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Abstract

The structure, oxygen stoichiometry, total and ionic electrical conductivities of Sr;_,Ce,Fe;_;,C0,03_, (a=0-+0.2, h=0-+1.0)
were investigated. XRD patterns show the cubic perovskite structure of all air-treated samples. In reducing atmosphere the Co rich
compositions were partially decomposed. The change of the lattice parameter a with Ce content could be explained on the basis of
the oxygen stoichiometry values, determined by solid electrolyte investigations. The total conductivity (p-type, above 400-800°C
changing to metallic-like behaviour) was enhanced by the Co content and reached 200 S cm~! at 600°C. From permeation mea-
surements an ionic conductivity higher than YSZ and for the compositions of lower ceria content as high as gadolinia doped ceria
was observed. The results are compared with those of La;_,Sr,Fe;_;,Co0,0;_, and of manganites. © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

In search of electrode materials of enhanced electro-
catalytic activity for SOFC perovskite oxides with higher
oxygen transport became of great interest.! Higher
defective and thermodynamically less stable oxides meet
these requirements. La;_,Sr,Fe;_;,Co,05_, was one of
the most investigated alternative to the lanthanum
strontium manganites within the III-III-perovskites.
Most of the compositions cover the lanthanum-rich
corner of the La—Sr—Fe—Co composition area. The con-
sistency of the published results on their oxygen trans-
port properties>'® may suffer from the different
complicated experimental methods, and additionally
from the way of calculation of the diffusion coefficients
on the basis of experimental data. In some investiga-
tions the influence of dopands was overlapped by
neglection of surface exchange limitation or structure
changes. The tendencies within experimental sequences
of individual authors are more convincing: Excluding
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some results,>* an increase of ionic conductivity with A-
site doping was observed, which increases the oxygen
vacancy concentration.?>"1% Electronic conductivity is
more influenced by B-site occupation, and it is nearly
independent on A-site. Increasing Fe on B-site increased
the E, for oxide ion diffusion.%”

The possibility of stabilization of the perovskite struc-
ture in the highly-defective II-III-perovskite oxides
SrCoO;_, and SrFeO;_, by Ce*", which is inserted as
demonstrated!"!? on A-site enables the investigation the
Sr-rich corner of the La—Sr—Fe—Co composition area. La
is substituted by cerium with lower ionic radius and higher
positive charge. The results for SryoCey CoO5_, 11314
demonstrated highest electrical (500 S cm-1 at 400°C)
and oxygen ionic conductivities (0.15 S cm~! at 800°C)
combined with highest oxygen deficiency. Because the
cobaltite is decomposed at 600°C below 1 Pa of oxygen
pressure, measures must be taken to stabilize this material
without substantial loss in conductivity.

The partial substitution of Co by Fe ions in the com-
position Sr,_,Ce,Fe,_;,C0,03_, (a=0-0.4, b=0-1.0)
could be of interest for stabilization of the cobaltite. The
limit of cerium solubility in Sr;_,Ce,MeOs;_, (M =Co,
Fe) to form the cubic perovskite structure was
observed!!!2 at @=0.15. Small doping levels of cerium
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in Sr;_,Ce,Fe;_,Co,05_, (up to a <0.03 mol) at b=0
and 1.0 result in a crystal structure similar to that of
pure SrFeO;_, and SrCoOs_, respectively.!> The ionic
radius'® of Ce** (r=1.14 A) is smaller than that of
Sr2t (r=1.44 A) and the attraction between cerium and
oxygen ions is stronger than that between strontium and
oxygen. The oxygen deficiency x and average valence
state of B-site cation decrease with increasing ceria
concentration. These facts should be arguments for a
decreasing lattice parameter. The lattice parameters of
the (pseudo)cubic perovskite lattice decrease in the case
of cobaltite, but increase in the case of ferrate, as
depicted in Fig. 1 (see in discussion).

