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INTRODUCTION

Perovskite oxides and related compounds provide us with an excellent platform for
materials research with their flexible crystal structures and wide ranges of physical
properties. The large variety of elemental compositions and the possibility for
large amounts of oxygen vacancies allow the tuning of electrical conductivity
to anything from an insulator to superconductivity1 and magnetic properties
such as ferromagnetism, antiferromagnetism and spin-glass behaviour. Among
other interesting properties found in perovskites are colossal magnetoresistance,2–4
half-metallicity5 and multiferroic properties.6 In addition to the aforementioned
properties perovskite oxides also exhibit high oxygen-ion conductivity and catalytic
activity towards the oxidation of hydrogen and hydrocarbons which can be utilised,
among other applications, in solid oxide fuel cells (SOFCs). One of the currently
urgent research goals is to achieve higher efficiency through the direct conversion of
fuel to electricity with SOFCs, compared with internal combustion engines limited
by Carnot efficiency, in non-stationary applications and distributed production of
electricity. Owing to their large capability for the reversible absorption/desorption
of oxygen combined with fast oxygen-diffusion kinetics, perovskites and related
oxide materials may also have potential as new oxygen storage materials needed
for various applications such as three-way catalysts,7,8 gas separators9 and oxyfuel
combustion.10

1.1

Structure and Stoichiometry of Perovskite-Related Oxides

An ideal perovskite structure ABO3 consists of corner-sharing BO6 octahedra
with A cations filling the empty 12-coordinated sites (Figure 1(a)). The structure
can contain a large variety of different atoms with A-site atoms being usually an
alkali metal, alkaline earth metal or rare-earth element and B being a transition
metal or a similar element. Moreover, many perovskites are prone to accommodate
large concentrations of oxygen vacancies, either ordered or randomly distributed,
giving one more degree of freedom for material engineering. The wide range of
possible cation compositions makes perovskite and perovskite-related materials
ideal as a research subject.
A further factor affecting the perovskite structure is cation ordering. The socalled double perovskites exhibit varying degrees of cation ordering of either
A- (Figure 1(b)) or B-site (Figure 1(c)) cations. The degree of order is mainly
1

controlled by differences in the charge, ionic radius and/or preferred coordination
sphere of the cations on these sites.11,12 The larger the differences are the
higher the degree of order is. Additionally a perovskite structure can have any
combination of different types of cation and anion ordering. One of the most
well-known examples of such perovskites is the oxygen-deficient high-temperature
superconductor YBa2 Cu3 O7 − δ with an ordering of both A-site cations and oxygen
vacancies.13 A partial substitution of the A site of a perovskite with very large
cations may lead to an ordered perovskite where the perovskite blocks become
disconnected in one lattice direction due to the preference of the large A-site
cations to create a distinct layered structure (Dion–Jacobson phases14–16 ).

Figure 1. Crystal structures of (a) simple perovskite, (b) A-site ordered double perovskite, (c) B-site ordered double perovskite, and perovskitederived (d) Pb2 CuSr2 RCu2 O8 + δ and (e) Ruddlesden–Popper phase.
The flexible perovskite structure can be even further diversified by transforming it
into a layered structure by introducing one or more additional layers of different
2

structures between perovskite blocks. The separating layers or layer-blocks can
have any of the multitude of different structures such as rock-salt (Ruddlesden–
Popper phases,17,18 Figure 1(e)), bismuth oxide (Aurivillius phases19 ), lead copper
oxide (Figure 1(d)) or fluorite (many high-temperature superconductors20–22 )
type structures, and can have positive, negative or neutral charge depending on
the elemental composition and the structure. The thicknesses of the individual
layer-blocks and the charge distribution between them can be used to control
some of the physical properties. Furthermore, some layered perovskite-related
structures may, contrary to perovskites, possess oxygen excess in their structures
in form of interstitial oxygen atoms.23,24
Occasionally the layered perovskites-related oxides, such as some Ruddlesden–
Popper phases, have been found to be unstable under humid conditions and
topotactically intercalate water into the structure in ambient conditions. Similar
behaviour has also been observed for other types of layered compounds.25,26

1.2

Material Challenges of Perovskite Oxides in Applications

Perovskite oxides are used in many applications requiring high operating temperatures which may cause additional concerns in material selection. In applications
such as SOFCs with operating temperatures of up to 800–1000 ◦ C, not to mention
the even higher temperatures used during manufacturing, the high temperature
causes significant limitations to fuel-cell material durability.27 The thermal stability of the compounds may result in problems since in many applications the
conditions at high temperatures can be either highly oxidising or reducing thus
limiting the choice of elements. Another significant limitation is caused by the
aforementioned wide range of elemental compositions perovskites can exhibit.
As most applications require several components to be in contact with each
other, at high temperature reactions between the different components of the
system become increasingly more probable and can lead to the degradation of
the desired properties. In some cases, these reactions can be prevented by the
introduction of a suitable buffer layer between the components but at the cost of
increased complexity of the system. The high temperatures also require careful
selection of the components in terms of thermal expansion which must be similar
enough so that the stress on the interfaces is minimised as otherwise the stress
may cause a weakening of the contact between the components or even cracking
of the components. In addition to new or improved materials more optimised
3

manufacturing techniques can be used to improve the stability and performance
of the materials. Not only is the operating temperature of application important
but also the usually even higher temperatures required during the manufacturing
of a system may lead to a need for improved manufacturing techniques.
The limitations caused by high operating temperatures have led to intensive
research on lowering the operating temperature in applications such as fuel cells
by improving the ionic and electronic conductivities and lowering interfacial
resistances of the currently known materials. Moreover, new material candidates
with even better physical properties and thermal stability are actively searched
to achieve lower operating temperatures.
Oxygen-ion mobility is one of the key properties needed for both oxygen storage
and SOFC materials, among other applications. As ionic conductivity is usually
significantly, sometimes even several orders of magnitude, smaller than electronic
conductivity, the careful design of the system is required to achieve high performance. In oxygen storage materials, high oxygen-ion mobility is required for
reasonable kinetics during oxygen absorption/desorption. In for example SOFCs
both pure oxygen-ion conductors and mixed ionic-electronic conductors (MIECs)
are needed, although the latter is not imperative but is still highly desired as
without MIEC elecrodes the catalytic reaction occurs only at the triple-phase
boundary, i.e. the point where gas, electrolyte/electrode support and catalyst
contact, thus rendering most of the electrode surface inactive.
Further complications may arise from minor components present in air or in other
gases used in the applications. At high temperatures, the gaseous impurities
become more reactive and can react with the materials used in applications
or otherwise accumulate into the system due to reduction or oxidation. Not
only is the stability of the materials at high temperature (both operating and
manufacturing temperatures) important but also the stability of the materials
at ambient conditions is of significant importance. Ambient air contains several
different components which may cause problems the most common of which are
water and CO2 , but also less common impurities such as oxides of nitrogen or
sulphur can have significance. All of these compounds can sometimes react with
oxide materials and cause the decomposition of either the surface or the whole
compound through the formation of hydroxides, carbonates, nitrates or sulphates.
Some perovskite-related layered oxides also have the tendency to topotactically
intercalate water into the structure in ambient conditions resulting in significant
expansion of the structure which may cause problems for the manufacturing and
storage of the materials.

