 �m. When sintered for 16 h, grains
between 2 and 48 �m with a dominant fraction between 10
and 15 �m were found. For the sample sintered for 32 h the
grain size spans from 2 to 58 �m with the majority of grains
around 12–18 �m. The variation of grain sizes around the mean
value, obtained by cumulative distribution function, behaves

Fig. 5. Oxygen-permeation flux of Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes after
sintering at 1373 K for different dwell times. Average grain sizes are indicated
as estimated from Fig 2.

similarly as reported for BSCF above. However, the grains in
the SCF membranes compared to the BSCF membranes were
much smaller at same dwell times and temperatures. The grain
size increased, as expected, by a power law dependence with
dwell time (Fig. 3). The grain growth constant and the grain
growth exponent for SCF were estimated to be 5 and 2.5. This is
in contrast to the findings by Zhang et al., who reported before,
that grain size for SCF does not depend on sintering time at
1327 K.21 Sintering times of 2 and 4 h in case of SCF did not
lead to gas-tight ceramics, so that these samples were excluded
in this study.

The oxygen permeation measurements for the BSCF system
are shown in Fig. 5. The membrane sintered for 2 h with an aver-
age grain size of 13.9 �m exhibited the lowest permeation flux
of 1.6 mL min−1 cm−2 at 1173 K. With further increase of the
grain size the permeation rate remained identically at around
2 mL min−1 cm−2. The relative deviation between the oxygen
flux of the samples sintered for 4 and 8 h is 5.5%. For the samples
sintered for 16 and 32 h it is 1.8%. Both are inside the measure-
ment uncertainty. The deviation of the sample sintered for 2 h
compared to the sample sintered for 4 h is 20.1%. The activa-
tion energies calculated by Arrhenius representation are around
35 kJ mol−1 for membranes sintered between 4 and 32 h. The
membrane sintered for 2 h exhibited a slightly decreased activa-
tion energy of 29 kJ mol−1. However, this is in accordance with
earlier reported values for BSCF membranes of 25–30 kJ mol−1

in the temperature range of 973–1173 K24 and 40.9 kJ mol−1 in
the temperature range of 1048–1223 K.4

For SCF the membrane with the smallest grains of 11.3 �m
exhibited the highest flux of 1.92 mL min−1 cm−2. However,
with increasing grain size the permeation flux decreases (Fig. 6),
which is opposite behavior to that of BSCF as described before.
The relative deviation between the oxygen permeation fluxes
for the samples sintered for 8 and 16 h is 6.8% and for the sam-
ples sintered for 16 and 32 h 20.7%. The activation energy for
the oxygen permeation estimated by Arrhenius representation
was around 46 kJ mol−1 for the membranes sintered for 8 and
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Fig. 6. Oxygen-permeation flux of SrCo0.8Fe0.2O3−δ after sintering at 1373 K
for different dwell times. Average grain sizes are indicated as estimated from
Fig. 4. For short dwell times (2 h, 4 h) no dense membranes for oxygen perme-
ation measurements could be obtained.

16 h. The membrane sintered for 32 h exhibited slightly higher
activation energy of 55.7 kJ mol−1. Fig. 7a shows a bright-field
TEM micrograph of the sweep side of the SCF 32 h membrane.
The insets show the sample regions, which were investigated
by high-resolution TEM (Fig. 7b–d). The determination of the
zone axis for each grain was performed by two-dimensional fast
Fourier transformation shown as insets on each corresponding
grain. The grain boundaries were atomically thin without any
interface phases between orthorhombic brownmillerite grains
I and II, as well as between brownmillerite grain II and cubic
perovskite grain III.