The effect of strontium substitution by cerium and/or
iron substitution by cobalt on structure and lattice
parameters have to be evaluated in detail. The changes
in structural and charge transport properties of this
system should be understood on the basis of XRD data
and experimental values of the oxygen deficiency x. The
electronic and oxygen ionic transport was investigated
in terms of dependency on composition and oxygen
stoichiometry.

2. Fundamental

Doping and substitution within a certain structure
require to keep the rules of geometrical and charge bal-
ance within the crystall. On this basis the relations
between oxygen stoichiometry and oxidation state of
the different cations can be estimated. In the composi-
tions Sr;_,Ce,Fe,_,Co,05_, with tetravalent Ce*" on
the site of divalent Sr’>" electroneutrality requires the
compensation of the effective positive charges of the
cerium cations by a decrease in valence of some B-site

decrease of the concentration of oxygen vacancies (ionic
compensation). As known for III-ITI-perovskite oxides
both defect types BE* and V" exist.!” Their concentra-
tions will change with oxygen partial pressure, tem-
perature, doping concentration on A-site and type of
transition metal cation on B-site. Cerium doping
decreases the concentration of V¢ and simultaneously
of Fe** evoking a corresponding increase in the average
size of the B-place cations (ionic radii after'®). For
a=0-0.1 the oxidation states Fe3* and Fe*" are pre-
ferred, whereas increasing cerium concentration to
a>0.1 requires the formation of Fe?' in addition to
Fe** ions within the perovskite structure. The relations
in cobaltite will be similarly, but greater tendency to the
formation of the 2+ oxidation state of Co in relation to
Fe must be considered.'®

In accordance with the Krdger-Vink notation the defect
reactions for the reduction of air-treated samples are
described as follows, for undoped samples (M = Fe or Co)

St My MY 5,05, VG v => SU'M3 osM 0 95031
O.xts 16/202
(M
for Ce-doped samples

X AV ES * Hok
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=> Srl—acea M2x’+2a’+26Ml—2,x’—2a’—2603—x’+a—a’—5 (2)
K%
O,xX'—a+ad' +8 + 8/202

where x =X —a+d +8a=d + (a—d), S**(Sr) is
written for a regular and Ce** (Ce™) for a two fold
overloaded A-site occupation and M3+ (M~) for a reg-
ular and M*" (M*) as the one fold overloaded B-site
occupation.
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Fig. 1. Lattice parameter a of the cubic perovskite phases of strontium cobaltite and strontium ferrate, stabilized by cerium, after.!"-!?
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It can be assumed, that in Sr;_,Ce,MO5_, (M =Co,
Fe, a=0-0.4) electronic/ionic compensation may be
conditioned by the following mechanisms:

(a) reduction of M** cations (M**—M?3"), which is
prefered for a<0.1,

(b) decrease of the concentration of V¢, which is
expected, considering the tendency of cerium to
suppress oxygen deficiency,!!-!?

(c) the reduction of M3** to M?* for a=0.1, as
reported for other perovskite systems too.!%2!

Increasing substitution of Sr by Ce shifts the start of
charge disproportionation below room temperature. '

3. Experimental procedure
3.1. Sample preparation

Samples of the composition Sr;_,Ce,Fe;_,Co,05_,
(a=0-0.4, b=0-1.0) were prepared from SrCO;, CeO,,
Fe, 03, Co304 of 99.9% purity. The compounds were
mixed in a mortar, heated in air for 20 h at 1150°C.
After cooling to room temperature the products were
crushed and ground for 24 h. The powders were pressed
into pellets in the absence of a binder and sintered in air
at 1250-1350°C for 20 h.

X-ray diffractograms were obtained by means of a
mono-chromated Cuk,, radiation with a Siemens D5000
equipment. For determination of the lattice parameters
aluminum was used as an internal standard. The aver-
aged 26 deviation for the Al standard was 0.045-0.060°.
All air-treated samples were of cubic symmetry. No
change in diffraction patterns were observed in samples
quenched from 1000°C in argon.

