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Abstract Perovskite-type oxides A1 - aA
0
aB1 - bB

0

bO3 - x
with A, A′=La, Ba, Sr; B, B′=Mn, Fe, Co were investigated
by means of thermal analysis, solid electrolyte cells, and
X-ray diffraction. Partial molar thermodynamic quantities
are determined and their relations with O/M stoichiometry,
unit cell volume, and phase stability were studied. The
absolute values of partial molar enthalpies of perovskite-type
oxides increase with increasing O/M stoichiometries and
with decreasing unit cell volumes of the cubic perovskite-
type structure, corresponding to higher chemical stabilities.
The substitution of Ba for La, Ba for Sr, Co for Fe, and Fe for
Mn lead to increase in unit cell volumes and decrease in
absolute values of ΔH0. The ΔH0 values of the cobaltites/
ferrites range from −33.5 kJ/mol for SrCo0.8Fe0.2O3−x to
−72.5 kJ/mol for La0.2Sr0.8Co0.6Fe0.4O3−x, and of the man-
ganates up to −132 kJ/mol for Ca0.5Sr0.5Mn0.8Fe0.2O3−x.

Keywords Perovskite-type oxides . O/M stoichiometry .

Thermodynamic data . Lattice parameters

Introduction

Oxide ceramic materials with high oxygen transport are of
interest as oxygen permeation membranes and oxygen-

storage materials with regard to various applications. Mixed
ionic–electronic conductors of the perovskite-type structure
with high oxide ion and electron transport [1, 2] are used in
solid oxide fuel cells, in oxygen membrane reactors, and in
ceramic oxygen sorbents for cyclic absorption–desorption
reactions. These applications require temperatures as high
as 973 to 1,173 K. The applicability of the above-men-
tioned processes had been demonstrated at laboratory scale
by several research groups as recently reviewed by [3].

The development of improved oxide materials with high
oxygen transport plays a key role in technical execution of
those advanced technologies. In addition to high oxygen
fluxes, the materials need to exhibit sufficient chemical and
structural stabilities as well as favorable thermo-mechanical
resistance. Oxygen diffusion and surface-exchange rates of
the oxide ceramic materials should be high. Of interest are,
first of all, the thermodynamics and kinetics of reactions
between oxygen from the gaseous environment and the
oxide material. At present, many empirical results on the
investigation of oxide materials of practical interest are
available, but there is a lack of reliable fundamental data. In
this report, the methods of investigation and results on
thermodynamic data of oxygen-oxide solid-solution reac-
tions are presented and correlated with parameters of the
crystal lattice.

Fundamental characteristics of mixed conducting oxides

Crystal and defect structures

Oxides for high oxygen transport should exhibit high
oxide-ion diffusion and high surface-exchange rates. A
certain appropriate crystal structure and defect structure are
major prerequisites for the transport of the relatively large
oxide ions. The crystal structure is characterized by cor-
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responding geometrical relations, by a predominant ionic
type of bonding and moderate oxidation numbers of the
cations. The coordination number of oxide ions towards
cations should be high to enable moderate bonding forces
and interchangeable oxygen sites. Fluorite and perovskite
types of structure meet these requirements preferentially.

Besides the type of crystal structure, the defect structure
of the lattice is of interest for transport characteristics. The
oxide ions are transported through lattice defects, mostly by
a vacancy mechanism, rarely by an oxygen interstitial
mechanism. The introduction of isovalent cations of dif-
ferent ionic radii generates mechanical tension within the
crystal lattice. Heterovalent cations additionally generate
acceptor- or donor-type electrical charge defects. The
vacancies in the oxygen sublattice are formed both by
heterovalent cationic substitution and by partial reduction
of transition-metal cations. The substitution of cations
changes the O/M stoichiometry and/or the A/B-site stoichi-
ometry. The overall formula of a substituted perovskite-type
compound of oxygen vacancy-type defect structure, which
is of main interest, is written as A1�aA