4. Discussion

Some groups reported about the influence of microstruc-
ture on functional properties of oxygen-transporting materials,
e.g. BSCF and SCF. It is hard to determine the dominating
oxygen-transport paths for materials because they can change
with composition. The main mechanisms for oxygen diffusion
are bulk and grain boundary diffusion. The diffusion through

Fig. 7. (a) Bright-field TEM of the sweep side of the SrCo0.8Fe0.2O3−δ membrane, (b) grain boundary between two brownmillerite grains I and II, which are both
viewed along [1 ,0 ,1] zone axis, but with different in-plane rotation (c) interface between brownmillerite II and perovskite III and (d) perovskite III viewed along
zone axis [0 ,1 ,0]. Insets showing the two-dimensional fast Fourier transformed of the corresponding grains.
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Fig. 8. Dependence of oxygen-permeation flux on the average grain size for
Ba0.5Sr0.5Co0.8Fe0.2O3−δ and SrCo0.8Fe0.2O3−δ at 1173 K. The data points are
taken from this work (Figs. 5 and 6) and from Arnold et al.22

pores may have an additional effect. However, Bauman et al.
already showed low influence of porosity up to 15% in samples
of BSCF.24

If grain-boundary diffusion is predominant, small grains are
favorable. Otherwise, if bulk diffusion is the major contribution,
large grains are favorable. The third possibility is no effect in
the observed grain size spectrum. Grain growth can be easily
induced by increasing the dwell time and sintering tempera-
ture for the BSCF and SCF membranes. Furthermore, a possible
influence of the microstructure on surface exchange rates has
to be kept in mind. By reducing the thickness below a char-
acteristic value the oxygen flux is predominantly controlled
by surface exchange reactions. With increasing thickness the
ionic transport is governed by a combination of both processes
and will be finally controlled predominantly by bulk diffusion
for thick membranes. The ratio of grains and grain bound-
aries therefore affects both surface exchange rates and bulk
diffusion coefficients. Which transport mechanism is signif-
icant, depends on membrane thickness, temperature, oxygen
partial pressure gradients and possibly phase instability and/or
demixing.34

In Fig. 8 an overview of our measured data for BSCF and
the results of Arnold et al. is given.22 In previous publications
Wang et al. observed a slight increase of permeation flux with
increasing grain size between 55 and 80 �m,23 whereby the
work of Baumann et al. showed a small decrease of permeation
flux in the range of 10–45 �m,24 and the result from Salehi
et al. indicate no effect on permeation flux in the grain size
range of 3–18 �m.25 These results give raise to the assump-
tion that there is no significant contribution of the grain size
in the observed grain size regiment. However, according to the
data from Arnold et al., who found a strong dependence for
small grain sizes, i.e. predominant bulk diffusion, which is in
favor of large grains, was observed in the range of 12–18 �m.22

The small grain sizes were achieved by using boron nitride as
sintering aid. By HRTEM investigations of the grain bound-
aries and electron-energy loss spectroscopy of the grains no

boron containing phase could be detected after sintering of
the membranes. The results of Arnold et al. are in agreement
with our findings for a membrane with an average grain size of
13.9 �m. However, with further increase in the average grain
size beyond 24 �m the variation of permeation flux is not sig-
nificantly changed. A significant influence of larger grains on
oxygen permeation in the grain size range of 24.1–41.3 �m
could not be observed.

For SCF membranes, the oxygen permeation flux was
decreased with larger grain sizes, which is in agreement with
results of Zhang et al.21 This leads to the assumption that the
grain boundaries provide a faster path for oxygen transport. The
increase in grain boundaries may affect the surface exchange
and diffusion processes. The grain boundaries, which exhibit a
higher defect concentration than the bulk material, should pro-
mote oxygen transport. Zhang et al. observed this behavior and
a decrease of permeation flux on 2 mm thick membranes in
the grain size regiment from 4 to 15 �m. Our measurements,
which were extended to the range of 11.3–19.9 �m, could con-
firm this trend (Fig. 8). However, due to the low oxygen partial
pressure in the used helium gas (p(O2) ≈  10−4 atm) a partial
formation of a small amount of brownmillerite by-phase at
the sweep side of the membrane, which leads to lower oxy-
gen conductivity35 would be another possible explanation. The
increase in oxygen permeation by smaller grains may then be
additionally attributed to stabilization of an oxygen-disordered
phase, as observed for cobalt-substituted bismuth vanadate.36