Densities of the sintered samples were determined
with a gas pycnometer, model AccuPyc-1330, from
micrometrics. All relative densities were greater then 93%
of theoretical, the samples were gas tight. Theoretical
densities were estimated from the unit cell composition.

Oxygen deficiencies were measured by the solid elec-
trolyte coulometric (SEC) device Oxylyt (SensoTech
Magdeburg).?? Samples of the powders are reacted in a
temperature programmed furnace with a gas of con-
trolled oxygen partial pressure. After reaction with the
sample the deviation of the oxygen content from the
initial state was determined by SEC titration. Gases of
controlled oxygen partial pressures (investigated range:
10~19-10° Pa) were prepared from argon/air or argon/
hydrogen/water vapour mixtures, the Po, values were
modified within the oxidizing and reducing regions by
subsequent electrolytic pumping. The P, values were
measured by a solid electrolyte potentiometric cell.

The electrical conductivity was measured by a d.c.
four-point method on sintered shapes of 3x2x10 mm

size. The temperature range investigated was 20—
1000 £ 2°C. During the measurements the oxygen partial
pressure or temperature were kept constant.

Oxygen permeation was measured without an applied
electrical field between 700 and 1000°C (temperature
step method). The experimental technique was described
in Ref. 13. The heating and cooling rates were 1°C/min),
using sintered disks (10 mm diameterx1.0-2.0 mm
thick) sealed with gold ring in an alumina tube. Two
surfaces of the pellet were exposed to gas flows with
different oxygen partial pressures, controlled by the
Oxylyt. The permeation flux of oxygen from the high- to
the low-pressure side was measured using the solid
electrolyte technique. In all experiments air was used as
the gas on the high Pg, side, and argon/O, mixtures
(70-80 Pa) on the low P, side. The absence of mass
transfer limitations was verified by variation of the total
flow rate between 3 and 10 1/h at constant Pg, at the
outlet of the reactor. Within experimental error no sig-
nificant change of permeation was observed. At each
temperature an equilibration time (1-3 h) was required
before the permeation flux reached equilibrium. The
lower the temperature and oxygen partial pressure, the
longer the time for equilibration.

4. Results and discussion
4.1. Oxygen stoichiometry and lattice parameters

4.1.1. A-site doped strontium cobaltite and strontium

ferrate

Doping with ceria leads to increasing oxygen stoi-
chiometry (3—x). On the basis of experimental deter-
mined (3—x) values of the air treated samples (above
1000°C, followed by slow cooling) the concentrations of
different oxidation states of the transition metal cations
and from these the average B-site radii were calculated.
The influence of cerium doping on the average size of B-
site cations is shown in Fig. 2a and b. The decreasing
lattice constant a of the cobaltite in the region ¢ <0.15
can be calculated from the assumption of Co** and
Co*" ions (average r=0.60 A) with increasing Ce con-
tent (Fig. 2a). The increase of the lattice constant in
strontium ferrate relative to the cobaltite can only be
explained by assumption of the more voluminous Fe?*
and Fe*™ ions (average r=0.647 A) (Fig. 2b).

4.1.2. B-site substitution of mixed cobaltite/ferrate

The dependence of the cubic lattice constant a on
substitution of iron by cobalt at constant cerium con-
tent in Sr¢Ceg Fe,_,Co0,03_, was investigated (Fig.
3). A good correlation between ionic radii and XRD
data was observed. All samples were of cubic structure.
With increasing Co content b the lattice constant « gra-
dually decreases, connecting the values of the end
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Fig. 3. Lattice constant « A, average radius of B-site cation W and oxygen stoichiometry O versus cobalt doping on B-site. B-site cation ratio

corresponds to M3+ /M4,

members SrpoCey1Co0;_,, and Sry¢Ceq FeOs_,. It
must be noted, that the solubility limit of cerium
depends additionally on the iron/cobalt ratio on the B-
site. Higher iron content reduced the cerium solubility
(see Table 1). As demonstrated in Fig. 3, the x values

increase with increasing cobalt content, they range from
0.275 (for 5=0) to 0.65 (for b=1).