0
aB1�bB

0
bO3�xV

��
O;x

(metal cations M=A+A′+B+B′; A, A′=rare-earth or earth-
alkaline; B, B′=transition metal ion of the fourth row of the
periodic system of elements, V ��

O =oxygen vacancy).
Up to a certain concentration, oxygen vacancies within

the oxygen sublattice of perovskite-type structures are
randomly distributed. Increasing concentrations of ionic
and electronic defects in the crystal cause an increase in the
transport rate of oxide ions through oxygen vacancies of the
lattice and a simultaneous decrease in the chemical stability
of the oxide, which simultaneously weakens the thermo-
mechanical stability of the oxide ceramic materials. At very
high concentrations of defects, an increase in ordering with
formation of clusters up to formation of new phases is
observed and accompanied by a decrease in mobility of the
oxide ions.

Chemical composition

The enhancement of oxygen transport in perovskite-type
oxides by increasing earth alkaline (A′) substitution is a
general trend observed in published investigations, which
results in acceptor-doped perovskite-type oxides. The
increasing ionic radii of A′ (Ba > Sr > Ca) and decreasing
thermodynamic stabilities of the B-site metal oxides (Mn >
Fe > Co) enhance the oxide-ion transport due to lowered
chemical bonding to the oxide ions, increased lattice param-
eters, and vacancy concentrations. The electronic and ionic
transport rates increase with increasing contents of Sr and
Co. SrCoO3−x shows one of the highest levels of oxide-
ionic transport, but its cubic perovskite-type phase only
exists at temperatures above 1,238 K [4]. Thus, SrCo0.8
Fe0.2O3−x was the starting oxide to search for stable

materials with high oxygen transport. To extend the sta-
bility limits of the perovskite phase towards lower oxygen
pressures and lower temperatures, additional substitution on
A and B sites was required [5], which, in its turn, led to the
intensively investigated La1−aSraCo1−bFebO3−x mixed
oxides [1, 6–9]. The introduction of Ba at the La sites
results in enhanced oxygen transport rate that is explained
by the occurrence of higher values of the lattice parameter
[10]. To increase the reduction stability, a complete
renunciation of Co is proposed [11, 12].

Oxygen exchange capacity and O/M stoichiometry

The amount x of reversibly exchangeable oxygen of a
perovskite-type oxide A1 - aA

0
aB1 - bB

0

bO3 - x is a func-
tion of temperature and oxygen activity gradient between
the surface and the center of the crystallite. The oxygen
sublattice of the perovskite structure is completely occupied
at an O/M stoichiometry of 3.0. Oxygen excess at high
oxygen partial pressure pO2 as a result of cation vacancy
formation is observed exclusively in manganates [13].
Complete occupation of the oxygen sublattice is reached
at higher pO2 in the gas phase. The required pressure
increases in accordance with the sequence Cr < Mn < Fe <
Co < Ni that is caused by the preferred oxidation states of
the B cations. At decreasing pO2, each of the perovskite-
type oxides approaches to a level of relative independence
of the O/M stoichiometry of pO2 characterized by the
average oxidation state 3+ of the B cations, corresponding
to B•=B′ [14]. At this level, O/M becomes equal to (3−a/2).
For ferrites and cobaltites, this point is reached at pO2

values near or below 1 Pa in argon. In Fig. 1, these relations
are given schematically.

Thermo-mechanical properties

The thermo-mechanical properties of metal oxides are in-
fluenced by thermal expansion due to the electrostatic
attraction forces and thermal oscillations of the ions within
the crystal lattice. The lattice energy diminishes with de-
creasing positive and negative electric charges within the
lattice. Thus, an empirical correlation between vacancy
concentration, oxide ionic transport, and thermal expansion
coefficients of perovskite-type oxides is expected. The
concentration of vacancies is simultaneously reflected by
the unit cell volumes of the crystals. Therefore, correlations
between thermodynamic and transport properties with
thermal expansion and lattice parameters of oxides are
expected. In case of an oxide membrane between two gases
of different oxygen partial pressure and due to O/M
gradients through the membrane, the lattice constants and,
consequently, the thermal expansion increases from higher
to lower O/M ratios [15]. High values and high gradients of
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thermal expansion coefficients of the ceramic materials
result in thermo-mechanical properties that would be
insufficient for practical utilization. There are attempts to
minimize thermal expansion and mechanical stresses by
formation of composites with two or more oxide phases or
of ceramic–metal composites (cermets) [3].