As shown in our TEM investigations at the sweep side of the
SCF membrane sintered for 32 h an orthorhombic brownmil-
lerite phase could be identified (Fig. 7). The XRD patterns taken
from the sweep side showed single-phase cubic perovskite mate-
rial. Also EDXS measurements performed on brownmillerite
and perovskite grains give no evidence of difference in chemi-
cal composition, which leads to the conclusion that ordering of
oxygen between SrCo0.8Fe0.2O3−δ and SrCo0.8Fe0.2O2.5 phases
occurs. This is also indicated by Fig. 7c, which shows a slug-
gish transition between the brownmillerite II and perovskite III.
A biphasic reversible transition of brownmillerite to perovskite
was also found for SrCoO3−δ (δ  = 0.25–0.5) material by Toquin
et al. who did electrochemical oxygen intercalation with simul-
taneous in situ neutron powder diffraction.37 As was reported
by Bouwmeester et al.34 and Qiu et al.35 the surface exchange
rates play a decisive role in SCF materials. The overall transport
kinetics are probably not completely governed by the surface
exchange reaction due to relative thick membranes. However,
a formation of oxygen ordered by-phases like brownmillerites
can cause the observed decrease in permeation flux. This may
also explain the increase in activation energy for the sample
sintered for 32 h compared to the samples sintered at 8 and
16 h.

5.  Conclusions

The microstructural properties of BSCF and SCF mem-
branes, which were sintered for different dwell times, were
investigated in order to elucidate a possible influence on the
oxygen-transport performance. The distribution of the grain size
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was affected by dwell times, whereby a power law dependence
of the grain growth with time was observed. The grains of SCF
membranes were found to be smaller than the grains of BSCF
membranes at same dwell times and sintering temperatures. The
oxygen permeation flux of BSCF membranes was found to be
independent of grain size in the grain size regiment from 24
to 42 �m. However, membranes with smaller grains (13.9 �m)
show a decrease in oxygen permeation flux. It is believed that
there is an onset threshold in grain size after that the microstruc-
tural influence on the permeation flux becomes insignificant. For
the SCF membranes a decrease in permeation flux with larger
grains was observed for average grain sizes between 11.3 and
19.9 �m. This behavior was reported earlier by Zhang et al. for
average grain sizes between 4 and 15 �m. It may be explained
by faster grain-boundary diffusion and/or phase stabilization by
smaller grains, which inhibit formation of an oxygen-ordered
by-phase.
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a b s t r a c t

The series of (Ba0.5Sr0.5)(Co0.8Fe0.2)1�zZrzO3�d (z¼0, 0.01, 0.03, 0.05, 0.07, and 0.09) was synthesized by

a sol–gel method. The materials with a zirconium content up to 3 mol% were found to be single phase.

Further increase results in formation of a mixed (Ba,Sr)ZrO3 by-phase, which was found along the grain

boundaries and in the grains. With increasing zirconium content the oxygen permeation flux decreases

considerably. The effect of the zirconium substitution on the long-term phase stability was investigated

by long-term oxygen permeation experiments and X-ray diffraction. A slight stabilization of the oxygen

flux of (Ba0.5Sr0.5)(Co0.8Fe0.2)0.97Zr0.03O3�d was found after 180 h at 1023 K. However, all compositions

show a decrease in permeation flux with time, but the pure BSCF membrane exhibited the strongest

drop after 180 h of operation. The decomposition products of the cubic perovskite phase were found to

be a hexagonal Ba0.57xSr0.57xCoO3 and a rhombohedral Ba1�xSrxCo2�yFeyO5�d.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Mixed ionic electronic conductors (MIECs) offer the advantage
of mobile ionic oxygen species and electrons in the same material.
Therefore, they can be used as dense oxygen-transporting mem-
branes (OTMs) for the separation of oxygen from ambient air or in
integrated systems as solid oxide fuel cell (SOFC) cathodes [1–3].
This field is clearly ruled by oxides with perovskite structure and
features the well-known Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF). This
material attained a lot of attention since 2000, when Shao et al.
demonstrated the very high oxygen permeation flux for a BSCF
membrane over a wide temperature range [3], which is mainly
attributed to the high amount of mobile oxygen vacancies in the
cubic perovskite lattice [4,5]. In fuel cells BSCF exhibits a low
polarization resistance of 0.055–0.071 O cm�2 at 873 K and 0.51–
0.60 O cm�2 at 773 K in a BSCF9electrolyte9BSCF cell [1].