4

1.3

Scope of the Present Thesis

In this thesis the redox chemistry and thermal stability of some perovskites
and perovskite-derived layered oxides were investigated the emphasis being on
materials which could have possible uses in practical applications such as SOFCs
and devices based on oxygen storage. The focus of the work was on the synthesis, phase stability, crystal structure and oxygen-stoichiometry of selected
materials. The effects of isovalent and aliovalent transition metal substituents
on the crystal structure, physical properties and thermal stability of B-site ordered double perovskites derived from Sr2 MgMoO6 − δ were investigated.I,II,III
Also new Ruddlesden–Popper phases (Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7
(0.15 ≤ x ≤ 0.33) — related to Sr2 MgMoO6 − δ — were synthesised, and preliminary studies of their crystal structures were performed.IV
The effects of environmental and structural factors on the stability and formation
of water-containing derivative phases of Ruddlesden–Popper compounds through a
topotactic intercalation reaction were investigated.V,VI,VII A novel categorisation
of the water-containing derivative phases of Ruddlesden–Popper compounds was
established.VII Also the effect of the rare-earth element, R, in the perovskitederived layered cuprate, Pb2 CuSr2 RCu2 O8 + δ , on the rapid low-temperature
oxygen absorption/desorption properties was studied.VIII

5

2

REDOX CHEMISTRY OF TRANSITION METAL OXIDES

Controlling the valence state of transition metal atoms in oxides is crucial to obtain
specific functional properties whether they are electrical, magnetic, catalytic or
other. Most transition metals have several stable or metastable oxidation states
which can be utilised in materials design. The different oxidation states can
be present in a compound either as a single oxidation state or a combination
of several oxidation states, i.e. mixed valence. Mixed valence is often divided
into three categories:28 (i) electronically isolated crystallographically different
atoms with trapped valences, (ii) valence mixing with a small activation energy
of crystallographically similar atoms with distinct valences, and (iii) valence
mixing of crystallographically identical atoms by delocalised electrons and equal
non-integer valence.
The mixed valence of transition metal atoms in solid matter is common and
can be either inherent or induced. Inverse spinel, Fe3 O4 , is an example of
a compound with inherent mixed valence resulting from the stoichiometry of
the compound. Another example of a compound with an inherent mixed valence is the B-site ordered double perovskite Sr2 FeMoO6 5 which, contrary to
Fe3 O4 , would not necessarily need to have mixed valence if simply looking at
the stoichiometry of the compound. However, in Sr2 FeMoO6 , the B-site cations
Fe and Mo are both in a mixed-valence state, II/III and VI/V, respectively
due spontaneous charge transfer. Induced mixed valence can be achieved either by aliovalent substitution (e.g. in (La, Sr)2 CuO4 29 ), oxygen vacancies (e.g.
in perovskites, SrFeO3 − δ ,30,31 YBa2 Cu3 O7 − δ 32,33 ), cation vacancies (e.g. in
perovskites La1 − x Mn1 − x O3 34–38 ), interstitial oxygen excess (e.g. in RuddlesdenPopper compounds, La2 CuO4 + δ ,23 La2 NiO4 + δ 24 ) or interstitial cation excess
(e.g. in wurtzite compounds, Zn1 + x O39,40 ). The mixed valence of transition
metal atoms makes a significant contribution to the electrical conductivity in
oxides. As many of these oxides are semiconductors the mixed valence significantly
improves electrical conductivity.
Controlling the oxygen non-stoichiometry of oxides is required in order to control oxide-ion conduction. A majority of the good ionic conductors have nonstoichiometry of corresponding ions as either vacancies or interstitial ions since
for stoichiometric compounds operating temperatures close to their sintering
temperatures are required for significant ionic conductivity.41 Introduction of
oxygen vacancies to a structure does not necessarily mean high ionic conduction
6

because vacancies can be trapped next to some cations, form clusters or the
vacancies may become ordered with oxygen atoms. For the research of materials
with purely ionic conductivity, the situation becomes even more complex since
many compounds with high ionic conductivity are also electronic conductors and
selection of elemental composition becomes crucial. In all compounds with high
oxygen-ion conductivity, the conduction is a consequence of oxygen vacancies.41
Changes in oxygen non-stoichiometry can sometimes be utilised directly in applications such as in oxygen storage materials. These compounds have their uses
in for example catalytic converters where they are used to provide extra oxygen
when needed.
Applications with high operating temperatures in highly oxidising or reducing
conditions introduce new difficulties to materials design. Even though reducing/oxidation at the operating temperature is sometimes desired, excess reduction/oxidation may lead to the degradation of the desired properties or even
decomposition of the phase. At operating temperatures of, for example those of
conventional high-temperature SOFCs, materials are exposed to highly oxidising
(cathode side) and reducing (anode side) conditions with electrolyte materials
being exposed to both. Such conditions cause significant limitations to the selection of elemental composition and crystal structure for materials. Most crystal
structures can include atoms in only a limited range of different oxidation states
due to both introduction of either oxygen vacancies or excess oxygen and changes
in cation sizes leading to decomposition, phase transition or significant changes in
lattice parameters. Therefore the extreme operating conditions may in some cases
prevent the usage of materials which at lower temperatures show good potential.
Investigation of redox reactions and thermal stability is commonly done by
utilising thermogravimetry (TG) and other methods such as high-temperature
X-ray diffraction (XRD). With TG the changes in oxygen stoichiometry can be
monitored with high precision at various temperatures and atmospheres. In many
applications, such as SOFCs and other applications with oxygen-ion conductors,
oxygen vacancies are desired in order to obtain high oxygen mobility and electrical
conductivity.
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3

Sr2 MgMoO6 − δ -BASED DOUBLE-PEROVSKITE OXIDES

Perovskite oxides have been actively researched for all parts of SOFCs. Several
interesting candidates have been found for both cathode and anode materials. Most
commonly used cathode material in SOFCs is the perovskite (La, Sr)MnO3 42,43
which unfortunately conducts only electrons whereas several other perovskite-type
cathode materials such as (La, Sr)(Co, Fe)O3 − δ 42–44 or A-site ordered double
perovskite RBaCo2 O5 + δ 45–47 are of MIEC type with both electronic and ionic
conduction. Several different candidates for electrolyte materials have been
investigated as well, including doped cerium and bismuth oxides,48,49 not to
mention the perovskite material La0.8 Sr0.2 Ga0.83 Mg0.17 O2.815 .50–53 Many of these
materials have been found to show great potential as intermediate-temperature
replacements for the most commonly used high-temperature oxide-ion conductor
YSZ.
The search for new materials for SOFCs recently led to the B-site ordered double
perovskite Sr2 MgMoO6 − δ , which was found to be a promising candidate as an
anode material.54,55 It is stable in both oxidising and reducing atmospheres
and highly tolerant to sulphur, which is not the case for conventional SOFC
anode materials such as Ni. However, a higher concentration of H2 S still causes
slight degradation of Sr2 MgMoO6 − δ .55 Tolerance for sulphur-containing fuels
is desired as it makes using less processed natural gas and other hydrocarbon
fuels possible. In addition to sulphur tolerance, Sr2 MgMoO6 − δ can function as a
direct oxidation catalyst54,55 and therefore reforming of hydrocarbon fuel is not
necessary. Aliovalent substitution of Sr with La56 or Sm57 improves the fuel-cell
performance and has been found to result in cation vacancies58 in addition to the
mixed valence of Mo. In the case of isovalent substitution of Sr with Ca or Ba a
weak trend of increased amount of oxygen vacancies with a decreasing average
ionic radius of the A-site cations was reported.58
In the present study, the effects of B-site substitutions of Sr2 MgMoO6 − δ on
crystal structure, thermal stability and electrical conductivity were investigated.
Substitutions on the Mg and Mo sites were done separately, for Mg selected,
mostly divalent, first-row transition metals (Mn, Fe, Co, Ni, Zn) were used as
substituents and for Mo the effects of both isovalent (W) and aliovalent (Nb)
substitutions were investigated.
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3.1

Crystal Structure

The Sr2 MgMoO6 − δ and its substituted derivatives are B-site ordered double
perovskites with alternating Mo and Mg atoms on the B site (Figure 2). In
transition metal oxides the degree of order of cations is usually described by the
Bragg–William long-range order parameter,59 defined as S = 2gi − 1, where gi is
the occupancy of the cation i on its correct crystallographic site obtained from
Rietveld refinement of either X-ray or neutron diffraction data. In order to fully
explain the distorted crystal structure with both rotation and tilting of octahedra
the triclinic space group I1 has to be used.60