Experimental

Preparation and structural characterization of the oxide
samples

The starting compounds were SrCO3, BaCO3, La2O3,
CeO2, Co3O4, Fe3O4, and Mn2O3 (p.a.). The powders of
those compounds were initially ground, mixed, and allowed
to react at 1,000 °C in air, than crashed, ground, and heated
in air for 10 h at a temperature required for perovskite-
phase formation, followed by cooling the products down to
room temperature with a rate of 5 K/min. The ceramic
pellets were produced by pressing the powders and
sintering in air at a temperature of 323 to 373 K higher
than the temperature of powder annealing. The formation of
the perovskite-phase and the lattice parameters were
determined by X-ray diffraction (XRD) measurements.
XRD patterns were obtained by means of a Siemens
D-5000 equipment with monochromatic CuKα radiation.

The following gases of different oxygen partial pressures
were used in the experiments: oxygen, air, and Ar/O2 gas
mixture with 1, 400, and 2,000 Pa O2; these gases were
prepared by mixing or solid electrolytic pumping oxygen
into commercial argon. Ar/H2,H2O mixtures were prepared
by pumping oxygen into Ar/H2.

Oxygen exchange measurements

Oxygen uptake and release was measured in the tempera-
ture range of 673 to 1,173 K by a micro-thermo balance
(Fig. 2). In the upper section of a quartz tube (30-mm
diameter), a quartz spring was arranged to which a porous
ceramic sample was fixed by means of a platinum wire. The
sample was placed in the heating zone (T range 673 to
1,173 K). The extension of the spring due to oxygen uptake
was optically read by a cathetometer with a sensitivity of
0.3 mm/mg. The calibration of the spring balance was
performed at defined gas flows and temperatures. By
shifting of the sample within the furnace as a result of
different sample weights (370 to 390 mg) and oxygen
uptake/release of the oxides, a temperature error of maximal
10 K may arise. A gas of controlled oxygen partial pressure
flows with a steady flow rate of about 5 l/h through the
thermo balance.

For measurements of oxygen in argon/oxygen mixtures
in higher concentration ranges, an amperometric lambda
sensor (Bosch, Germany) was used. The sensor was placed
in the gas stream at the exit of the thermo balance. Within
the range of oxygen contents of air to argon/O2, the dif-
fusion-limited current of the sensor at constant voltage of
600 mV depends linearly on the oxygen concentration in
the gas stream.

Chemical stability measurements and determination
of the O/M stoichiometry

The chemical stabilities of the oxides were investigated by
annealing the powder samples in a quartz container during
heating in argon/O2 and argon/H2/H2O gas. The oxygen
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partial pressure of the reaction gas was measured potentio-
metrically by a zirconia solid-electrolyte arrangement
(Fig. 3) with two cells placed before and after the reaction
furnace [16]. XRD patterns (12-h measurement time) of
both initial and reduced sample powders indicate the
structure stability of samples in gases of different oxygen
partial pressures.

The O/M relations (3−x) of the manganites in the air-
prepared state (at the temperature of phase formation and
5 K/min cooling down to room temperature) can be
assumed to be nearly 3.0 [15]. The O/M stoichiometries

of the cobaltites/ferrites are only accessible by analytic
investigation. The O/M stoichiometries were determined by
solid electrolyte measurements as oxygen amount χ
released between the air-prepared state and the argon/1 Pa
O2-equilibrated state (x=a/2 in Fig. 1).