However, Shao et al. and van Veen et al. discovered that a
stable oxygen flux is only achieved when the temperature is
higher than 1123 K [3,6]. To reach an economic operation of
SOFCs, the temperatures should be lowered to the intermediate
temperature range (773–1123 K) [7]. The aforementioned
instability of BSCF was observed by several groups, which
correlate a slow decrease of the oxygen permeation flux in
the intermediate temperature range to a phase decomposi-
tion into a non-cubic perovskite [8–10]. Shao et al. and

Rebeilleau-Dassonneville et al. observed additional reflections in
the X-ray diffraction (XRD) patterns after long-term measure-
ments, which could not be identified [3,8]. Švarcová et al.
extended the XRD investigation and described the unknown
phase as a hexagonal 2H or 4H polymorph perovskite [9]. How-
ever, the composition of the phase was still unclear. Some hints
were delivered by basic investigations of the formation route of
BSCF by Arnold et al. They showed that the hexagonal Ba0.75Sr0.25

CoO3�d is an intermediate on the way to the cubic BSCF structure
[11,12]. D. Müller et al. investigated the degradation of BSCF with
transmission electron microscopy (TEM) techniques. They found
foreign phases in the grains, but focused mainly on the grain
boundaries, were they identified a hexagonal phase. They pro-
posed decomposition into the two end members, hexagonal
Ba1�xSrxCoO3�d and cubic BaxSr1�xFeO3�d and constructed a
simple phase diagram [13]. The first detailed study was per-
formed by Efimov et al., who addressed the grain intergrowth
phases. They found a hexagonal phase and a lamellar non-cubic
perovskite phase, which was identified as a trigonal perovskite.
They suggested a hexagonal Ba0.6Sr0.4CoO3�d and a trigonal 15R-
related Ba1�xSrxCo2�yFeyO5�d oxide as main decomposition pro-
ducts with minor amounts of a mixed barium–strontium oxide
Ba0.4Sr0.6O and a iron and strontium-enriched cubic perovskite
Ba0.5�xSr0.5þxCo0.8�yFe0.2þyO3�d [10]. Further investigations by
Liang et al., who used a dead-end membrane reactor geometry
with highly pressurized air (1–5 bar) and vacuum extraction
found similar results [14]. The degradation was more severe
under the strongly oxidizing conditions at the sweep side
rather than under the reducing conditions at the permeate side.
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This view is supported by density functional theory (DFT) calcula-
tions by Kuklaja et al. [15] who found that a high concentration of
oxygen vacancies stabilizes the cubic phase. The formation
energies of the vacancies are significantly smaller in the cubic
phase than in the hexagonal phase. Following investigations of
BSCF by Ph. Müller et al. confirmed the formation of the
hexagonal and trigonal decomposition products. They used the
convergent beam electron diffraction (CBED) technique to deter-
mine the point group of the trigonal Ba1�xSrxCo2�yFeyO5�d [16].
This structure is related to the trigonal 15R barium cobaltite
series Banþ1ConO3nþ3(Co8O8) as described by Sun et al. [17].
The first member of this series Ba2CoO6(Co8O8) was investigated
in consideration of using it as new material for SOFCs by different
groups [18–20].