Figure 2. Crystal structure of perfectly ordered Sr2 MgMoO6 − δ . Oxygen atoms
are located at corners of the polyhedra.
In Sr2 MgMoO6-δ the concentration of oxygen vacancies and the degree of order
of B-site cations correlate strongly and can be controlled, to some degree, by the
selection of a more reducing synthesis atmosphere creating more oxygen vacancies
and lower degree of order.60,II,III The highest concentration of oxygen vacancies
has been obtained when the degree of order is the lowest. This has been explained
by the introduction of so-called antisite disorder which creates reducible Mo-O-Mo
linkages instead of the unlikely formation of Mg2+ in five-coordinated form.60
The degree of order of Sr2 MgMo1-x (Nb/W)x O6-δ double perovskites decreases
significantly with the substitution of Mo with Nb whereas using W as a substituent
has the opposite effect and causes a slight increase in degree of order (Figure
3). This is mainly due to the smaller charge difference between Mg2+ and Nb5+
than between Mg2+ and Mo6+ /W6+ . Octahedral ionic radius of Nb5+ (0.64 Å) is
also larger than that of Mo6+ or W6+ , (0.59 Å and 0.60 Å, respectively) making
the difference in the ionic radius with Mg2+ (0.72 Å) smaller thus decreasing the
tendency towards cation ordering. In addition to charge and size differences also
the intrinsic oxygen vacancies, caused by the lower valence of Nb compared with
9

that of Mo, result in a lower degree of order by the prevention of five-coordinated
Mg2+ as previously reported for Sr2 MgMoO6-δ .60

Degree of order, S

1.00
0.95
0.90
0.85
0.0

0.2

0.4
0.6
0.8
W/Nb content, x

1.0

Figure 3. Dependence of the degree of order, S, of Sr2 MgMoO6-δ ( ),
Sr2 MgMo1-x Nbx O6-δ ( ) and Sr2 MgMo1-x Wx O6-δ ( ) on the substitution level x.
Since the concentration of oxygen vacancies has a major impact on the electronic and ionic conductivities the reducibility of the air-synthesised samples
of Sr2 MgMo1-x (Nb/W)x O6-δ by post-annealing at 1000 ◦ C in 5 % H2 was investigated (Figure 4).III In W-substituted samples the concentration of oxygen
vacancies achieved decreased with increasing substitution level, x, down to half
of the value obtained for the unsubstituted compound whereas in Nb-containing
samples the reducibility decreased even more rapidly with increasing amount of

Reducibility, ∆δ

Nb as in the sample with x = 0.5 the reducibility was almost non-existent.
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000
0.0

0.2

0.4
0.6
0.8
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1.0

Figure 4. Dependence of the reducibility of Sr2 MgMo1-x Nbx O6-δ ( ) and
Sr2 MgMo1-x Wx O6-δ ( ) at 1000◦ C in 5% H2 on the substitution level
x.
The lower reducibility of Nb-substituted samples may be explained by the intrinsic
oxygen vacancies which hinder the formation of additional oxygen vacancies due
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to the coordination chemistry of Mg2+ as described earlier. By utilising the X-ray
absorption near-edge structure (XANES) spectroscopy measurements at Mo, Nb
and W L3 - and L2 -edges it was found that in Nb-substituted samples only Nb was
reduced while in W-substituted samples both Mo and W were reduced.III This
supports the assumption that intrinsic oxygen vacancies are most likely located
next to neighbouring Mo atoms and therefore fewer easily removable oxygen
atoms are left in the structure. The location of the intrinsic oxygen vacancies also
correlates well with the lower degree of order of Nb-containing samples.
In addition to the substitution of Mo with W and Nb, the substitution of Mg with
di- or trivalent elements can be used to alter the crystal structure and properties
of Sr2 MgMoO6-δ . Samples with M = Mg, Ni, Zn show a linear increase of cell
volume with an increasing ionic radius of M (Figure 5) as expected for nearly
fully-ordered double perovskites consisting of B-site cations only in +2 and +6
valence states.II On the other hand, compounds with M = Mn, Fe, Co show varied
degrees of difference from this trend which can be explained by induction of mixed
valence, or changes in the degree of order and/or oxygen non-stoichiometry. The
degree of order of these compounds is significantly lowered (Figure 5), which
roughly correlates with the lower unit-cell volume.II The lower degree of order
can be explained by the mixed valence of both B-site cations, i.e. M 2+ /M 3+
and Mo6+ /Mo5+ . The lower charge difference between B-site cations and the
significantly smaller ionic radius of M 3+ than that of M 2+ , compared with an
only slight change in the ionic radius of Mo upon reduction from +6 to +5, lead

260

1.0
Mn

256
252

244
240
0.65

0.6

Zn
Mg

248
Ni

0.70

0.8

0.4
Co
0.75

0.2

Fe
0.80

Degree of order, S

Unit cell volume (Å3 )

to a lower degree of order.

0.0
0.85

Ionic radius of M 2+ (Å)
Figure 5. Unit-cell volume ( ) and degree of B-site order ( ) of Sr2 M MoO6-δ
(M = Mg, Mn, Fe, Co, Ni, Zn) as a function of ionic radius of the
transition metal constituent (M 2+ , 6-fold coordination, high-spin
state61 ). Dashed line represents the unit-cell volume trend expected
for substitution with M 2+ .
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3.2

Thermal Stability

Using first-row transition metal atoms as substituents in perovskite-based anode
materials has significant limitations in terms of thermal stability in potential fuel
cell applications as many of these elements are easily reduced too much whereas
others are easily oxidised to high valence states. If the oxidation state of transition
metal in the double-perovskite structure changes too much it usually leads to
at least partial decomposition of the phase. In the investigation of the thermal
stability of Sr2 M MoO6 − δ (M = Mg, Mn, Fe, Co, Ni, Zn), significant differences

Weight (%)

were observed in thermogravimetric measurements shown in Figure 6.II

102.0

Mn
Fe

100.0

Mg

98.0

Co

96.0
Ni
94.0

Zn

200 300 400 500 600 700 800 900 1000
Temperature (◦ C)
Figure 6. Behaviour of Sr2 M MoO6 − δ compounds at elevated temperatures.
Data for M = Mn and Fe are in air, and for Mg, Co, Ni and Zn in
5% H2 .
The parent phase Sr2 MgMoO6 − δ is found, in agreement with previous reports,55
to be stable in both reducing and oxidising atmospheres. The M = Mn and
Fe compounds, synthesised in reducing atmospheres, are unstable in air and
start to decompose above 300 ◦ C, whereas the air-synthesised Co, Ni and Zn
compounds start to decompose in reducing atmosphere at about 700, 800 and
800 ◦ C, respectively. Compounds with M = Co or Ni can possibly be used
below 800 ◦ C62,I,II although somewhat larger difference between operating and
decomposition temperatures would be preferable. Contrary to M = Co and Ni
samples Zn substitution prevents usage at normal SOFC operating temperature
of 800 ◦ C but operation at temperature of intermediate temperature solid oxide
fuel cells (ITSOFC, 500–600 ◦ C) may be possible if catalytic properties and
ionic/electrical conductivities are sufficient. Lower operating temperature is
12

generally needed for many types of compounds with easily reduced low-valent
first-row transition metal atoms.
In contrast to the first-row transition metal atoms many of the other transition
metal atoms do not exhibit as many oxidation states in oxides and are therefore
much more stable in both oxidising and reducing conditions. This can be seen in
the substitution of Mo with either Nb or W which do not have any significant
effect on the thermal stability of Sr2 MgMoO6 − δ .III The better stability is mainly
due to the fact that contrary to the last first row transition metals some other
transition metals (e.g. Ti, Mn etc.) are not so easily reduced to a metallic state.

