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Evaluation of LSF based SOFC Cathodes using Cone-shaped Electrodes

K. Kammer Hansen' & M. Mogensen
Fuel Cells and Solid State Chemistry Department
Risg National Laboratory for Sustainable Energy
Technical University of Denmark
DK-4000 Roskilde, Denmark

Seven La;«SryFeOss (x = 0, 0.05, 0.15, 0.25, 0.35, 0.50, 0.70)
based perovskites were synthesized using the glycine-nitrate
method. The La;SryFeO;s compounds were characterized with
powder X-ray diffraction and electrochemical impedance
spectroscopy on cone-shaped electrodes using a Ce;.9Gdy 1095
electrolyte. The activity of the La;SryFeOs;s based perovskites
towards the electrochemical reduction of oxygen was strongly
dependent of the strontium content, the activity being highest for
the composition LaggsSry 1sFeO;.s. The results indicates that Fe(III)
is the catalytic active specie towards the electrochemical reduction
of oxygen in a solid oxide fuel cell on La;SriFeOs.s compounds.
The results also show that oxide ion vacancies in the perovskite
structure are important for the electrochemical reduction of oxygen.
However, the effect of ordering of oxide ion vacancies for the
strontium rich compounds can not be excluded.

(1) Introduction

Solid oxide fuel cells (SOFC’s) are convenient devices for environmental friendly
production of heat and electricity (1). A major obstacle that must be overcome before
commercialization of the SOFC is a lowering of the operation temperature (2). In order to
achieve this, new electrode materials must be developed. On the cathode side it is known
that Co or Fe-Co based perovskites has the highest performance (3). However, Co or Fe-
Co based perovskites reacts with the commonly used electrolyte, YSZ (Yttria Stabilized
Zirconia) forming insulating layers between the cathode and the electrolyte (4, 5),
lowering the overall performance of the fuel cell drastically. One way to overcome this is
to add a barrier layer between the electrode and the electrolyte (6). Another problem with
Co or Fe-Co based cathodes is that they have a large thermal expansion coefficient (TEC)
(7). In this study La; (SryFeOs;_s (LSFx) perovskite compounds are studied as cathodes for
the electrochemical reduction of oxygen in a SOFC. LSF perovskites are mixed
electronic and ionic conductors (8). The electronic conductivity is p-type, and both the
electronic and ionic conductivity finds its maximum for the LSF50 perovskite (8).

One method to evaluate new electrode materials is the use of point (or cone-
shaped) electrodes. Using the cone-shaped electrodes technique has several advantages:
The cone and electrolyte is sintered separately, thereby one avoids the formation of a
reaction layer between the electrode and electrolyte during processing. The interface is
also quite simple and the contact area can be calculated using Newman’s formula (9):
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where R is the intercept with real axis in the impedance plot at high frequency, and c* is
the specific conductivity of the electrolyte. r is the radius of the contact between the cone-
shaped electrode and the electrolyte, from which the contact area can be calculated. Some
measurements on ceramic cone-shaped electrodes have already been undertaken (10-14).
It seems like this technique is very useful when comparing different electrode materials.