Considering Goldschmidt’s tolerance factor [21], which offers a
rough estimation whether cubic perovskite structure is formed,
based on the ionic radii of the used cations and anions, the radius
and spin state change of low- and high-spin Co2þ /3þ ions is
regarded as the main driving force for the observed phase
decomposition [10,12,13,22]. An approach proposed by Švarcová
et al. was to partially substitute the B-site cations by fixed valent
cations, which exhibit a ionic radius close to that of high-spin
Co2þ (74.5 pm) [9]. This counteracts the radius decrease during
the oxidation to low-spin Co3þ (54.5 pm). Some groups reported
about B-site substitution of BSCF with Y3þ (90 pm), Nb3þ

(72 pm), or Zr4þ (72 pm) [23–25]. All ionic radii for six-fold
coordination were taken from Shannon et al. [26]. The substitu-
tion of BSCF with varying amounts of zirconium performed by
Yakovlev et al. was remarkable, because they found a stabilization
of the cubic perovskite phase during long-time in-situ annealing
using electrical conductivity relaxation (ECR) measurements [25].
The optimum amount of zirconium substitution was discovered
to be 3 mol%.

In this paper, we extend the work of Yakovlev et al. and
investigate the effect of B-site zirconium substitution on the
stability of BSCF membranes using long-term oxygen permeation
experiments and XRD. The series of BSCFZ compounds
(Ba0.5Sr0.5)(Co0.8Fe0.2)1�zZrzO3�d (z¼0, 0.01, 0.03, 0.05, 0.07, and
0.09) were synthesized using a standard sol-gel route. The
membranes were investigated by scanning electron microscopy
(SEM). Furthermore, the microstructure of selected samples was
investigated by TEM with combined energy dispersive X-ray
spectroscopy (EDXS) analysis of grains and grain boundaries. A
Jänecke prism for the Ba–Sr–Co–Fe–Zr system was proposed from
XRD and EDXS data.

2. Experimental

2.1. Powder and membrane preparation

Powders of BSCFZ stoichiometry were prepared by a sol–gel
route using metal nitrates, citric acid, and ethylenediamintetraa-
cetic acid (EDTA) as described elsewhere [27,28]. Proper amounts
of Ba(NO3)2, Sr(NO3)2, Co(NO3)2, Fe(NO3)3, ZrO(NO3)2 were dis-
solved in de-ionized water under heating and stirring. EDTA and
citric acid were then introduced, so that the total ratio of metal
nitrates, EDTA and citric acid was equal to 1:1:1.5. The pH value
of the solution was adjusted using NH3 �H2O to be in the range of
7–9. The transparent reaction solution was than heated at 423 K
under constant stirring for several hours. With the evaporation of
water, a dark purple gel was obtained. The gel was then pre-
calcined at 673 K to make the primary powder, which was
subsequently calcined for 10 h at 1223 K in air in order to remove
organic compounds and obtain the powder with the final
composition.

The resulting powders were uniaxially pressed at 10–15 kN for
30 min into green bodies. Followed by the calcination of the
pellets at 1373 K for 10 h with a heating and cooling rate of
3 K min�1, dense membrane disks were obtained.

2.2. Characterizations of materials

The phase structure of BSCFZ powders and membranes was
characterized by X-ray diffraction (XRD, D8 Advance, Bruker-AXS,
with Cu Ka radiation). Data sets were collected in step width of
0.021 in the 2y range from 201 to 801.

Scanning electron microscopy (SEM) was performed with a
JEOL JSM-6700F field-emission instrument at low excitation
voltage of 2 kV with secondary electrons. Specimens of mem-
brane cross-sections were prepared using Buehler a VibroMet 2
vibratory polisher to preserve crystallinity to the very surface. In
order to visualize different phases in the polished specimens a
backscattered-electron channeling contrast imaging of SEM at
5 kV excitation voltage was used. Transmission electron micro-
scopy (TEM) was performed at 200 kV on a JEOL JEM-2100F-UHR
field-emission instrument equipped with light-element energy-
dispersive X-ray (EDX) detector (INCA 200 TEM, Oxford Instru-
ments). The microscope was operated as scanning TEM (STEM) in
high-angle annular dark-field (HAADF) mode.

