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Abstract

The high catalytic properties of LSCF1982 arise from its defect structure. In this work, the oxygen nonstoichiometry (d) of LSCF1982
was analyzed as a function of oxygen partial pressure ðP O2

Þ and temperature for the �6 6 logðP O2
=atmÞ 6 0 and 800 6 T/�C 6 1000

ranges. A defect structure model for LSCF1982 was presented, which fitted well with the experimental data for d. The equilibrium con-
stants of appropriate defect reactions were determined. Analysis of the defect structure of LSCF1982 suggested that the conduction
mechanism of LSCF1982 is governed by hopping conduction and band conduction of p-type carriers, which was determined by the anal-
ysis of thermoelectric power. The characteristic membrane thickness (Lc), indicating the transition from predominantly bulk-diffusion
controlled reaction to surface-exchange controlled reaction, had a value of 3.5 ± 0.9 � 10�2 cm. The oxygen vacancy diffusivity was cal-
culated from the relationship between oxygen flux and oxygen chemical potential gradient. The chemical expansion was measured as a
function of P O2

and temperature in the 10�3
6 P O2

=atm 6 0:21 and 800 6 T/�C 6 1000 ranges. The chemical expansion model based on
the relative change in mean ionic radius was employed to compute the chemical expansion vs. d, which indicated that the spin states of B-
site transition metal ions are a mixture of high-spin and low-spin states, and made the transition from the low-spin to the high-spin state
with an increase in d and temperature.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mixed ionic–electronic conductor (MIEC) oxides have
many potential applications—e.g. separation membranes
for high-purity oxygen production, surface catalysts or
reactors for the partial oxidation of methane to syngas,
and electrodes in fuel cells and batteries—mainly due their
higher ionic and electronic conductivity. Among various

MIEC oxides with perovskite-type structure, the oxides
of La1�xSrxCo1�yFeyO3�d (LSCF) series have been exten-
sively studied for such applications [1–8]. LSCF perovskite
oxides possess good electronic conductivity at intermediate
temperatures and high oxygen surface-exchange and
bulk-diffusion characteristics, and good catalytic activity
[9,10]. Among the LSCF series, La0.1Sr0.9Co0.8Fe0.2O3�d

(LSCF1982) shows a high electrical conductivity and high
oxygen diffusivity [11–13]. Generally, this higher electro-
chemical performance is simultaneously controlled by the
nature and composition of A- and B-site cation species,
temperature and P O2

. The substitution of Sr2+ by La3+ is
charge compensated by the reduction of B-site transition
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metal ion and filling of oxygen vacancies ðV ��OÞ. The B-site
substitution of Co with Fe improves the chemical stability
of the structure towards reducing atmospheres [11,14,15].
Clearly, the nature and composition of species at the A-
and B-sites influence the defect structure, which in turn
affects the physicochemical properties. Therefore, the anal-
ysis of defect structure is very important, because several
transport properties of oxide are directly connected with
defect structure in a given thermodynamic condition.

Previously, we have investigated LSCF for a number of
applications [1,3,5,16]. For further improvements in the
practical applications of LSCF, however, it is necessary
to investigate its fundamental thermodynamic and kinetic
properties. For this purpose, we have previously reported
some of these properties of LSCF1982, such as total con-
ductivity, ionic conductivity, oxygen permeability, chemi-
cal expansion and oxygen nonstoichiometry as a function
of temperature and P O2

[17,18]. Since these fundamental
thermodynamic and kinetic properties are dependent upon
the concentration and nature of defect species present in
the system, it is imperative to perform defect chemical anal-
ysis of LSCF1982 to obtain a better understanding of these
properties. In this work, we present the defect structure
model for LSCF1982 and analyze some of its fundamental
properties in terms of the relationship among its structural
elements.

2. Experimental

2.1. Synthesis of LSCF1982 and sample preparation

LSCF1982 powder was synthesized by the solid-state
reaction method. La2O3 (Aldrich, 99.9%), SrCO3 (Aldrich,
99.9%), Co3O4 (Aldrich, 99.9%) and Fe2O3 (Aldrich,
99.99%) were used as the starting materials. Stoichiometric
amounts of the various oxide components required for
LSCF1982 were mixed in a ball mill and the mixture was
calcined at 1000 �C in air for 10 h. The as-calcined powder
was ground and then was planetary ball-milled at 320 rpm
for 2.5 h to obtain LSCF1982 powder with particle size of
1–3 lm [17]. Portions of the LSCF1982 powder were
molded into pellets, which were then cold isostatically
pressed at 150 MPa. The green pallets were sintered at
1200 �C in air for 10 h, and were then cut and polished.

2.2. Oxygen nonstoichiometry

The oxygen nonstoichiometry of LSCF1982 was
measured as a function of oxygen partial pressure and

temperature in the ranges �6 6 logðP O2
=atmÞ 6 0 and

800 6 T/�C 6 1000, respectively, by the electrochemical
coulometric titration method as described elsewhere [18–
20]. The absolute value of oxygen nonstoichiometry was
determined by the thermogravimetric full reduction
method with a Cahn D-200 microbalance [21].

2.3. Conductivity and thermopower

The total conductivity of LSCF1982 was measured by
the four-probe DC method, as previously reported [17].
The thermopower (h) was measured using a rectangular
bar-type specimen (95% of theoretical density, 1.5 �
1.5 � 15 mm3) by the steady-state method [22,23]. The
experimental setup for the thermopower measurement is
shown in Fig. 1. The rectangular specimen (r) was heated
in the laboratory-made apparatus which consisted of a
Pt-microheater (s), an alumina sample holder (t, u),
an S-type thermocouple (v) and a Pt-electronic probe
(w). The Pt-microheater was used to generate a tempera-
ture gradient across the specimen. Two S-type thermocou-
ples were used to measure the temperature difference
between two ends of the specimen. The thermal voltage
(Etherm), as a function of temperature difference (2 6 DT/
�C 6 10) between two ends of the specimen, was measured
using the Pt-electronic probe (w). The Seebeck coefficient
of the specimen was determined from the slope of the Etherm

vs. temperature difference plot after compensating for the
thermopower of the Pt-wire as earlier reported [22–24].
The overall measurements were conducted over the temper-
ature and pressure ranges of 700 6 T/�C 6 1000 and
10�3

6 ðP O2
=atmÞ 6 0:21. P O2

was maintained by flowing
air and nitrogen gas mixture, which was monitored using
an ex situ yttria-stabilized zirconia (YSZ) electrochemical
sensor.

2.4. Oxygen permeability

The oxygen permeability was measured using dense
LSCF1982 disks (theoretical density �95%; diame-
ter = 20 mm; thickness = 0.8, 1.0, 1.5, 2.3 or 2.7 mm).
The disk surface was polished with 100-grit SiC paper to
maximize the surface area for diffusion-controlled

Fig. 1. Schematic of the thermoelectric power measurement setup: (1)
specimen; (2) microheater; (3) alumina rod; (4) alumina sample holder; (5)
S-type thermocouple; (6) EMF lead wire.

Table 1
The best-estimated fitting parameters for Eq. (10).

T (�C) Ki (mol2) Kre (mol2 atm1/2) Ka (mol�1) KB (mol)

1000 6.01 � 10�7 1.11 � 10�9 0 2.57 � 10�4

950 1.13 � 10�6 8.84 � 10�10 0 6.19 � 10�4

900 2.02 � 10�6 2.78 � 10�10 0 1.11 � 10�3

850 5.15 � 10�6 6.72 � 10�11 8.35 � 10�2 2.06 � 10�3
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