From SEC data, the relation between (3—x) and Pg,
for Srg.95Cep o5Feo.8C00.,05_, at different temperatures
is shown in Fig. 4a. Room temperature XRD analysis



N.E. Trofimenko, H. Ullmann | Journal of the European Ceramic Society 20 (2000) 1241-1250

Table 1
Lattice parameters and unit cell volumes of the system Sr,_,Ce,

Fei_,Coy03_y

a (Mol) b (Mol) Sintering Lattice parameter Unit cell
T (°C) a(A) vol. (A%)
0.1 0 1350 3.8778 58.31
0.1 0.2 1350 3.8749 58.58
0.1 0.5 1250 3.8659 57.78
0.1 0.8 1250 3.8596 57.49
0.1 1.0 1250 3.8494 57.04
0.05 0.2 1350 3.8687 57.90
0.15 0.2 1350 3.8800 58.41
0.2¢ 0.2 1350 3.8845 58.61
0.05 0.5 1250 3.8548 57.28
0.15* 0.5 1250 3.8626 57.63
0.05 0.8 1250 3.8624 57.62

2 Trace of second phase (CeO,).

of this composition after quenching from 800°C at
Poo~10719 Pa revealed a single phase perovskite-type.
The oxygen stoichiometry as function of Pg, at 800°C
for different compositions is pictured in Fig. 4b. All air-
oxidized samples were oxygen deficient. The value of
initial oxygen deficiency increases with increasing cobalt
content (b) and decreasing ceria content (a). The relative
position of the (3—x)-vs-Po, curves for compositions
with higher Co content shifts to the right compared with
the position of the curve for ferrates, suggesting a
greater tendency for reduction of the cobaltites. That

1245

means ionic compensation becomes more prevalent as
Co and Sr content increase. Similar trends were
observed in. Refs. 8§ and 21. This is in good relation to
the thermodynamic data of the pure oxides:'® Cobalt
oxide at 800°C and Py, < 10~2 Pa is reduced to the 2+
state, at Pp,<107!° Pa down to the metallic state,
whereas iron oxide at Pg, <10~1° Pa is reduced to the
2+ state. With increasing temperature and decreasing
Po, the oxygen deficiencies x of Sr;_,Ce,Fe;_,C0,03_.
increase. With increasing cobalt content all compositions
were decomposed at the above mentioned conditions into
mixtures containing additional phases beside the desired
perovskite solid solution. Depending on Pg, and tem-
perature the reduction may terminate in the formation of
SrO, CeO», Fe,0O3 and CoO or metallic cobalt.

The observed relation of (3—x) to Pg, can be divided
into three regions: In the highest P, region the deso-
rption of oxygen from an air-oxidized sample into gases
grows considerably with decreasing P, of the gas. In
the region near electronic balance the sample composi-
tion doesn’t change essentially. In the lowest P, region
the sample again lost oxygen with decreasing Pg,. These
results agree well with the model of Mizusaki.?324

4.2. Electrical conductivity characteristics
4.2.1. Total electrical conductivity

Results of electrical conductivity measurements on
several compositions of Sry_,Ce,Fe;_,Co,0;_, in air
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are plotted in Fig. 5. The conductivity of the samples
with constant Ce content (¢=0.1) was enhanced by
increasing Co content b (Fig. 5a). The highest values of
electrical conductivity (200 S cm~! at 600°C) for
samples with »=0.2 (Fig. 5b) were observed for the
composition of the lowest Ce content: Sryg5Cegos
Feq3Co0-05_,. The electrical conductivity decreases
rapidly and the activation energy increases with increas-
ing ceria doping. This result is consistent with previous
studies on Sr;_,Ce,FeO;_, and Sr;_,Ce,CoO;_,.'1-12

The conductivity obtained by d.c. measurements is
representative meanly of the electronic part (the ionic
transport number in similar compositions is typically
less than 1%). All samples show semiconducting beha-
viour at low temperatures and metallic-like at higher
temperatures. If the conduction mechanism in the ther-
mally activated region follows the relation

o= A/T-exp(—=Ea/kT) ()

the Arrhenius plots of log o7 vs 1000/7 should be linear
(E, is activation energy, k is Boltzmann constant, 7T is
absolute temperature and A4 is pre-exponential factor).
The E, values are listed in Table 2 as function of Ce and
Co content. It can be seen that for compositions with
b=0.2 a sharp increase of E, is noted as Ce concentra-
tion increases. The activation energies of cobalt rich
compositions are smaller (0.11 eV) than the activation
energy of ferrates (0.22 eV).