The oxygen permeation measurements were performed on a
dense membrane disk with diameter 16 mm and a thickness of
1 mm in a high-temperature cell according to the method
described elsewhere [29,30]. For the long-term oxygen permea-
tion measurements, the reactor temperature was hold at 1023 K
for more than 180 h. Air was fed at a rate of 150 mL min�1 to the
feed side, He (29 mL min�1) and Ne (1 mL min�1), which were
used to determine the absolute flux rate of the effluents, were fed
to the sweep side. The effluents were analyzed by online-coupled
gas chromatography on an Agilent 6890 instrument. The gas
concentrations in the effluent stream were calculated from a gas
chromatograph calibration. The absolute flux rate of the effluents
was determined by using neon as an internal standard. The
relative leakage of O2, which was evaluated by measuring the
amount of N2 in the effluent stream, was subtracted in the
calculation of the oxygen permeation flux.

3. Results and discussion

3.1. Characterization of powders and fresh membranes

The XRD powder patterns of all (Ba0.5Sr0.5)(Co0.8Fe0.2)1�z

ZrzO3�d compounds show reflections from cubic perovskite
structure (Fig. 1a). However, only the first members of the BSCFZ
system with zr3 mol% consisted of single cubic perovskite
phase. With the increasing content of zirconium, additional
reflections were evident, indicating the formation of an impurity
phase. The by-phase was identified to be a cubic (Ba,Sr)ZrO3

perovskite, which strongest (1 1 0), (2 0 0) and (2 1 1) reflections
occur in the powder diffraction pattern of (Ba0.5Sr0.5)(Co0.8

Fe0.2)1�zZrzO3�d with z43 mol%. Lattice parameters of the BSCFZ
materials are calculated to be 3.98 Å Because of minimal differ-
ence of the cation size of high spin Co2þ (74.5 pm) and Zr4þ

(72 pm) the lattice parameters of BSCFZ materials change only
marginally. As can be seen from SEM micrographs of fresh BSCFZ
membrane surfaces the by-phase exerts wide influence on the
microstructure of the sample (Fig. 1b). Obviously the formation of
the by-phase leads to a decrease of the grain size. While the
grains on the BSCF, BSCFZ1 and BSCFZ3 membrane surfaces have
a similar average diameter of 20–30 mm, the by-phase formation
causes a decline of the average grain diameter down to 1–5 mm.
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The strongest impact was observed for the BSCFZ9 sample.
Because (Ba,Sr)ZrO3 crystallizes mostly in the grain boundaries,
the sintering process and the grain growth could be influenced.
The formed by-phase inhibits the material transport through the
grain boundaries and obstructs the grain growth of the
BSCFZ phase.

Fig. 2 shows EDXS measurements of the BSCFZ, which prove
the successful doping with zirconium ions. The increase of
zirconium content in the BSCFZ samples can be observed on the
increasing intensity of the Zr-Lb-line.

To elucidate these findings, the BSCFZ9 membrane was inves-
tigated by TEM. Fig. 3a shows a STEM micrograph of the
membrane cross-section. The grain boundaries of the material
(2) are decorated with small crystallites with size less than
150 nm. Furthermore, there are some inclusions (3) in the grains
itself, although not as numerous as along the boundaries. Ele-
mental distribution by EDXS (Fig. 3b) revealed a strong enrich-
ment of zirconium in these regions. The Zr-Lb2-line of the grain
boundary by-phase exhibited the strongest intensity, followed by
the less zirconium-containing by-phase in the inclusions. Similar
results were published by Caro et al. for the BaCoxFeyZr1�x�yO3�d

system [31]. The saturation with zirconium ions is reached in the
grains and the excess of Zr forms with Ba and Sr cations new
zirconium-rich phases, which preferentially crystallize in the
grain boundaries. Fig. 2 allows comparison of variations in BSCFZ
composition. The Zr-Lb-line for BSCFZ3 material in Fig. 2 corre-
sponds to Zr-Lb-line of the grain in Fig. 3b (BSCFZ9).

A possible explanation for a formation of the by-phase accord-
ing to the results is the limited miscibility of zirconium ions in the
solid solution of BSCF system. Fig. 3c shows a schematic Jänecke
prism of BaCoO3–BaFeO3–BaZrO3–SrCoO3–SrFeO3–SrZrO3–com-
pounds. Each of the ternary compounds is located on the corners
of the prism. Equilateral triangle areas represent three-
component phase diagram. BSCF is located on the side of the
triangle with a proportion of 1 of barium and strontium ions.
Doping with zirconium can be realized up to 3 mol% (solid line).
The dashed line illustrates the miscibility gap in which the system

demixes to zirconium-rich phases with different compositions.
During this demixing process a change of the Ba/Sr ratio, and thus
compositional deviation from the shaded triangular plane in
Fig. 3c, is also possible.

