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Abstract

Both physical properties and the level of mixed conduction obtained in La and Fe doped SrTiO3 are widely influenced by com-
position. In contrast to La free compositions, La containing compositions show high stability against reaction with yttria stabilised
zirconia (YSZ) and a closely matching thermal expansion coefficient (�1�10�5 K�1). Faradaic efficiency measurements for
Sr0.97Ti0.6Fe0.4O3��

and La0.4Sr0.5Ti0.6Fe0.4O3��
show ionic transference numbers in air between 5 � 10�3 to 4 � 10�2, and 2 � 10�4

to 6 � 10�4 respectively, decreasing with decreasing temperature. The substitution of La for Sr is observed to deplete the level of
both ionic and total conductivity obtained in air. # 2001 Published by Elsevier Science Ltd.
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1. Introduction

The co-existence of high electronic conductivity and
relatively good oxygen ion conductivity has been sug-
gested to enhance the performance of electrode materi-
als for solid oxide fuel cells (SOFCs) due to the
extension of the electrochemical reaction over the entire
electrode surface rather than localised at triple contact
areas.1,2 This type of approach has failed, however, in
what concerns the anodic reaction because well known
oxide materials with high electronic conductivity and
relatively good ionic conductivity usually undergo
degradation on attaining moderately reducing condi-
tions and cannot be used in very reducing conditions.
For example La1�xSrxCoO3�� materials possess high p-
type electronic conductivity and relatively good ionic
conductivity but the stability range reduces to pO2>
10�7 atm at 1000�C.3 The main electronic contribution
of mixed conducting materials, having a sufficient sta-
bility domain with respect to oxygen chemical potential

variation, typically changes from p-type in oxidising
conditions to n-type in reducing conditions. The n-type
behaviour is thus often typical of atmosphere contain-
ing significant fractions of a fuel (H2, CH4, etc.).
Unfortunately, the highest values of n-type conductivity
attained by known ceramic materials remains orders of
magnitude lower than the values of conductivity
attained by p-type conductors such as La1�xSrxCoO3��.
In addition, attempts to enhance the n-type contribu-
tion usually deplete the ionic conductivity, as found for
typical electrolyte materials, thus raising doubts about
the possibility of obtaining sufficiently good mixed con-
ducting electrodes for reducing conditions.

Nevertheless, the dependence of conductivity of
SrTi1�xFexO3�� on the oxygen partial pressure indicated
that the ionic conductivity might attain values of about
0.2 S/cm at 1000�C, with major electronic contributions
in oxidizing conditions (p-type), or for sufficiently redu-
cing conditions (n-type).4 The good mixed conductivity
of these materials was also confirmed by electrochemical
permeability measurements.5 This work offers pre-
liminary studies in air of the stability of two of the more
promising compositions Sr0.9Ti0.6Fe0.4O3��, Sr0.97Ti0.6

Fe0.4O3�� and also the La doped material La0.4Sr0.5

Ti0.6Fe0.4O3�� with respect to reactions with 8% yttria
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stabilised zirconia (YSZ) the most common SOFC
electrolyte, thermal expansion behaviour and the influ-
ence of La doping on conductivity.

2. Experimental methods

Powders of Sr0.9Ti0.6Fe0.4O3��, Sr0.97Ti0.6Fe0.4O3��

(STFO) and La0.4Sr0.5Tio.6Fe0.4O3�� (LSTFO) were
prepared by solid state reaction from dried TiO2, Fe2O3,
La2O3 and SrCO3. Calcination of STFO at 1100�C and
LSTFO at 1300�C, for 12 h, was followed by milling to
destroy agglomerates, and subsequent preperation of
dense pellets by uniaxial pressing and sintering for 5 h at
1400�C and 1600�C, respectively. The use of a higher
temperature in the LSTFO case was found to be obli-
gatory in order to achieve phase purity and good den-
sity. A-site deficiency was introduced in both
compositions to improve the long term stability of these
materials, relative to those with unit A/(Ti+Fe) ratio.6

X-ray diffraction results using a Rigaku Geigerflex
diffractometer indicated all samples were monophasic.
STFO compositions exhibit the cubic perovskite struc-
ture (space group Pm3m) whilst the La containing
LSTFO composition exhibit an orthorhombic per-
ovskite structure (Pnma). Fixed frequency (10 kHz) ac
conductivity measurements were made as a function of
the oxygen partial pressure (from air to about 10�15 Pa),
in a controlled atmosphere furnace. Details on the
experimental set-up and corresponding performance are
presented and discussed elsewhere.7 Impedance spectra
were obtained by a 4-electrode ac method using a fre-
quency response analyser HP428A. The level of ionic
conductivity was separated from the total conductivity
by the use of the Faradaic efficiency technique. This

technique is explained in detail elsewhere.8 The reactiv-
ity between 8 mol% YSZ and STFO was assessed by
firing intimate powder mixtures of these materials, (1:1
ratio of YSZ to STFO or LSTFO by weight), and firing
for 12 h in air, at different temperatures (Fig. 1). Ther-
mal expansion data is measured by a quartz dilatometer
DKV-5A in air between 25–850�C.

