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 ABSTRACT

Selected compositions within the system La;.xAxCoi.yFeyO3_5 (A=Sr,Ca)
were prepared by combustion synthesis and characterized by , TGA,
electrical conductivity, and oxygen permeation measurements. Substantial weight
loss (due to loss of lattice oxygen) was observed in some compositions at high
temperatures. For Sr containing materials, this weight loss increased with
increasing Sr content. A substantial decrease in electronic conductivity was
observed at high temperatures in Sr doped materials; this decrease was related to
the decreased oxygen stoichiometry at these temperatures. In Sr doped
compositions, oxygen flux increased with increasing Sr content. Calculated
values of ionic conductivity were greater than the conductivity of yttria stabilized
zirconia. Substitution of Ca for Sr resulted in substantially lower fluxes.

INTRODUCTION

Compositions in the (La,Sr)(Co,Fe)O3-5 system with the ABO3
perovskite-type structure have generated considerable research interest due to their
mixed conducting behavior.1-13 Since, at elevated temperatures, these
compositions exhibit substantial anionic and electronic conductivity, they are
candidate materials for applications such as solid oxide fuel cell cathodes and
oxygen separation membranes. Oxygen anion conductivity in these materials can
be quite large relative to other oxygen conductors, such as yttria-stabilized
zirconia (YSZ). The mixed conducting behavior results in a spontaneous flux of
oxygen through dense sintered materials when they experience an oxygen partial
pressure (P(O7)) gradient at elevated temperatures. Under these conditions,
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gaseous oxygen on the high P(O») side of the material is reduced to anionic
oxygen at the surface, transported through the material (via a lattice vacancy
diffusion mechanism) to the low P(O,) side, and then re-oxidized to O;. The
ionic current resulting from this flux of oxygen ions is offset internally by an
electronic current, so that no electrodes or external circuitry are required for the
flux to occur.

Teraoka et all-24 studied the electronic and ionic conductivities of a
number of (La,Sr)(Co,Fe)O3.5 compositions using four-probe dc techniques. At
800°C, ionic conductivities were on the order of 0.01-1 S/cm, while electronic
conductivities exceeded 100 S/cm. (Under similar experimental conditions,

Kruidhof et all0 measured the oxygen flux through two of these compositions
(SrCog gFep.203.s and Lag ¢Sr9 4C003.5) and obtained values approx. 1 order of
magnitude lower than those reported by Teraoka.) Ionic conductivity increased
_steeply with increasing Sr content and decreased slightly with increasing Fe
content. The increase in ionic conductivity with increasing Sr content was
attributed to an increase in the concentration of lattice oxygen vacancies as
trivalent La cations were replaced by divalent (acceptor) Sr cations. Oxygen |
permeability was found to be roughly proportional to the ionic conductivity.
‘While compositions with high Sr and Co contents tend to offer the highest oxygen
fluxes, other factors must also be considered. For example, SrCoq gFeg 2035
provides very high oxygen permeability but exhibits very limited chemical and

structural stability in reduced P(Op) environments.5 The purpose of the present
study is to increase the understanding of the synthesis and electrochemical
properties of materials within the Lal_xAxCol Fey03_5 (A=Sr,Ca) system in
order to facilitate their successful utﬂ1zat10n in electrode and oxygen separation
applications.

- EXPERIMENTAL PROCEDURE

Selected compositions within the system Laj.xAxCo1.yFeyO3.5 (A=Sr,Ca)
were prepared using the glycine-nitrate combustion synthesis technique.!4 La,
Sr, Ca, Co, and Fe nitrate solutions were mixed in appropriate proportions after
which glycine was added as a fuel and complexant. The mixtures were heated in
stainless steel beakers until combustion occurred. The resulting ash was calcined
at 850°C for 12 h. After calcination, the powders were compacted in a die using
uniaxial pressure (55 MPa) followed by isostatic pressure (138 MPa). Green
densities were calculated geometrically. Pressed compacts were sintered in MoSip
furnaces using a heating and cooling rate of 5°C/min; typical sintering
temperatures were 1150-1200°C. Relative densities of sintered specimens (as
determined by the Archimedes method using ethanol) were greater than 90%.
Phase development was determined by X-ray diffraction analysis. Electrical
conductivity of sintered specimens was measured in air as a function of
temperature (25-1100°C) by a 4-point pulsed dc method. Thermogravimetric
analysis was performed on calcined powder specimens using a heating rate of
5°C/min and a cooling rate of 2°C/min. The TGA measurements were performed
in several different atmospheres (air; 10,000 ppm Os in Ar; 1,000 ppm O3 in Ar;