3.3

Electrical Conductivity

In addition to thermal stability and catalytic activity also high electrical conductivity is one of the most important properties of SOFC anode materials to
minimise ohmic losses, especially in the anode-supported fuel cells, which are
currently the most common setup in large scale applications as the most common
anode YSZ/Ni has very good electrical conductivity. Most Sr2 MgMoO6 − δ -based
compounds are mixed conductors with both electronic and ionic conduction making them potentially better than the commonly used cermet materials if their
electrical conductivity can be made high enough. Usually it is said that electrical
conductivity of 1 S/cm to 100 S/cm is required for electrode materials and naturally the higher the better. In electrode-supported systems higher conductivity is
needed than for electrolyte-supported systems as the anode needs to be orders of
magnitude thicker in the former case.
Upon substitution of Mo with either Nb or W the electrical conductivity decreases
as much as several orders of magnitude as shown in Figure 7. This behaviour is
somewhat expected as the substituted samples exhibit lower reducibility compared
with the parent phase as stated previously. Lowered reducibility leads to fewer
charge carriers and poorer electrical conductivity. The situation is, however, not
so simple as there are many other factors influencing the conductivity. The poor
electrical conductivities make these compounds unusable as anode materials in
practical applications.
The electrical conductivities of the Sr2 Mg(Mo, Nb/W)O6-δ compounds follow the
small-polaron hopping mechanism63 which has been previously reported for the
parent phase.55 In this mechanism Arrhenius’ equation includes a temperature
dependent pre-exponential term A/T , i.e. σ = (A/T )e−Ea /kB T , rather than just
13
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Figure 7. Temperature dependence of electrical conductivity of Sr2 MgBO6-δ
with B = Mo ( ), B = Mo0.8 Nb0.2 ( ), B = Mo0.5 Nb0.5 ( ), B =
Mo0.6 W0.4 ( ) and B = W ( ).

A. Activation energies obtained from a fitting of Arrhenius’ equation to the
conductivity data increase upon the substitution of Mo with both Nb and W.III
Substitution of the B-site cation Mg with di- or trivalent transition metals or
other similar more easily reducible cations can be used to introduce mixed valence.
Increased electrical conductivity has been observed when Mg is substituted with
Co64,65,I , Ni62,I and Fe.66 All of these substituents have potential to be in
either di- or trivalent state and therefore a mixed valence of Mo may result.
The increased electrical conductivity in Co-substituted compounds is a result of
an increase in both electronic and ionic conductivities making them even more
interesting from the application point of view.65 Small amounts of aliovalent
substitution of Mg e.g. with Al has also been found to improve both electrical
conduction and fuel-cell performance, which correlate well with increased carrier
concentration.67 The increased electrical conductivity of these compounds has
also been shown to improve the power density of fuel cells in some cases.64,65,67
In other cases such as Mn-for-Mg substitution a decreasing effect on the fuel cell
performance has been seen although the electrical conductivities are similar.55
Some of these compounds have shown varying degrees of degradation in longer
measurements when using CH4 fuel presumably due to coke formation on the
anode surface.62,66,I Substitutions on the Mg site have also shown to be beneficial
as the compounds are more easily reduced back in H2 after potential exposure
to air at the operating temperatures whereas the unsubstituted compound is
14

much less reduced at operating temperature. Combining both A- and B-site
substitutions however has not been as beneficial since for example Ba2 M MoO6
have been found to show lower fuel cell performance.68
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4

RUDDLESDEN–POPPER OXIDES DERIVED FROM
DOUBLE PEROVSKITES

Besides the perovskite oxides many perovskite-derived compounds such as Co-,
Ni-, Cu- and Mn-based Ruddlesden–Popper (RP)17,18 compounds have been
investigated for use as a cathode material in SOFCs.69,70 Some of these, such
as the La2 NiO4 + δ -based ones have been reported containing excess oxygen,
up to δ = 0.25, located in interstitial sites in the rock-salt block24,71–73 and
found to exhibit promising MIEC properties but unfortunately lower electrode
performance than common perovskite materials.74 Also RP phases related to the
Sr2 MgMoO6 − δ double perovskite have been reported but only as an intergrowth
of Sr2 MgMoO6 − δ 75 or as a decomposition product of Sr2 MgMoO6 − δ under
heavily reducing conditions.60
Ruddlesden–Popper structures consist of perovskite blocks separated by rock-salt
type blocks as shown in Figure 8. These compounds have a general formula of
An + 1 B n O3n + 1 , where A is an alkali metal, an alkaline earth metal or a rare-earth
element and B is a transition metal or a similar element such as e.g. In, Sb or
Bi. Many RP compounds possess a significant concentration of oxygen vacancies
located in the centre of the perovskite block but which also affect the atomic
positions in the rock-salt block.76 Similarly to perovskites also RP compounds
can exhibit B-site cation ordering.77–84 In the present work, a novel RP phase
(Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7 (0.15 ≤ x ≤ 0.33) was synthesised and
its thermal stability characterised.

n=1

n=2

n=3

Figure 8. Structures of An + 1 B n O3n + 1 Ruddlesden–Popper (RP) compounds
with n = 1, 2 and 3.
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Before the present study, RP phases in the Sr−La−Mg−Nb−O system had
not been reported. Preliminary attempts to synthesise the composition closest
to double perovskites, i.e. the n = 2 RP (Sr1 − x Lax )3 (Mg0.5 Nb0.5 )2 O6.5 + x/2
(0 ≤ x ≤ 1), were mostly unsuccessful, except for the end member, x = 0.33.IV Instead of the desired compositions, a spontaneous exclusion of some SrO and MgO
occurred resulting in a composition close to (Sr1 − δ Laδ )3 (Mg0.5 −  Nb0.5 +  )2 O7 .
This behaviour is most likely due to the preference of Mg2+ to have six-fold coordination60 and therefore the composition became different to prevent the formation
of oxygen vacancies. Based on these observations the nominal composition was
altered to (Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7 to maintain stoichiometric
oxygen content.
Most RP phases ideally crystallise in the tetragonal space group I4/mmm17,18
but sometimes also in orthorhombic or monoclinic space groups. Indexing the
electron diffraction (ED) data of (Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7 along
the [0 0 1] direction (Figure 9) revealed a primitive lattice which corresponds well
with the XRD data; using the I4/mmm space group the XRD pattern could
not be properly explained as several smaller reflections remained unexplained.
√
√
Instead the orthorhombic space group (P mmm; a ≈ 2aI , b ≈ 2aI , c = cI )
was able to explain all extra reflections. The clear supercell spots in the ED
data also suggested B-site cation ordering which has been previously reported
for several other RP systems.77–84 The appearance of B-site cation ordering
was somewhat expected as the charge difference is rather large and also some
difference in size exists between Mg2+ (0.72 Å) and Nb5+ (0.64 Å). In many of
the previous reports of B-site ordering in RP structure the ordering was only local
in each perovskite block with the adjacent perovskite blocks randomly aligned
and thus no long-range ordering was seen.78–80,82,84

Figure 9. Electron diffraction pattern of the x = 0.33 sample of
(Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7 in the [001] direction.
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The profile fitting of the XRD data using the space group P mmm resulted in
a reasonable fit. The obtained lattice parameters decreased as the substitution
level, x, increased as shown in Figure 10. The effect of substitution on the lattice
parameter c is significantly larger than on a and b, both of which remaining
essentially unchanged. In correspondence with the trend observed for the lattice
parameters the unit-cell volume also decreases linearly with increasing x. The

5.645

20.60

5.640

20.58
c (Å)

a,b (Å)

lattice contraction is in good agreement with the ionic radii of the substituents.