Oxygen uptake and release experiments were carried out
by thermogravimetric measurements during heating up and
cooling down at a rate of 5 K/min in an atmosphere of
constant pO2. As starting point, the equilibrium of the
oxides with 1 atm O2 at 673 K was chosen. In the first
run, the oxygen uptake of some samples between 1 atm
O2/673 K and room temperature may differ due to un-
controlled adsorption of other gaseous species such as
water vapor and carbon dioxide. In these cases, sorption
experiments are repeated up to constant values.

Results and discussion

O/M stoichiometry and chemical stability

The results of measurement of the O/M relations are given
in Table 1. All cobaltites/ferrites, exclusively the La0.2Sr0.8
Co0.6Fe0.4O3−x , in the air-prepared state show considerable
deviations from the stoichiometry 3.0, indicating, thus,
incompletely occupied oxide lattices. Other authors at total
reduction and thermogravimetric analysis on La/Sr–cobalt-
ites [17], La/Sr–ferrites [18], and iodometric titration on
La/Sr–cobaltites/ferrites [19] generally found completely
occupied oxide lattices. The reason for the incomplete
occupation in our compositions may be the total occupation
of the A site by A2+ cations. The released contents of
oxygen from different compositions in pure oxygen
atmosphere are given in Fig. 4. The results indicate that
the exchange stopped completely below 473 K and for
manganates even at 673 K. The frozen O/M stoichiometries
of the as-prepared powders will not only depend on cationic
composition but even on surface/volume ratio, on gaseous
dynamics during cooling, and on the overall history of the
sample as well.

XRD patterns demonstrate the chemical and phase
stability after annealing at 1,073 K in argon/1 Pa O2. In
argon/H2/H2O mixtures with pO2=10

−9 Pa, the cobaltites/
ferrites are decomposed. The manganites/ferrites show only
traces of phase destruction (example in Fig. 5a), the main

Ar/O2 

I1 U1 

Cell 1

I2 U2 

Cell 2Fig. 3 Solid-electrolyte ar-
rangement for oxide/oxygen
equilibrium measurements. Cells
1 and 2 with the voltages
U1 and U2
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Fig. 2 Micro-thermo balance with quartz spring for measurements of
high-T oxygen-sorption isotherms. 1, heater, 2 sample holder, 3 quartz
spring, 4 and 5 thermostat with water inlet and outlet, 6 and 7 reaction
gas inlet and outlet
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peak of the perovskite phase being shifted to higher lattice
constants with decreasing pO2. After Ar/H2/H2O annealing,
the cubic modification was found to have changed into a
hexagonal one (Fig. 5b).

Oxygen-oxide reactions: enthalpies and entropies

Depending on the position within the lg pO2 vs 1/T phase
diagram, three different reaction types of the metal oxide/
oxygen reaction are observed. The examples of the various
reaction types in the system Sr–Co–O were described
earlier [20]. At the phase boundary of Co3O4/CoO, the
reaction results into a structural change to form a new
compound accompanied by nonlinear changes in physico-
chemical properties [reaction type (1)]. Oxygen release

started at the temperature of phase transition to CoO. In
reaction (1), the crystal structure transforms completely
from ferrite type to NaCl type. The observed absolute
values of the reaction enthalpy and entropy are the highest
among the three reaction types. Between the phase
boundaries, the reaction of a stable perovskite-type oxide,
e.g., Sr0.965Ce0.035CoO2.535+n [21], with δ oxygen leads to a
solid solution with changing O/M stoichiometry and
changing concentration of lattice defects, whereas the
structure type remains unchanged [reaction type (2)]. The
solid-solution reaction is characterized by the lowest values
of enthalpy in this row. The growing defect concentrations
may cause an ordering or cluster formation as a preliminary
stage of phase transition [reaction type (3)], as investigated
for SrCoO2.5 by [22]. Reaction (3) is characterized by a
rhombohedral-to-pseudocubic reorientation within the pe-
rovskite-related structure type, which is connected with
moderate values of reaction enthalpy and entropy. The
absolute values of ΔH0 decrease with decreasing amount δ
of exchanged oxygen.