100 ppm O7 in Ar). Passive (i.e., no applied field) oxygen permeation
measurements were performed using sintered disc specimens sealed in an alumina
test cell with gold gaskets. Air and oxygen were used as source gases with
nitrogen as the carrier gas. Permeation was measured as a function of temperature
using heating and cooling rates of 0.65°C/min and gas flow rates of 25-30 sccm.
An oxygen sensor and mass spectrometer were used in calculating the oxygen
fluxes.

RESULTS AND DISCUSSION
Phase Development

For convenience, a simple code is used to refer to the compositions under
study. Compositions in the system La;_,SrxCoj.yFeyO3.g are designated by
LSCEF followed by numerals indicating the relative proportions of each cation.
For example, Lag 6Srg.4Co 2Feg 803§ is designated LSCF-6428, while
Lag 2Sr0.3Co gFe,203.5 is LSCF-2882. Laj.xCaxCoj.yFeyO3.5 compositions
are designated LCCEF, followed by the numerical code.

Phase development after heat treatment of powders in air at 850°C and
1200°C is summarized in Table I. While the LSCF compositions were essentially
single phase perovskites after calcination at 850°C, the LCCF compositions
tended to require higher temperature treatment before yielding a high proportion
(>95 wt.%) of the desired perovskite phase. The LCCF composition highest in
Ca and Co (2882) remained multi-phase even after heating at 1200°C for 2 hours.

Table L. Effect of Temperature on Phase Development (in Air)

Composition 850°C, 12 Hrs 1200°C, 2 Hrs
LSCF-6428 Perovskite Perovskite
LSCF-4628 99% Perovskite 98% Perovskite
LSCF-4682 Perovskite 99% Perovskite
LSCF-2828 Perovskite Perovskite
LSCF-2855 99% Perovskite Perovskite
LSCF-2882 Perovskite 9970 Perovskite
LCCE-6428 95% Perovskite Perovskite
LCCF-4628 85% Perovskite 95% Perovskite
LCCF-4682 80% Perovskite 95% Perovskite
LCCF-2882 35% Perovskite 75% Perovskite
Thermogravimetric Analysis

TGA results for the LSCF compositions when heated and cooled in air are
shown in Figure 1. These materials exhibited a substantial weight loss at elevated
temperatures; this weight loss was reversible upon cooling. (In some specimens,
a slight irreversible weight loss was observed during the early stages of heating




due to the removal of moisture in the powder. To avoid confusion, this transient
behavior is not shown in the plots). The weight loss upon heating was due to a
partial loss of lattice oxygen, so that the oxygen deficiency, 8, increased with
increasing temperature. The temperature at which oxygen loss began to occur
was highly dependent on the composition, with oxygen loss beginning to occur at
lower temperatures as the Sr content increased. The magnitude of the oxygen loss
increased with increasing Sr content. Similar weight loss behavior was

previously reported by Tai et al8 for two of these compositions (LSCF-
6428,4628).

TGA measurements were also performed in various atmospheres to study
the effect of ambient P(O2) on weight loss behavior. Figure 2 shows the behavior
of a high cobalt composition (LSCF-2882) in a variety of ambient oxygen partial
pressures. The magnitude of the oxygen loss upon heating increased only slightly
as the ambient P(O7) was reduced. In 10,000 ppm O3, full re-oxidation was
observed upon cooling (asin air), but re-oxidation did not occur in atmospheres
of 1,000 and 100 ppm O3. Compositions containing less cobalt did not
experience full re-oxidation in the 10,000 ppm O; environment. For a given Sr
content (e.g., x = 0.6, 0.8), the degree of re-oxidation during cooling in the
10,000 ppm O, atmosphere decreased with increasing substitution of Fe for Co
(See Figure 3).