5.635
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5.630
20.54
5.625
0.1
0.2
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Figure 10. Dependence of the lattice parameters, a (
), b (
) and c (
),
of (Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7 (0.10 ≤ x ≤ 0.4) on the
substitution level, x.
Physical properties, such as electrical conductivity, of the compounds could not
be determined due to poor sinterability which decreased with decreasing La
content. The thermal stability of the compounds proved to be not very good
since prolonged sintering at 1400 ◦ C in air resulted in the partial decomposition
of the compounds.
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5

WATER INTERCALATION INTO LAYERED OXIDES

During the search for interesting properties in transition metal oxides several types
of layered transition metal oxides, such as layered cobaltates,25 Dion–Jacobson
compounds26 and Ruddlesden–Popper compounds, have been found to intercalate
water as separate layers of either hydroxide or water into their crystal structure
resulting in a significant expansion of the unit cell in the layer-stacking direction.
Some of these have interesting properties such as superconductivity25,85–89 and
high photocatalytic activity for splitting water into hydrogen and oxygen.90–96 In
this study, the focus was chosen to be on Ruddlesden–Popper compounds due to
their more versatile compositional range.
So far the intercalation of water into RP compounds has been reported for
cuprates,85–89,97–99 ferrates100–102,V–VII , cobaltates,102–106 indium-antimonates
and -bismuthates,81,107 titanates,90,91,108–116 tantalates,92,94,117–120 titanotantalates121 and zirconates.122,123 The large variety of different compositions for which
the intercalation of water has been observed can be seen as both a positive and
a negative thing. When looking for new compounds with interesting properties
the wide range of elements is desirable but if the goal is to prevent the structural
changes of a compound for a specific application then limitations to possible
substituents are not wanted. Some cobalt- and iron-based perovskites,42–44 for
example, have been found to be reasonably promising as SOFC cathode materials
and naturally it would be interesting to investigate RP compounds with similar
compositions for the same application. Unfortunately the tendency of many RP
compounds to react with water at room temperature is not making them very
interesting materials to investigate from the application’s point of view.
In the present work, the tendency of Ruddlesden–Popper compounds to react
with water at ambient conditions was investigated. Particularly, the effect of
oxygen content on the reactivity of these compounds was studied. A novel
categorisation of the water-derivative phases into two distinctly different groups
was also presented.
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5.1

Water Intercalation into Iron-Based Ruddlesden–Popper
Oxides

The oxygen content of the Sr3 FeM O7 − δ type phases has been found to influence
the stability of the phase towards the intercalation of water.V,VII If the oxygen
content is high, the intercalation is inhibited or at least too slow to be noticed in
the time frame of most experiments. In the compounds which are reactive the
reaction rate of intercalation increases with decreasing oxygen content.V,VII For
samples with very low oxygen content the reaction could be observed instantly
after exposing the samples to ambient conditions. In case of Sr3 FeTiO7 − δ , the
reaction was extremely slow and in order to obtain the derivative phase the sample
had to be kept in a closed container with low humidity for a extended period
of time.VII Even though the oxygen vacancies in RP structures are located in
the perovskite block76,124 they also affect the rock-salt block. The oxygen atoms
coordinated with the cations of the rock-salt block are displaced towards the
perovskite block to compensate the oxygen vacancies in the perovskite block and
change the coordination environment of the rock-salt block cations as shown in
Figure 11 based on atomic positions determined by Dann et al.76 The altered
coordination of the rock-salt block cations therefore leads to increased tendency

Atomic position (Å)

towards water intercalation.
8

6
Rock-salt block
4
0.0

0.2
0.4
0.6
0.8
1.0
Oxygen non-stoichiometry, δ

Figure 11. Coordination environment of Sr3 Fe2 O7 − δ . Atomic symbols:
Sr (
), Fe (
) and O (
)
The valence of iron in Sr3 Fe2 O7 − δ was found, using cerimetric titrations, to
become lower during the intercalation of water into the structure (Figure 12).V
A similar reduction reaction of transition metal atoms has been observed for
cuprates88 and cobaltates/nickelates.103,105 All of these compounds contain
transition metal atoms in high valence states (Fe4+ , Cu3+ , Co4+ , Ni3+ , Ni4+ )
which are unstable in aqueous solutions and hence the introduction of water into
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the structure causes the reduction of the transition metal atoms to stable valence
states.
3.35

Fe valence
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Figure 12. Time dependence of Fe valence in Sr3 Fe2 O7 − δ during exposure to
ambient air.
The derivative phase, Sr3 Fe2 O7 − δ · yH2 O, is relatively stable under ambient
conditions but upon heating the water is deintercalated from the structure in
two steps and the parent phase is again obtained at approximately 250 ◦ C as
shown in Figure 13. The first plateau corresponds well with previous reports on
several iron- and cobalt-based RP phases of an intermediate phase, sometimes
called a hydroxide, with less water and different symmetry than the derivative
phase caused by a shift of the perovskite blocks by half unit cell along [1 1 0]
direction.100,101,103–106 The intermediate phases are unstable at room temperature
and additional water is reintercalated to the structure upon exposure to ambient
conditions.
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Figure 13. Deintercalation of water from Sr3 Fe2 O7 − δ · yH2 O upon heating in
air.
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The intercalation of water is known to influence the physical properties of the
compound by the introduction of superconductivity25 or changes in the critical temperature.25,85–89 Changes in magnetic properties may also occur, in
Sr3 Fe2 O7 − δ antiferromagnetic to canted antiferromagnetic with significantly
different Néel temperature as shown in Figure 14.
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Figure 14. Magnetic behaviours of (a) Sr3 Fe2 O7 − δ (b) Sr3 Fe2 O7 − δ · yH2 O
and (c) Sr3 Fe2 (OH)12 .
Upon exposure to saturated humidity or submersion to deionised water at ambient
temperature Sr3 Fe2 O7 − δ was found to form a completely different structure
with the same cation stoichiometry.V The compound formed, Sr3 Fe2 (OH)12
or Sr3 Fe2 (H4 O4 )3 , is a so-called hydrogarnet with a cubic lattice (Ia3d, a =
13.2 Å).125 Hydrogarnets are a family of minerals with a general formula of
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A3 B 2 (SiO4 )3 − x (H4 O4 )x with the end-member A3 B 2 (H4 O4 )3 corresponding to
the compound formed in humid conditions from Sr3 Fe2 O7 − δ .
A prolonged exposure to ambient conditions caused the decomposition of both the
derivative phases and the hydrogarnet resulting in the formation of SrCO3 .V–VII
As the prolonged exposure to ambient conditions sometimes causes the decomposition of the derivative phase this may result in difficulties in the detection of
the water-containing derivative phases if the reaction is very slow as the newly
formed phase may decompose before sufficient amounts are formed.

5.2

Water-Intercalation Reaction and Structural Changes

The effect of intercalation of water into the rock-salt block of a RP structure differs
between different compounds. The water-intercalation always results in expansion
of the structure in the layer-stacking, usually c-axis, direction to accommodate
the water molecules into the rock-salt block. In addition to c-axis expansion the
symmetry of the structure is sometimes affected, in some cases the body-centred
symmetry of the parent phase (Figure 15(a)) with a staggered configuration of
perovskite blocks is retained (Figure 15(b)), whereas in other there is a change in
lattice symmetry from a body-centred to a primitive lattice caused by a shift of
the perovskite blocks by half unit cell along the [1 1 0] direction (Figure 15(c))
leading to a so-called eclipsed configuration of perovskite blocks.