In this work, the partial molar quantities of further
perovskite-type oxides within the range of solid-solution
reaction are determined. The oxygen exchange δ related to
the 673 K/1 atm O2 equilibrium as starting point is
measured during heating and cooling in the form of isobars.
The isotherms (Fig. 6a) are constructed therefrom. For each
isostoichiometric composition (δ=constant), a ln pO2 vs 1/T
curve exists (Fig. 6b). Partial molar reaction enthalpies
and entropies are obtained from plots ln (pO2) vs 1/T,
i.e., from slopes and intercepts with the vertical axis,
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Fig. 4 Absorption/desorption of
oxygen amounts δ (mol) from
perovskite-type oxides at 1 atm
O2 between the compositions at
room temperature and 1,073 K
measured by thermo balance

Table 1 O/M stoichiometries (3−x) of perovskite-type oxides after air
preparation and slow cooling (5 K/min) to room temperature

Composition Abbreviations Preparation
temperature (K)

3−x
(air)

Ba0.5Sr0.5Co0.8Fe0.2O3−x BSCF5582 1,373 2.75
Ba0.5Sr0.5Co0.6Fe0.4O3−x BSCF5564 1,373 2.74
Ba0.3Sr0.7Co0.8Fe0.2O3−x BSCF3782 1,373 2.81
La0.2Sr0.8Co0.6Fe0.4O3−x LSCF2864 1,373 2.95
Ca0.5Sr0.5Mn0.9Fe0.1O3−x CaSMF5591 1,473 (3.0)a

Ca0.5Sr0.5Mn0.8Fe0.2O3−x CaSMF5582 1,473 (3.0)a

Ca0.5Sr0.5Mn0.5Fe0.5O3−x CaSMF5555 1,473 (3.0)a

Ca0.2Sr0.7Mn0.8Fe0.2O3−x CaSMF2782 1,473 (3.0)a

aAssumed after the results in [15]
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respectively. The calculations of changes in enthalpy and
entropy follow the formalism for the reaction shown. For
understanding: The O/M stoichiometry (3−x) at the starting
point of any exchange experiment for an actual composition
is quantified as 3−(a/2)+n in the oxygen-richer state and as
3−a/2+n−δ in the oxygen-poorer state.

Ba0:3Sr0:7Co0:8Fe0:2O2:5þn�δ + δ /2O2

, Ba0:3Sr0:7Co0:8Fe0:2O2:5þn

with the equilibrium constant

K
0
a ¼ pO2ð Þ�δ=2

Related to the reaction with 1 mol of atomic oxygen:

ΔG0 ¼ �RT lnKa ¼ �RT ln pO2ð Þ1=2
ΔG0 ¼ ΔH0 � TS0

ln pO2 ¼ �2ΔH0

R
� 1
T
þ 2S0

R

In a simplified version, this corresponds to the reaction
of free oxygen sites (vacancies) with gaseous oxygen:

V
��
0 þ 1=2O2 , Ox

o

The differences in values of thermodynamic quantities are
caused by different activities of oxygen vacancies in the
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actual solid solution (composition and structure of the
oxide).

The tabulated partial thermodynamic quantities (Table 2)
are that for the lowest δ values, i.e., near the compositions
that correspond to 673 K/1 atm O2 equilibrium. The
absolute values of ΔH0 are in accordance with the δ values.
The oxides with the highest oxygen exchange capacities in
Fig. 4 have the lowest ΔH0 values that indicate lowest
thermodynamic stabilities of the oxides. The manganates
have generally higher ΔH0 values (except that of Sr0.5
Ca0.5Mn0.5Fe0.5O3−x) and lower unit cell volumes. For each

composition (excluding the behavior of Sr0.5Ca0.5Mn0.5
Fe0.5O3−x), the enthalpy values increase with decreasing δ,
which corresponds to increasing stability of the oxide
(Fig. 7a). This tendency agrees with the observations of
[17, 19].