3.2. Measurements of oxygen permeation through BSCFZ

membranes

Measurements of oxygen permeation through gas-tight mem-
branes were carried out in an air/He gradient at temperatures
between 1223 K and 1023 K with 50 K steps. To achieve a uniform
surface of each membrane, they were polished with polymer-
embedded 30 mm diamond lapping film. Fig. 4a shows the results
of the oxygen permeation measurements at given conditions for
BSCF, BSCFZ3, BSCFZ5, BSCFZ7 and BSCFZ9 membranes. The
undoped BSCF membranes demonstrate the highest oxygen
permeation flux of 2.1 mL min�1 cm�2 at 1223 K. This value is

Fig. 1. (a) XRD pattern of BSCFZ powders after calcination for 10 h at 1223 K in air. Major reflections from (Ba,Sr)ZrO3 by-phase are marked by dashed rectangles (b) SEM

micrographs of BSCFZ membrane surfaces after sintering in air at 1373 K for 10 h.

Fig. 2. EDX spectra of the BSCFZ membranes, showing the stronger Zr-Lb-line with

increasing content of zirconium. Measurements were made at 10 eV per channel.
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comparable to that reported for BSCF by Shao [2]. With increasing
Zr4þ ion concentration a decline of oxygen permeation can be
observed. Because of the higher valance state of Zr4þ the oxygen
vacancies concentration decreases. Furthermore the enhancement
of the metal–oxygen bonding energy leads to the diminishment of
the oxygen permeation flux through zirconium-doped materials,
because the migration of the oxygen ions is more hindered.

The activation energy of the oxygen ionic conductivity was
determined from the temperature dependency of oxygen fluxes
by an Arrhenius plot, as given in Fig. 4b. The activation energy of
BSCF was determined to be between 31 kJ mol�1 and 48 kJ mol�1,
which correspond to the value given in the literature [2,32]. The
results for BSCFZ are given in Table 1. Nevertheless, it was found,
that the activation energies at temperatures between 1073 K and
1023 K are higher, compared to activation energies at elevated
temperatures between 1223 K and 1123 K. This may be explained
by a greater oxygen vacancy concentration at elevated tempera-
tures. The oxygen content of BSCF decreases with increasing
temperatures as was shown by D. Müller et al. using thermo
gravimetric analysis (TGA) and Lin et al. using X-ray photoelec-
tron spectroscopy (XPS) [33,34].

3.3. Long-term stability of BSCFZ structure

To investigate the phase stability of the cubic structure in the
intermediate temperature range a long-term oxygen permeation
experiment was arranged at 1023 K for 180 h. Fig. 5 shows the
results of this measurement for BSCFZ membranes. The oxygen
permeation flux of BSCF was reduced from 1.0 mL min�1 cm�2 to

Fig. 3. (a) STEM annular dark-field micrograph of the BSCFZ9 membrane cross-section with labeling areas (1–3) for elemental analysis. (b) EDX spectrum of the selected

areas. X-ray lines from C und Cu appear due to a narrow TEM pole piece and do not belong to the specimen. (c) Schematic Jaenecke’s prism for Ba–Sr–Co–Fe–Zr oxide

system shows the location of BSCF in a quaternary compound system and miscibility gap for more than 3 mol% Zr (dotted line).

Fig. 4. (a) Oxygen permeation flux through 1 mm thick BSCFZ membranes as

function of temperature. Conditions: sweep flow rate: He¼29 mL min�1,

Ne¼1 mL min�1; feed flow rate: 150 mL min�1 synthetic air. (b) Arrhenius plot

of oxygen permeation flux.

Table 1
Activation energy according to Fig. 3b.