Decreasing conductivity with increasing temperature
may also be interpreted as semiconductor-like con-

Table 2
Experimental conditions and calculated activation energies of the total
electrical and ionic conductivities of Sr,_,Ce,Fe;_,Co0,05_,

a b Ea of o total Ea of Gion
(Mol)  (Mol)

T-range, °C  E, eV  T-range,°C E, eV
0.1 0 80-380 0.22 700-1000 0.87
0.1 0.2 80420 0.21 - -
0.1 0.5 80-380 0.18 - -
0.1 0.8 80-380 0.16 - -
0.1 1.0 140-400 0.11 700-1000 0.82
0.05 0.2 160-760 0.14 700—1000 0.73
0.15 0.2 80-440 0.22 750-1000 1.00
0.20 0.2 100-550 0.23 750-1000 0.46

ductivity, caused by decreasing concentration of elec-
tronic defects with increasing temperature.®2> The
decrease in conductivity at high temperatures occurs
approximately in the same temperature region in which
a loss of lattice oxygen takes place related to decreasing
concentration of electron holes. It follows from the
oxygen nonstoichiometry data, at increasing tempera-
ture with the loss of oxygen the concentration of M*™ -
ions decreases according to:

IME + O, => VE +2My " + 1/2 0, @)

In the compositions investigated in this work, the
observed transition of semiconducting to metallic-like
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behaviour can not be related to a structure change as
observed® for La;_,Sr,CoO;_, at a<0.2.

The dependence of the electrical conductivity on oxy-
gen partial pressures for compositions Sr;_,Ce,Fe;_,
Co0,03_, (b<0.2) at 800°C is pictured in Fig. 6. The
conductivity increases with Po, exhibiting p-type con-
ductivity at higher oxygen pressures. For cobalt rich
samples (Fig. 6a) the slope of m=d(log(o))/d(log(Po))
is relatively small (m=1/7-1/10) and depends on tem-
perature, indicating a defect structure which cannot be
described by a simple defect model. Compositions with
Co content > 0.2 were decomposed at P, <1073 Pa as
described above, the conductivity represents the values
of mixtures of some phases. The influence of ceria con-
centration at b=0.2 is pictured in Fig. 6b. The slope of
p-type conduction approaches the predicted value
(m=1/6-1/4) much better for the iron rich compositions
b>0.2 The values of the o, = o, range from 0.07 to 0.3
S*cm~!. At reducing conditions (Pg, <107 Pa) n-type
conduction appears. The prefered cathode material
Lag ¢5SrosMnO;_, shows considerably different con-
duction behaviour, whereas the Lag¢sSrg3Feq3Cog2
O;_, has a conduction behaviour very similar to the
Sry_,Ce,Fe,_;,Co,05_, compositions (Fig. 6a).

4.2.2. Oxygen diffusion

From permeation results the specific permeation flux
J, chemical diffusion coefficient of oxygen D& and ionic
conductivity o were calculated (Figs. 7 and 8), assuming
a bulk diffusion-controlled flux?® rather than surface
exchange kinetics. This assumption appears to be valid,

because the thicknesses of the samples (>1 mm) were
considerably greater than the ‘‘characteristic thick-
nesses’” reported in Ref. 28. Another indication for a
bulk-controlled flux was the dependency of the permea-
tion flux (approximately inversely proportional) on the
pellet thickness.