3. Results and discussion.

X-ray powder diffractograms of the intimate powder
mixtures (Fig. 1), show that in the STFO compositions
the YSZ peaks remain nearly unchanged after sintering
at 1250�C, whilst the cubic perovskite phase undergoes
significant structural changes. The intensities of the ori-
ginal perovskite peaks (e.g. at 2�=32.3, 46.5 and 57.8)
decrease, whilst new peaks (e.g. at 2�=31.7, 45.7 and
56.7) indicate the presence a new phase. It has been
suggested6 that an increase in A-site deficiency would
lead to a reduction in the chemical reactivity of these
types of compositions. If one compares the relative
intensities of the YSZ peaks and those of the reaction
products formed, it is observed that the amount of
reaction product formed in the case of Sr0.9Ti0.6

Fe0.4O3�� (Fig. 1b) is notably less for that for Sr0.97

Ti0.6Fe0.4O3�� (Fig. 1a) under the same reaction condi-
tions. An increase in A-site vacancy concentration
therefore leads to a reduction in the chemical reactivity
between YSZ and STFO. The substitution of La for Sr
on the A-site leads to further stabilisation of the per-
ovskite material. No reaction products can be seen for
an intimate mixture of La0.4Sr0.5Ti0.6Fe0.4O3�� and YSZ
fired at the same conditions, the two phases remain dis-
tinct (Fig. 1c).

Fig. 1. Powder X-ray diffractograms showing the reactivity between intimate powder mixtures of 8 mol% yttria stabilised zirconia (YSZ) and STFO

or LSTFO compositions fired at 1250oC for 12 h. Asterisks denote the positions of the YSZ reflections.
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Fig. 2 compares the thermal expansion in air for the
STFO and LSTFO compositions. The STFO composi-
tion shows a discontinuity in thermal expansion behaviour
at approximately 720 K. This behaviour is suggested to
be due to loss of oxygen at higher temperatures.9 Such a
variation of thermal expansion coefficient with tem-
perature is not exhibited by the LSTFO composition.
Corresponding thermal expansion coefficients are sum-
marised in Table 1. The SFTO composition offers a
thermal expansion coefficient significantly greater than
that of YSZ (10�10�6 K�1) at elevated temperatures,
whilst the LSTFO composition shows a good match
with that of YSZ throughout the temperature range.
This maybe an attractive property for the use of LSTFO
in SOFCs.

The temperature dependence of the total conductivity
in air for all compositions is shown in Fig. 3. It has been
shown previously that SFTO compositions fired in air,
contain large quantities of Fe4+ and that this con-
centration decreases with increasing temperature as
more oxygen ions vacancies are formed.9 The break in
the conductivity behaviour in the high temperature
range suggests a semiconducting to metallic transition
as found in other ceramic materials with high con-
ductivity such as La1�xSrxCoO3.

10

The effect of La substitution can be charge compen-
sated by a reduction in either the oxygen vacancy con-
centration or the concentration of Fe4+ present. The
electroneutrality equation in this case can be written as:

La�Sr
� �

þ 2 Vo€½ � þ p ¼ 2 V00
Sr

� �
þ Fe0Ti½ � þ n

The lower conductivity of LSTFO observed in Fig. 3,
can therefore be explained to be due to a lower electron
hole concentration in this composition in oxidizing
conditions.

The larger A-site vacancy concentration in Sr0.9Ti0.6

Fe0.4O3�� than in Sr0.97Ti0.6Fe0.4O3�� can be accom-
modated by an increase in the oxygen vacancy con-
centration. As electron transfer in perovskites occurs via
B–O–B bonds, an increase in oxygen vacancy con-
centration leads to decreasing mobility of electronic
charge carriers and a decrease in conductivity. Another
hypothesis is that the large cation vacancy concentra-
tion in this composition is accommodated by local
ordering, forming microdomains of common related
superstructure phases, for example brownmillerite,11

and/or by strong local distortions of the crystal lattice,
forming tunsten bronze-like domains.12 In the case of
brownmillerite-like microdomains, Fe ions are located
in stable tetdrahedral sites where their contribution to
conduction is lower. Formation of distorted tungsten
bronze-like domains would lead to deviating B–O–B
angles from their ideal value, 180�, and thus to decreas-
ing electron charge carrier mobility. As a result, the
total conductivity of Sr0.97Ti0.6Fe0.4O3�� in oxidizing
conditions, predominantly electronic, is slightly higher
than that of Sr0.9Ti0.6Fe0.4O3��.