H2O

(a)

(b)

(c)

Figure 15. Schematic illustration of the crystal structures of (a) an n = 2
RP compound, and its (b) I-type and (c) P-type water-derivative
phases.
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The derivative phases can be therefore categorised into two types shown in Tables
1 and 2 according to the configuration of perovskite blocks.VII I-type derivative
phases, with the staggered configuration of perovskite blocks, have the same
symmetry as the parent RP phase. P-type derivative phases, with the eclipsed
configuration of the perovskite blocks, however only have a single layer of water
in their rock-salt block.
Table 1. Ruddlesden–Popper-compounds that form I-type water-containing
derivative phases An + 1 B n O3n + 1 − δ · yH2 O. In the table ∆cw is the
thickness of water layer, i.e. the expansion of c parameter per water
block. Values marked with * are estimations.
Compound
Ba2 ZrO4
Sr3 Zr2 O7
Ba2 Can − 1 Cun O2n + 2
Sr2 Ca2 Cu3 O8
Srn + 1 Fen O3n + 1 − δ
Sr3 FeM O7 − δ (M = Ni, Mn, Ti)
Sr3 Co2 O7 − δ
Sr3 − δ Co1.9 Nb0.1 O6.65
Srn + 1 (Co, Ti)n O3n
Sr2.5 La0.5 Co1.3 Ni0.7 O6.4
Sr3 LaFe3 O9.2
Sr3 NdFe3 O8.5
Sr3 PrCo1.5 Fe1.5 O10 − δ

n
1
1
2–4
3
1–3
2
2
2
2,3
2
3
3
3

∆cw [Å]
2.0
2.0
2.7–2.9
3.0
3.9
3.9-4.0
4.2
4.2
4.2
4.3
3.9
3.4
3.8

y
2.15
2
2.5–3
2*
2*
2*
2*
1.9
2
2*
2
2
2

Ref.
122
123
85–88
89
V,VI
VII
106
103
104
105
100
101
102

Table 2. Ruddlesden–Popper-compounds that form P-type water-containing
derivative phases An + 1 B n O3n + 1 − δ · yH2 O. In the table ∆cw is the
thickness of water layer, i.e. the expansion of c parameter per water
block. Values marked with * are estimations.
Compound
Ba2 In0.5 Sb0.5 O4
Ba2 In0.5 Bi0.5 O4
Ba3 InBiO7
La2 − x Bax SrCu2 O6
La2 − x Srx SrCu2 O6
Na(Eu, La)TiO4
KRTiO4
A2 SrTa2 O7 (A = K, Rb)
K2 La2/3 Ta2 O7
K2 La3/2 Ta3 O10
K2 (Na, Ca, Sr, La)2 (Ta, Ti)3 O10
K2 R2 Ti3 O10
A2 La2 (Ti, Nb)3 O10 (A = Rb, Cs)

n
1
1
2
2
2
1
1
2
2
3
3
3
3
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∆cw [Å]

y

2.2
2.1
2.3
2.3
2.0
1.4–1.9
1.9
1.9
1.9
2.2–2.4
2.2–2.4

3
1.7

0.5–1.0
2–15
0.9–3.6
2
1
0.8–10
0.8–2
0.9–3.5

Ref.
81
107
107
97,98
99
108–110
93,110,111
92,94,117,118
119
96,120
121
90,112–114
91

I-type derivative phases, with the staggered configuration of perovskite blocks,
have the same symmetry as the parent RP phase and their structures are often
more well-defined with commonly 2 intercalated water molecules per formula
unit/rock-salt block in two layers although intercalation of up to 3 water molecules
per formula unit has also been reported.85–88,122 P-type derivative phases, with
the eclipsed configuration of perovskite blocks, only have a single layer of water
in their rock-salt block which sometimes contains varying amounts of intercalated
water molecules from less than 1108,109 up to 15 per formula unit.111 The large
amount of water molecules in some P-type derivative phases has been explained
by the formation of particle hydrates and an increase in disorder between the
perovskite blocks.113
Whether the symmetry of the RP phase changes in the intercalation reaction
can be in most cases determined from the chemical composition of the parent
phase. If the cation in the rock-salt block is an alkaline earth metal, e.g. Sr, the
symmetry of the parent phase is retained and the compound can be categorised as
I-type, whereas if the rock-salt block consists of alkali metals, e.g. Na, K, Rb or
Cs, the symmetry changes resulting in categorisation as P-type derivative phase.
Derivative phases with the large alkaline earth metal Ba in their rock-salt block
are borderline cases and can exhibit either type of symmetry.
The amount of c-axis expansion differs between the I- and P-type derivative
phases with I-type phases having mostly larger expansion. The c-axis expansion
of compounds with Ba in the rock-salt block is a borderline case the same way as
they are in the case of changes in symmetry.
The derivative phases of RP compounds resulting from the intercalation of
water are not thermally very stable. Upon heating above room temperature the
intercalated water molecules are easily deintercalated and structural changes occur.
I-type derivative phases often deintercalate water in two distinct steps, first of
which is typically at around 50–100 ◦ C and the second at 200–300 ◦ C; usually half
of the intercalated water is removed at each step. After the first step the structure
resembles that of a P-type derivative phase with a primitive symmetry101,104,106
with perovskite blocks in an eclipsed configuration compared with the staggered
configuration in both the parent phase and the I-type derivative phase.
The water in P-type phases can deintercalate in a single step114,120 or in two
distinct steps108,118,119 depending on the number of intercalated water molecules
and crystal structure. The poor thermal stability of the derivative phases limits
the use of these materials in applications where elevated temperatures are used.
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However, special low temperature applications may still be possible, although the
sintered pellets of parent RP become powder after 12 h exposure to air101,104,106
making them even less suitable for many applications.
The form which the intercalated water takes in the structure is controversial
because determining the positions of light elements, especially hydrogen, of water
is not easy due to reasonably low scattering with both X-rays and neutrons. A
reasonable model for the positions of oxygen atoms in both the derivative and
intermediate phases has been reported.101,104,106 The model for the derivative
phase consists of a double-layer of water with transition metal octahedra adjacent
to the rock-salt block becoming square pyramids as oxygen atoms of the rock-salt
layers move towards the water layers. The model for the intermediate phase is
essentially the same but with only a single water layer in the rock-salt block. In
neither of these models, the positions of hydrogen atoms are reported.
Similarly to the case observed for the iron-based RP compoundsV,VII , the reduction of the very high oxidation states of transition metal atoms in the structure is
observed also with for example copper88 and cobalt/nickel105 based compounds.
As the transition metal is reduced some element has to be oxidised. Most probable
reactions are the oxidation of oxide ions to elemental oxygen (Reaction 1) or the
formation of peroxide bonds (Reaction 2). In the former of these reactions, the
resultant protons form either hydroxide- (Reaction 3) or oxonium-ions (Reaction
4). Whether the oxidised oxide ions are from the intercalated water or from the
original lattice is yet to be determined.

4B z+1 + 2 H2 O −−→ 4B z + 4H+ + O2 ↑
2B

z+1

2−

+ 2O

z

−−→ 2B +

O2−
2

H+ + O2− −−→ OH−
+

H + H2 O −−→ H3 O

5.3

+

(1)
(2)
(3)
(4)