In the Sr;_,Ce,Fe;_;,Co,05_, compositions, the oxy-
gen flux increased with decreasing ceria content (Fig. 7,
excluding the two-phase composition with 0.2 Ce). This
result is consistent with the oxygen nonstoichiometry
data, which show a decrease in oxygen deficiency with
increasing ceria content. The permeation flux j increased
with increasing temperature, attributed to an increase of
both mobility (thermoactivated process) and concentra-
tion of lattice oxygen vacancies. A change in the slope
of current density versus reciprocal temperature at
about 750°C was observed for the composition with
higher cerium content (a=0.15). A similar change was
observed by Kruidhof et al.?® for SrCoy gMg,05_, (with
M =Cr, Fe, Cu) and Qiu et al.3® for SrCog sFey-0;3_..
It was related to the order-disorder transition of oxygen
vacancies during the brownmillerite phase transition. In
contrast to the SrCoygM(,05_, the X-ray analysis of
the Sr_,Ce,Fe,_,Co,05_, compositions show simple
cubic symmetry (see above). Therefore, the change in
activation energy observed in this work, might be rela-
ted rather to transition in oxygen exchange to bulk dif-
fusion limitation at lower temperatures.

Activation energies for ionic conductivity are shown in
Table 2. The energies in magnitude are similar to that
reported for La;_,Sr.Fe,_;Co,05_,7*7 and ranges
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Fig. 6. Electrical conductivity of Sr,_,Ce,Fe; ,Co,0;_, versus oxygen partial pressure at 800°C (a) dependency on Fe content at constant Ce. For
comparison: Lag 5519 3FensC00 03, LagesSro3sMnO;_,; (b) dependency on Ce content at constant Fe.
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Fig. 8. Results calculated from oxygen permeation measurements; (a) Oxygen chemical diffusion coefficient versus reciprocal temperature; (b)

Oxygen ionic conductivity versus reciprocal temperature.

between 0.46 and 1.0 eV. The lowest value for E, was
observed for the heavy ceria doped SrygCeq-Feqsg
Co(,0;_, composition. This might be explained by the
presence of CeO, as a second phase. REM investigations

of Sr,_,Ce,FeO;_, showed,!? that in this composite
ceria accumulates at the grain boundaries. The samples
investigated exhibit Do values (Fig. 8) of the order
10-7-10~8 cm? s~! between 1000 and 800°C respectively,
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i.e. exceeding the values of manganites by 2 or 3 orders
of magnitude. The ionic conductivity values (Fig. 8) of
all Sry_,Ce,Fe,_;,Co,03_, compositions are higher than
that of YSZ and for the Ce <0.05 compositions higher
than that of Gd doped ceria.

5. Conclusions

The different behaviour of the lattice parameters a of
strontium cobaltites (decreasing) and strontium ferrates
(increasing) after doping with cerium is explained on the
basis of the mean ionic radii of the B-site cations,
depending on their oxidation state as calculated from
experimentally determined oxygen stoichiometry. The
oxygen deficiencies increase with decreasing Pg, in the
argon/O, region as well as in the Ar/H,/H>O region.
The oxygen deficiencies increase with increasing cobalt
content (b) and decreasing ceria content (a). In compo-
sitions with higher Co content additional phases as SrO,
Ce0,, Fe,O3 and CoO or metallic cobalt occur below
10~1° Pa resulting from decomposition.

At constant ceria content the total conductivity of the
samples was enhanced with increasing Co content. The
highest values of electrical conductivity (200 S cm~! at
600°C; E,=0.14 eV) were observed for the composition
of the lowest Ce content: Srj¢s5CeggsFeqsC0p205_ 4.
The electrical conductivity decreases and the activation
energy increases with increasing ceria doping. In the
temperature range 400-800°C a transition of semi-
conducting to metallic like behaviour is observed. The
semiconduction is of p-type, with a change to n-type in
samples of higher iron content at reducing conditions.

The bulk diffusion-controlled flux increased with
decreasing ceria content, resulting ionic conductivities
exceed that of YSZ and for the Ce<0.05 compositions
that of Gd doped ceria.
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