Material Ea (kJ mol�1)

1223–1123 K 1073-1023 K

BSCF 31.33 47.85

BSCFZ3 34.61 64.53

BSCFZ5 33.77 58.60

BSCFZ7 33.20 53.77

BSCFZ9 28.26 47.28
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0.44 mL min�1 cm�2. This result is in a good agreement with the
results reported by Shao et al. and Efimov et al. [23,10]. The
continuously decreasing oxygen permeation performance can be
explained by the formation of secondary phases as reported in
literature [10,13–16]. The substitution with zirconium on the B

site of BSCF should result for one in the lowering of the tolerance
factor t in the intermediate temperature range, which makes the
cubic structure (with t¼1) more stable at given conditions.
Furthermore, the higher charged Zr4þ , compared to Co3þ , stabi-
lize the neighboring oxygen octahedral and hinder them from
twisting. Against the expectations, the zirconium-doped materials
did show only a relative stabilization of the oxygen permeation
flux at the intermediate temperature. A decline of the oxygen

permeation flux was also observed by BSCFZ materials, although
in comparison to BSCF the reduction of oxygen permeation flux
was not so strong. BSCFZ1 and BSCFZ3 showed the best results in
terms of long-term stability and values of the oxygen
permeation flux.

Additionally, Fig. 6a shows the XRD patterns of BSCF, BSCFZ3
and BSCFZ7 membrane surfaces after the long-term permeation
measurement. The undoped BSCF and BSCFZ9 materials show the
degradation. Furthermore, the degradation is most severe under
the most oxidizing conditions. The reflections of the hexagonal
Ba0.57xSr0.57xCoO3�d and rhombohedral Ba1�xSrxCo2�yFeyO5�d

occur with more pronounced intensity on the sweep side in
comparison to the permeate side. These results are in good
agreement with the result reported by Liang et al. for BSCF
dead-end tube membranes [14].

The backscattered-electron channeling contrast images of
BSCF and BSCFZ3 membrane cross-sections after the long-term
permeation experiment are presented in Fig. 6b. The cubic
structure degradation of the BSCF material results in the forma-
tion of a hexagonal Ba0.57xSr0.57xCoO3�d, a trigonal Ba1�xSrx

Co2�yFeyO5�d and a mixed barium–strontium oxide
Ba0.57xSr0.57xO as was observed by in-situ XRD and by TEM
EDXS and in previous studies [10]. Furthermore a barium and
cobalt depleted cubic perovskite Ba0.5�xSr0.5þxCo0.8�yFe0.2þy

O3�d may be proposed [10]. These decomposition products
appear mostly, but not exclusively, in the grain boundaries. As
recently shown by Ph. Müller et al. the rhombohedral lamellae are
formed also near to the hexagonal phase [16], which constitutes a
further structural inhomogeneity. The cubic BSCFZ3 structure
seems to be more stable at given experimental conditions.

4. Conclusions

We have shown that the partial substitution of B-site cations in
BSCF by zirconium can be accomplished up to 3 mol% when a single-
phase product is desired. The so-obtained oxygen-transporting
membrane material possesses an improved phase stability in the

Fig. 5. Long-term oxygen permeation as a function of time at 1023 K. Conditions:

sweep flow rate: He¼29 mL min�1, Ne¼1 mL min�1; feed flow rate:

150 mL min�1 synthetic air. For associated XRD results and SEM micrographs

see Fig. 6.

Fig. 6. (a) XRD patterns of the selected BSCFZ membrane surfaces after long-term oxygen permeation at 1230 K for 180 h. (b) Backscattered-electron channeling contrast

images of BSCF and BSCFZ3 membrane cross-sections after the long-term permeation experiment.
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intermediate temperature range (i.e. 773–1123 K) as compared to the
original BSCF perovskite. However, practical application of zirconium-
substituted BSCF in the intermediate temperature range seems not to
be feasible as the oxygen permeation flux still continuously drops
over time. Because of the drawbacks regarding relative stabilization
and lower oxygen permeation flux with increasing zirconium con-
tent, the BSCFZ materials are not an appropriate alternative for
intermediate temperature oxygen-transporting membranes.
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