Reactivity of Ruddlesden–Popper Oxides

Not all Ruddlesden–Popper compounds react with water under ambient conditions
and not even after immersion in water for extended periods of time, whereas
some react immediately after exposure to ambient air. In fact it is assumed that
most RP compounds are stable under ambient conditions although it may also be
that many reactive RP compounds are yet to be found possibly due to their slow
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reaction rates or unsuitable oxygen contents. In some cases if the reaction is slow
enough and the derivative phase unstable it may be impossible to observe the
derivative phase as the amount of it would always be below the detection limits
of usual analysis methods such as XRD whereas thermogravimetry, for example,
is more suitable for the detection water intercalation.
The elemental composition of an RP compound has a significant effect on the
stability and atoms with the biggest influence are the cations present in the
rock-salt block. If the majority of cations in the rock-salt block are large cations,
e.g. Ba, K, Rb or Cs, then the compounds have a higher tendency for the
intercalation of water into the rock-salt block. In the normal coordination, a
cation in the rock-salt block has 9 neighbouring oxygen atoms. Therefore the
preferred coordination sphere of the atoms has a major role in determining the
reactivity of the compound with larger cations which usually tend to prefer higher
coordination numbers. Despite the presence of suitable cations in the rock-salt
block not all such compounds react with water even after prolonged exposure
to humid conditions or immersion in water. Substitution of A site with smaller
alkali metals or alkaline earth metals such as Na126,127 or Ca may inhibit the
reaction with water. When replacing A cations with the smallest alkali metal Li,
the structure of the block separating perovskite blocks is no longer of rock-salt
type but a single layer of tetrahedrally coordinated LiO is formed instead. Even
though the staggered configuration of adjacent perovskite blocks remains, due to
the very small interlayer distance in these compounds they do not form derivative
phases.114,128,129 Also rare earth elements as substituents have been found to
increase the stability of the parent RP phase as in for example P-type phases
the rock-salt blocks with only rare-earth elements do not react with water, which
is easily observable in n = 1 RP compounds with alkali-metal and rare-earth
atoms ordered into alternating rock-salt blocks.108,109,111 On the other hand
I-type phases with some amount of rare-earth substituents with alkaline earth
metals have been found to react with water100,101,105 although these compounds
still have a majority of alkaline earth metal atoms in their rock-salt blocks. It
has also been reported that B-site substitution of Ti with Zr can stabilise even
K-containing compounds.93
Introduction of oxygen vacancies, formed into the perovskite block, to a RP
structure causes a shift of oxygen atoms of the rock-salt block towards the
perovskite block76,124 and therefore the oxygen content of an RP compound is
also a major affecting factor on the reactivity of an RP phase but mostly in
compounds with smaller and divalent cations in the rock-salt block which do not
react with water when nearly stoichiometric, however after reduction reactivity
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can be achieved.100 Introduction of more oxygen vacancies to an RP compound
increases the rate of transformation to I-type derivative phases significantly with
clear signs of a derivative phase visible in XRD pattern already after less than
an hour of exposure to ambient air whereas the same compound with a higher
oxygen content does not show any signs of the derivative-phase formation after
several hours of exposure.V,VII However, the influence of oxygen content is not as
simple since it has been reported that too low an oxygen content can also prevent
the water intercalation into the structure.102
Instead of the possible applications of the derivative phases at least equally
interesting is the effect of the derivative-phase formation on the usability of the
parent RP compounds themselves. Using RP compounds in practical applications
usually requires stability in ambient air if not during the actual operation then
preferably at least during manufacturing, storage and possible maintenance. This
poses a problem for RP compounds susceptible to the intercalation of water making
them unsuitable for many applications. By careful selection of substituents, the
instability of these compounds may be avoided but possibly at the expence of
some properties.
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6

OXYGEN ABSORPTION/DESORPTION IN
LAYERED Pb2 CuSr2 RCu2 O8 + δ OXIDES

Efficient oxygen storage materials capable of reversibly store and release large
amounts of oxygen under mild conditions are highly demanded for a variety of industrial applications. The presently existing oxygen storage materials are already
used as three-way catalysts in automobiles for cleaning exhaust gases.7,8 Moreover
envisaged are applications for H2 -O2 fuel cells, oxyfuel combustion, oxygen separators, hydrogen production through solar water splitting, various non-aerobic
oxidation processes, etc.9,10,130–132 Recently YBaCo4 O7 + δ 133 and its cationsubstituted derivatives134–139 have been under active research for their promising
low-temperature oxygen absorption/desorption capability. These compounds
having a rapid oxygen absorption/desorption at low temperature usually also have
high oxygen mobility which can be utilised in for example ITSOFCs.139–141 Due
to recent increasing interest in YBaCo4 O7 + δ -based compounds for various applications, the Pb2 CuSr2 RCu2 O8 + δ (R = La, Nd, Eu, Y, Er, Yb, Lu) series was
revisited in the present thesis for a systematic evaluation of the effect of the rareearth constituent R on the similar low-temperature oxygen absorption/desorption
behaviour and high-temperature stability.VIII

6.1

Crystal Structure

The layered Pb2 CuSr2 RCu2 O8 + δ compounds (Figure 16) consist of inherently
oxygen-deficient perovskite blocks — with copper in square-pyramidal coordination
— separated by a [PbO]–[CuOδ ]–[PbO] block.142–144 In the oxygen-stoichiometric
compounds, δ = 0, the separating block contains O–Cu–O chains along the c-axis
direction between the PbO layers consisting of edge-shared square-pyramids. The
copper atoms in the perovskite block are divalent whereas the Cu and Pb in the
separating block are monovalent and divalent, respectively, due to coordination
environment.145–147 Upon full oxygen intake, δ = 2, both copper and lead in
the separating block are oxidised to +II and mixed +III/+IV, respectively. The
coordination of the Cu atoms in the separating block becomes octahedral and
Pb atoms end up in nine-fold coordination. The lattice of the fully-oxidised
compounds, Pb2 CuSr2 RCu2 O10 , has been found to be tetragonal instead of
orthorhombic observed for the oxygen-deficient phase.143 The non-oxidised phases,
δ = 0, were initially investigated for their superconducting properties present
after hole doping, i.e. the partial oxidation of Cu2+ in the perovskite block to
Cu3+ , by partial Ca-for-R substitution.142
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Figure 16. The crystal structures of (a) Pb2 CuSr2 RCu2 O8 and (b)
Pb2 CuSr2 RCu2 O10 . The light and dark grey polyhedra represent
the oxygen coordination of Pb and Cu, respectively. Oxygen atoms
are located at corners of the polyhedra.

6.2

Oxygen Absorption/Desorption Behaviour

The thermal behaviours of Pb2 CuSr2 RCu2 O8 + δ and YBaCo4 O7 + δ in oxygen
atmosphere are similar with a rapid low-temperature absorption of oxygen at about
200-300 ◦ C followed by a rapid desorption at higher temperature as shown in Figure
17. Compared with the prototype cuprate superconductor CuBa2 YCu2 O6 + δ ,
with a slow gradual desorption of the absorbed oxygen, both of these compounds
have significantly different thermal behaviours. In general the gradual desorption
of oxygen is more common for oxides than the rapid desorption in a single
distinguishable step seen for YBaCo4 O7 + δ and Pb2 CuSr2 RCu2 O8 + δ .

Excess oxygen, δ

2.5
2.0
1.5
1.0
0.5
0.0
0

100

200

300 400 500 600
Temperature (◦ C)