Electrical conductivity

Since the ionic transport number in these compositions is less than 1%,
the bulk conductivities obtained by the 4-probe measurements can be considered

to represent the electronic conductivities of the materials. Plots of log oT vs.

1000/T (o is conductivity and T is absolute temperature) for the LSCF
compositions are shown in Figure 4. At lower temperatures, conductivities
tended to increase with increasing temperature, with activation energies on the
order of 0.05-0.16 eV (Table II). These energies are similar to magnitude to
activation energies reported for compositions in (Y,Ca)MnO3,16,17
(L2,Ca)Mn0s3,16 (La, St)Mn0O3,18 and (La,Sr)CrO3. 19 This behavior is .
consistent with a small polaron conduction mechanism (i.e., locahzed electronic
‘carriers having a thermally activated mobility).

If the carrier concentration is constant, small polaron conduction follows

the relanon 19

oT = C exp (-E«/kT) [1]

where E, is the activation energy, and k is the Boltzmann constant. The pre-
exponential factor C is a constant which includes the carrier concentraﬂon as well
as other material dependent parameters.

At higher temperatures, conductivity was observed to decrease
substantially with increasing temperature. Figure 5 shows conductivity as a




Table II. Activation Energies for Electronic Conduction

Ecm)sition Activation ]Qpergy (eV) ~ Ref.
LSCF-6428 0.079

L.SCF-4628 0.075

LSCF-2882 0.051

LSCF-2828 0.089

LCCF-6428 0.154

LCCF-4628 0.159

LCCF-4682 0.099 -
(Y,Ca)MnO3 0.04-0.23 16
(Y,Ca)MnO3 0.05-0.37 17
(La,Ca)MnO3 ' 0.08-0.15 16
(La,Sr)MnO3 0.09-0.19 18
(La,Sr)CrO3 0.11-0.19 " 19

function of temperature for LSCF-6428. The symbols represent the experimental
results. The dashed line represents the expected behavior for small polaron
conduction with a constant concentration of charge carriers (calculated using Eq.
1). It is obvious that the conductivity decreased at high temperatures much more
rapidly than predicted by the model. This exaggerated decrease at high
temperatures can be attributed to a decreasing concentration of electronic charge

carriers (electron holes, h*) as the oxygen content of the material decreases. This
process can be represented (Kroger-Vink notation)20 as:

. X .o 1 .
2h" + Oy = Vg +50, (2]

Thus, two electron holes are eliminated for each oxygen ion leaving the lattice.
Accordingly, the conductivity model was modified to allow for a variable carrier
concentration:

oT = {(A" - 28)(1(8/2)) C'}exp(-Eo/KT) -3

Two new terms were included in the pre-exponential factor. The first represents
the temperature dependent carrier concentration. In perovskites, electronic
conduction occurs on the BOj sublattice.?! If each new oxygen vacancy
eliminates two electron holes, the initial concentration of carriers (A') created by
the acceptor (i.e., Sr or Ca) doping on the A site is reduced at elevated
temperatures by 28, where § is the temperature dependent oxygen vacancy
concentration (as calculated from the TGA measurements). The second term in
the pre-exponential factor represents the decrease in hole mobility due to the

introduction of oxygen vacancies.!® Since the transport of carriers between
adjacent B-site cations occurs via an exchange interaction involving the oxygen




anions between those cations, electron transfer does not occur between cations
separated by oxygen vacancies.

The solid line represents the calculated conductivity obtained from Eq. 3.
This line provides a good fit to the experimental data, supporting the conclusion
that the substantial decrease in conductivity at high temperatures is indeed due to
the mechanism described in Eq. 2. It should be noted that while this decrease in
oxygen stoichiometry with increasing temperature reduces the concentration of
electronic carriers, it simultaneously results in an increase in the concentration of
the ionic charge carriers (oxygen vacancies).