Fig. 3. Temperature dependence of the total electrical conducivity in

air of Sr0.97Ti0.6Fe0.4O3��, Sr0.90Ti0.6Fe0.4O3�� and La0.4Sr0.5Ti0.6

Fe0.4O3�� . The solid lines correspond to the Arrhenius model.Fig. 2. Dilatometric curves of Sr0.97Ti0.6Fe0.4O3�� and La0.4Sr0.5

Ti0.6Fe0.4O3�� in air. Solid lines correspond to a best fit using linear

regression model.

Table 1

Thermal expansion coefficients of perovskite oxide ceramics

Composition T, K Average TECs

��10�6, K�1

La0.4Sr0.5Ti0.6Fe0.4O3-� 300–1050 10.2�0.1

Sr0.97Ti0.6Fe0.4O3�� 300–720 11.7�0.2

720–1070 16.60�0.07
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Fig. 4 shows the temperature dependence of the ionic
conductivity in air. These values are calculated using the
values of total conductivity shown in Fig. 3 and the

values of ionic transport number (t0) shown in Table 2
obtained by Faradaic efficiency measurements under
zero oxygen chemical potential. LSTFO is shown to
have a much lower ionic conductivity than STFO by
over three orders of magnitude. Regression parameters
of the Arrhenius temperature dependencies of the p-type
electronic and ionic conducitvities in air are shown in
Table 3 using the standard Arrhenius model where A0 is
the pre-exponential factor and Ea is the activation
energy for conduction.

� ¼
A0

T
:exp �

Ea

RT

� �

The principal factor affecting the level of ionic con-
duction is the higher activation energy for conduction in
the LSTFO composition, suggesting a significant con-
tribution for the formation of mobile vacancies in the
case of LSTFO. An increase in temperature may
increase the concentration of vacancies present due to
oxygen exchange with the atmosphere and disorders the
oxygen sublattice. The relative significance of these
additional, thermally formed, vacancies to the overall
level of ionic conductivity is probably much greater
when one considers the LSTFO case, due to the lower
intrinsic vacancy concentration in this composition than
that of STFO. One must also consider the fact that the
LSTFO composition exhibits an orthorhombic per-
ovskite structure whilst the STFO composition exhibits
a cubic perovskite structure. These two symmetries may
not exhibit the same enthalpies for ion migration and
vacancy formation. However, a change between these
two symmetry types cannot expressly dictate that the
LSTFO should exhibit such a large activation energy
for conduction. Examples against this hypothesis are
compositions such as La0.9Sr0.1Ga0.8Mg0.2O3��.

13 which
have the orthorhombic perovskite structure (Pnma) but
which still exhibit very high levels of ionic conductivity
with activation energies for conduction around 100 kJ
mol�1.

Fig. 4. Temperature dependence of the ionic conductivity of Sr0.97Ti0.6

Fe0.4O3�� and La0.4Sr0.5Ti0.6Fe0.4O3�� calculated from the values of

total conductivity and oxygen ion transference numbers, determined

by the Faradaic efficiency measurements under zero oxygen chemical

potential gradient.

Table 2

Oxygen ion transference numbers, determined by the Faradaic effi-

ciency measurements in air

Composition T, K t0

La0.4Sr0.5Ti0.6Fe0.4O3�� 1273 6.0�10�4

1223 4.2�10�4

1198 3.1�10�4

1173 2.1�10�4

Sr0.97Ti0.6Fe0.4O3�� 1223 4.1�10�2

1173 3.3�10�2

1073 9.0�10�3

973 5.0�10�3

Table 3

Regression parameters of the Arrhenius temperature dependencies of the p-type electronic and ionic conductivities in air

Conductivity Composition T, K Ea, kJ/mol ln A0 (S/cm)

Electronic La0.4Sr0.5Ti0.6Fe0.4O3�� 470–870 50�2 11.9�0.3

870–1220 32.4�0.8 9.35�0.09

Sr0.97Ti0.6Fe0.4O3�� 470–890 35�3 11.5�0.6

890–1120 11�1 8.2�0.1

Sr0.90Ti0.6Fe0.4O3�� 440–800840-1060 39.7�0.6 12.3�0.1

15.3�0.7 8.54�0.08

Ionica La0.4Sr0.5Ti0.6Fe0.4O3�� 890–1120 158�17 14�2

Sr0.97Ti0.6Fe0.4O3�� 970–1220 98�12 13�1

a Ionic conductivity was calculated from the values of total conductivity and oxygen ion transference numbers, determined by the Faradaic effi-

ciency measurements under zero oxygen chemical potential gradient.
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4. Conclusion

The substitution of La for Sr is observed to deplete
the level of both ionic and total conductivity obtained in
air. Faradaic efficiency measurements for Sr0.97Ti0.6

Fe0.4O3�� and La0.4Sr0.5Ti0.6Fe0.4O3�� show ionic trans-
ference numbers in air between 5�10�3 to 4�10�2, and
2�10�4 to 6�10�4, respectively, decreasing with
decreasing temperature. La containing compositions
show high stability against reaction with YSZ and a clo-
sely matching thermal expansion coefficient (�1�10�5

K�1).
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