The correlation of the unit cell volumes with the thermo-
dynamic data must be seen qualitatively because the former
were measured at room temperature in air. In Ba1−aSra
Co1−bFebO3−x, the unit cell volumes increase and the
absolute values of ΔH0 decrease with decreasing Sr content
and with substitution of La by Ba. At constant Ba/Sr ratio,
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ΔH0 decreases, and the unit cell volume increases with
increasing Co content. The more stable manganates show
highest absolute values of ΔH0 and generally lower unit
cell volumes. It should, however, be kept in mind that only
compositions of identical structural modifications can be

compared. Further investigation is required to clear up this
correlation.

Mizusaki et al. [17] investigated a series of La,Sr
cobaltites, and they found that the absolute values of ΔH0

decrease with increasing Sr content. The ΔH0 value of
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Fig. 7 Partial molar thermodynamic quantities of perovskite-type oxides as a function of changes δ (mol) of the O/M stoichiometry. a Enthalpy
ΔH0. b Entropy S0

Table 2 Unit cell volumes
and thermodynamic quantities
of perovskite-type oxides

Compositions investigated
in this work

Structure
(air/Ar)

Unit cell volume
(Å3)air/argon

−ΔH0 (kJ/mol) S0 (J/mol K)

SrCo0.8Fe0.2O3−x Cub/orth 57.7/60.8 33.5 36
Sr0.965Ce0.035CoO3−x Tetr/non per 1,378.4 54.1 58
La0.2Sr0.8Co0.6Fe0.4O3−x Hex/hex 170.3/172.5 72.5 87
Ba0.5Sr0.5Co0.8Fe0.2O3−x Cub/cub 63.4/64.1 38.0 34
Ba0.5Sr0.5Co0.6Fe0.4O3−x Cub/cub 62.9/63.7 51.0 56
Ba0.3Sr0.7Co0.8Fe0.2O3−x Cub/cub 61.2/61.8 59.2 69
Ca0.5Sr0.5Mn0.9Fe0.1O3−x Cub/cub 54.2/54.5 104.8 107
Ca0.5Sr0.5Mn0.5Fe0.5O3−x Cub/cub 55.4/55.8 48.0 58
Ca0.5Sr0.5Mn0.8Fe0.2O3−x Cub/cub 54.4/54.6 132.0 75
Ca0.2Sr0.7Mn0.8Fe0.2O3−x Hex/orth 238.0/304 63.6 85
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La0.3Sr0.7CoO3−x (75.5 kJ/mol) is about that of La0.2Sr0.8
Co0.6Fe0.4O3−x (−72.5 kJ/mol) found in our work.

The entropy values (Fig. 7b) of the Ba1−aSraCo1−bFeb
O3−x do not show clear tendencies vs δ. The S0 values of the
manganates decrease with decreasing δ, what agrees with
the observations of [17, 19] explained by the decrease of
configurational entropy of oxygen in the oxide.

Conclusions

The investigations performed on perovskite-type oxides
A1�aA

0
aB1�bB

0

bO3�x (A, A′=La, Ba, Sr; B, B′=Mn, Fe, Co)
demonstrate relationships between O/M stoichiometry, unit
cell volume, phase stability, and thermodynamic quantities.
The absolute values of partial molar enthalpies of perov-
skite-type oxides increase with increasing O/M stoichiome-
tries and with decreasing unit cell volumes of the cubic
perovskite structures corresponding to higher chemical
stabilities. Thus, the substitutions of Ba for La, Ba for Sr,
Co for Fe, and Fe for Mn lead to an increase in unit cell
volumes and to a decrease in absolute values of ΔH0.
Further investigation is projected for the correlation of the
results with thermal expansion behavior.
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