Unlike the LSCF compositions, the LCCF compositions did not exhibit
the pronounced decline in conductivity at elevated temperatures (Figure 6). The

plots of oT vs. 1000/T are relatively linear over the entire temperature range,
indicating that the electronic carrier concentrations in these materials remain nearly
constant. This behavior implies that the oxygen stoichiometry in the LCCF
compositions is essentially independent of temperature. This conclusion is
supported by the TGA data for LCCF-4628, which showed minimal weight
change throughout the temperature range studied (See Figure 7; for comparison,
the TGA data for LSCF-4628 is also shown).

Oxygen permeation

Oxygen permeation rates (oxygen vs. nitrogen) through sintered
specimens of several LSCF and LCCF compositions (2.3 - 3.1 mm thick) are
shown as a function of temperature in Figure 8. In the LSCF compositions,
increased Sr content results in a substantial increase in flux. This is consistent
with the TGA results which demonstrated that, at high temperatures, the degree of
oxygen deficiency increases with increasing Sr content. The rapid increase in
oxygen flux with increasing temperature can be attributed to two factors: an
increasing mobility of the lattice oxygen ions, and an increasing concentration of

lattice oxygen vacancies. Fluxes measured in air vs. nitrogen tended to be
substantially lower than those measured in oxygen vs. nitrogen (as shown in
Figure 9 for LSCF-4628) due to the reduced P(O3) gradient.

Fluxes for the LCCF compositions were significantly lower than for the
LSCF compositions, as would be expected since the oxygen stoichiometry of
these materials appears to be relatively independent of temperature (Figure 7), so
that an enhancement in oxygen vacancy concentration does not occur at high
temperatures.

Jonic conductivities were calculated from the flux rates, using the

relation:22

v 4F JI t _ [4]
RT ln[P@z%(Og)

G, =




where F is Faraday's constant, J is flux (in A/cm?), t is specimen thickness, R is

the gas constant, T is absolute temperature, and P(O;) and P(OIZI) are the oxygen

partial pressures on each side of the specimen. The calculated values of ionic
conductivity for the LSCF compositions at 900°C (see Table II) are higher than
the conductivity of YSZ at that temperature (approx. 0.1 S/cm). These values are
similar in magnitude to conductivities measured with a 4-probe dc technique by

Teraoka et al.2 Tonic transport numbers were obtained by dividing the ionic
conductivity by the total conductivity.

- CONCLUSIONS

LSCF compositions exhibited a substantial reversible weight loss at
elevated temperatures when heated in air due to a partial loss of lattice oxygen. As
Sr content increased, the oxygen loss began to occur at lower temperatures and
the magnitude of the oxygen loss increased.” Bulk electronic behavior was
consistent with the small polaron conduction mechanism. A substantial decrease
in bulk conductivity was observed at elevated temperatures; this behavior was
attributed to a decrease in electronic charge carriers resulting from the decrease in
oxygen stoichiometry. Unlike the LSCF compositions, LCCF compositions did
not exhibit a substantial decrease in conductivity at high temperatures. Oxygen
flux through sintered L.SCF specimens increased with increasing Sr content.
Fluxes through LCCF specimens were approximately 1 order of magnitude lower
than fluxes measured through LSCF materials. Calculated values of ionic
conductivity for the LSCF compositions at high temperatures were significantly
greater than that of YSZ. ‘ '

. Table IIL. Tonic and Electronic Conductivities at 900°C

Tonic “Electronic Tonic Transport
COEEosition Conductivity (S/cm) | Conductivity (S/cm) Number
LSCF-6428 0.23 252 90.1x 104
LSCF-4628 0.40 219 1.8 x 10-3
LSCF-2828 0.62 120 5.2x 10-3
LSCF-2882 0.87 - 310 2.8x 103
LCCF-4628 0.03 52  5.8x 104
LCCF-4632 0.01 296 34 % 103
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