700

800

Figure 17. Dependence of oxygen content of Pb2 CuSr2 NdCu2 O8 + δ (
),
YBaCo4 O7 + δ (
) and CuBa2 YCu2 O6 + δ (
) on temperature.
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The thermal behaviour of Pb2 CuSr2 RCu2 O8 + δ can be summarised by determining the absorption, desorption and decomposition temperatures (Figure 18)
from maximum points of the derivative curves, ∆m/∆T , from thermogravimetric
measurements.
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Figure 18. Temperatures of oxygen absorption ( ), first step of desorption ( ), second step of desorption ( ) and decomposition ( ) as a
function of ionic radius, r(RIII ), of the rare-earth constituent in
Pb2 CuSr2 RCu2 O8 + δ .
The relatively rapid absorption of oxygen Pb2 CuSr2 RCu2 O8 + δ starts at fairly
low temperature of about 250 ◦ C decreasing as the size of R increases. This kind
of behaviour is to be expected as the introduction of larger atoms to the lattice
causes the expansion of the lattice in all directions resulting in an easier absorption
of oxygen. Although the initial absorption temperature is higher than that of
YBaCo4 O7 + δ ,133 it still is low enough for many applications and it extends
the temperature range of such materials as YBaCo4 O7 + δ is only useful at lower
temperatures. The amount of absorbed oxygen is also important when considering
the usefulness of a compound for practical applications. For oxygen-storage
applications this is defined as oxygen-storage capacity (OSC) usually expressed in
units of µmol (O)/g (material). In the dynamic thermogravimetric measurements
of Pb2 CuSr2 RCu2 O8 + δ the amount of absorbed oxygen, δ, increases from 1.6 up
to 2.0 with the increasing size of R although in isothermal measurements at the
temperature of the maximal absorption the amount of absorbed oxygen can be
increased closer to 2 even in the compounds with the smallest R. Eventhough
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the amount of absorbed oxygen of the compounds with the smallest R obtainable
in isothermal measurements is larger than that in dynamic measurements, the
practically available range of oxygen non-stoichiometry is closer to that seen in
dynamic thermogravimetric measurements. The maximum oxygen absorption of
δ ≈ 2 corresponds to an OSC value of 1900 µmol−O/g which is somewhat higher
than the 1500 µmol−O/g for the commercial CeO2 −ZrO2 148 oxygen storage
material but not as high as the values of 2700 µmol−O/g and 2500 µmol−O/g
for YBaCo4 O7 + δ 133,134 and CeO2 −CrO2 ,149 respectively.
In the case of smaller R oxygen desorption occurs in two distinct steps whereas
for larger R desorption happens in a single step. The temperature of the latter
desorption step is essentially identical with desorption temperatures for larger R.
Since the lattice expansion has no influence on the onset temperature of oxygen
desorption is probably purely thermally induced. Contrary to compounds with
other R, Pb2 CuSr2 LaCu2 O8 + δ does not undergo desorption of oxygen before
decomposition.

6.3

Thermal Stability

The decomposition of Pb2 CuSr2 RCu2 O8 + δ at a relatively low temperature in air
is a disadvantage for possible applications, which is also true for YBaCo4 O7 + δ .133
The latter, however, can be made stable also at high temperatures by careful
selection of substituents on the Co sites135,137,150 although it is difficult to both
stabilise the structure at high temperatures and retain the desired low temperature
oxygen absorption properties as the substituents necessary for stabilisation are
usually not as easily oxidised and reduced. However in YBaCo4 O7 the Co atoms
are already in mixed valence state (Co2+ /Co3+ ) and therefore the substitution
of Co with trivalent cations does not necessarily have any significant effect on
the oxygen absorption properties as has been observed in case of Al and Ga
substitutions where reasonable absorption properties are retained.135,150
In Pb2 CuSr2 RCu2 O8 + δ the decomposition temperature increases as the size
of R increases with the exception of La which decomposes at a significantly
lower temperature and no desorption step is observed before the compound
decomposes. The lower decomposition temperature of Pb2 CuSr2 LaCu2 O8 + δ
may be caused by increasing mixing of atoms between the Sr and R sites due
to more similar ionic radii of Sr and La. Therefore the preference of the larger
Sr to a higher coordination number on R site may be causing an undesired
octahedral coordination of Cu instead of square-planar coordination resulting in
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decomposition at lower temperature.
Even though the Pb2 CuSr2 RCu2 O8 + δ structure could not be stabilised at high
temperatures for any of the R constituents, the possibility of stabilisation at
high temperature still exists although not for certain. In Pb2 CuSr2 RCu2 O8 + δ
substitution of Cu with other transition metals or similar elements might be
possible but may not be as easy as in YBaCo4 O7 + δ due to the coordination of
Cu atoms in two quite different crystallographic sites in different valence states
requiring careful selection of the substituents.
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7

CONCLUSIONS

Understanding the factors affecting the physical properties as well as thermal and
chemical stability is crucially important when designing new functional materials
for future applications. In this thesis, the synthesis and characterisation of new
double-perovskite oxides and related layered compounds, and the redox chemistry
and stability of perovskite-related layered compounds were described.
Through the substitutions of B-site cations in Sr2 MgMoO6-δ with various transition metals it was possible to control the crystal structure, electrical conductivity
and thermal stability. Thermal stability was significantly decreased after a complete substitution of Mg with nominally divalent first-row transition-metal atoms.
The tendency of some transition metals to exhibit mixed valence in oxides was
found to depress cation ordering. Substitution of Mo with either Nb or W did
not significantly affect the thermal stability of the compound but decreased both
the reducibility and electrical conductivity compared with the parent phase. In
the case of niobium substitution, the effect on reducibility was more significant
due to intrinsic oxygen vacancies introduced to the structure preventing further
formation of oxygen vacancies.
During the course of the search for new Ruddlesden–Popper derivatives of the
Sr2 MgMoO6-δ -type double perovskites, a series of novel n = 2 RP compounds
(Sr1 − x Lax )3 (Mg1/3 + x/2 Nb2/3 − x/2 )2 O7 (0.15 ≤ x ≤ 0.33) was discovered. The
characterisation of the compounds with XRD and ED clearly indicated at least
partial B-site ordering, not very common for the structural type. The compounds,
however, were observed not to exhibit significant amounts of oxygen vacancies in
reducing conditions.
Many layered perovskite-derived Ruddlesden–Popper-type compounds have been
found to topotactically react with water forming a crystalline derivative phase even
in ambient conditions. In addition to the possible applications of the derivative
phases, the stability of the parent RP compounds is of great importance in terms
of applications. In this thesis a comprehensive study of factors influencing the
reactivity of the RP compounds was presented indicating that both elemental
composition and oxygen content are important factors when determining whether
a derivative can be formed.

34

Following the recent discovery of the interesting new oxygen storage material
YBaCo4 O7 + δ and the increasing interest in cleaner energy the perovskite-derived
Pb2 CuSr2 RCu2 O8 + δ was revisited. The effect of the rare-earth substituent R
on the reversible low-temperature oxygen-storage capacity and thermal stability
of Pb2 CuSr2 RCu2 O8 + δ was investigated. The oxygen-absorption capability was
found to increase with increasing ionic radius of R whereas the desorption was
essentially unaffected. Similarly, the decomposition temperature was also increased
with increasing ionic radius of R but it was not, however, possible to completely
prevent the decomposition solely by the selection of the rare-earth constituent.
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Electrochem. 9, 547–557 (2005).
141. Tsipis, E. V., Kharton, V. V., and Frade, J. R. Solid State Ionics 177,
1823–1826 (2006).
142. Cava, R. J., Batlogg, B., Krajewski, J. J., Rupp, L. W., Schneemeyer, L. F.,
Siegrist, T., vanDover, R. B., Marsh, P., Peck Jr, W. F., Gallagher, P. K.,
Glarum, S. H., Marshall, J. H., Farrow, R. C., Waszczak, J. V., Hull, R.,
and Trevor, P. Nature 336, 211–214 (1988).
143. Fujishita, H., Yamagata, S.-i., and Sato, M. J. Phys. Soc. Jpn. 60, 913–920
(1991).
144. Mochiku, T. and Kadowaki, K. J. Phys. Soc. Jpn. 61, 881–890 (1992).
145. Yamaguchi, H., Oyanagi, H., Tokiwa, A., and Syono, Y. Physica C 185-189,
853–854 (1991).
146. Karppinen, M., Fukuoka, A., Wang, J., Takano, S., Wakata, M., Ikemachi,
T., and Yamauchi, H. Physica C 208, 130–136 (1993).
147. Karppinen, M., Kotiranta, M., Yamauchi, H., Nachimuthu, P., Liu, R. S.,
and Chen, J. M. Phys. Rev. B 63, 184507 (2001).
148. Nagai, Y., Yamamoto, T., Tanaka, T., Yoshida, S., Nonaka, T., Okamoto,
T., Suda, A., and Sugiura, M. Catal. Today 74, 225–234 (2002).
44

149. Singh, R., Sharma, T., Singh, A., Anindita, Mishra, D., and Tiwari, S.
Electrochim. Acta 53, 2322–2330 (2008).
150. Parkkima, O., Yamauchi, H., and Karppinen, M. Chem. Mater. 25, 599–604
(2013).

45