(2) Experimental

Powders of the La-Sr-Fe perovskites were made by the glycine-nitrate process
(15). In short aqueous solutions of the metal-nitrates were mixed in the appropriate ratio
in a beaker. Glycine was then added and the solutions were heated on a hot plate until
they ignited. The resulting powders were then transferred to alumina crucibles and
calcined at 1100°C/12 A in air in a box furnace. As metal-nitrates the following nitrates
were used La(NOs); (Alfa Aesar, 99.9 %), Sr(NOs), (Alfa Aesar, 99 %) and Fe(NOs);
(Alfa Aesar, 98 %). The phase purity of the LSF perovskites was checked by the use of
powder X-ray diffraction using a Stoe theta-theta diffractometer equipped with Cuy,
radiation. The diffractograms were recorded in the interval 26: 20 to 80°. Cylinders for
fabrication of the cone-shaped electrodes were made as follows. The powders were
pressed in appropriate dies and sintered at 1250°C/12 4 in air in a box furnace. The
resulting cylinders were then machined into cones. The cones had a base diameter of 7.5
mm and sides with an angle 45°. The electrochemical characterizations of the perovskites
were done in a set-up described in (16). The measurements were done in air at
temperatures of 800, 700 and 600°C in the given order. The cone-shaped electrodes were
kept at temperature for 24 h before recording of the electrochemical impedance spectrum.
As an electrolyte a pellet of CGO10 (Ce;9Gd 10, 9s5) was used. The CGO10 pellet was
made by mixing CGO10 powder (Rhodia) with stearic acid and glycerine in a ball mill
overnight with EtOH. After drying the powder was pressed in an appropriate die and
sintered at 1500°C/2 & in a box furnace in air. Before use the pellet was polished. As a
counter/reference electrode platinum was used. The platinum was added as a paste
(Engelhard) and sintered in-situ at 800°C. A Solartron 1260 in stand alone mode was
used for the electrochemical characterization of the cone-shaped electrodes. The
frequency interval spanned was 1 MHz to 0.05 Hz (or 0.01 Hz at 600°C). 5 points/decade
and ten cycles were measured at each frequency. An amplitude of 24 mV was used
throughout. The treatment of the data was done using the PC-DOS program ‘equivcrt’ by
B.A. Boukamp (17). In general the spectra were fitted with three (RQ)’s in series with a
series resistance. Q is a constant phase element with the admittance:

Y= Y()(j (,0/(,0())n [2]

where Y) is a constant, o is the cyclic frequency, and n is an exponent. Y, and n is found
from the fitting.
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(3) Results

The results from the powder XRD experiments are summarized in Table 1, where
the lattice parameters of the LSF compounds can be found. The lattice parameters are
seen to depend on the strontium content. All the strontium containing LSF based
perovskites belongs to the orthorhombic crystal system, whereas the strontium free
perovskite is cubic.

Table 1. Unit cell parameters for the synthesized compounds obtained from powder XRD
data. All the compounds belong to the orthorhombic crystal system except the strontium
free ferrite which belongs to the cubic crystal system.

LSFO00 LSF05 LSF15 LSKF25 LSF35 LSF50 LSF70
A/nm | 39286(9) | 76.403) | 76.55(3) | 76.36(3) | 76.32(3) | 7631(3) | 76.32(3)
B/ nm - 5543(3) | 55.78(3) | 53.348(21) | 55.63(3) | 55.616(3) | 55.606(23)
C/nm - 53.41(3) | 53.39(9) | 55.65(3) | 53.419(22) | 53.44(3) | 53.409(20)

An example of a spectrum from the EIS measurements can be found in Figure 1
together with the result from the fitting. The spectrum consists of three arcs. This is valid
for all the compounds.

2000
Q1600 4 631 Hz
Tp 1200 - 631 kHz 6.31 Hz
E 800 A
T 400 -
0 T T T T
0 2000 4000 6000 8000 10000
Z |0
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Figure 1. EIS spectrum for the perovskite LSF05 recorded in air at 700°C. The measured
data is plotted as circles and the solid line is the fitted data. The spectrum consists of
three arcs.

The ASR values as a function of Sr content at 700°C is shown in Figure 2. It is
seen that the total ASR finds a minimum for the compound Lag gsSrg ;5FeOs.5. The highest
total ASR value is found for the strontium rich compound Lag3Sry7FeO5.s with a total
ASR of 43.6 Qcm’” at 700°C.
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Figure 2. The total ASR of the seven investigated LSF perovskites measured in air at
700°C with EIS. The total ASR is seen to be lowest for the perovskite LSF15.

The ASR found at the three temperatures can be found in Table 2.

Table 2. Total ASR of the seven perovskite compounds measured in air at three different
temperatures. The ASR values are given in Qcm’.

LSFO00 | LSFO05 | LSF15 | LSF25 | LSF35 | LSF50 | LSF70
600°C 117 18.1 7.08 13.8 51.5 162 223
700°C 16.4 3.51 1.16 1.36 14.9 28.6 43.6
800°C 2.39 0.76 0.20 0.50 2.02 4.37 10.8

In Table 3, the contributions of the three individual arcs at 700°C are given. They
also depend on the amount of strontium in the LSF based perovskites, most noteworthy
the low frequency arc.

Table 3. ASR of the three individual arcs for the seven perovskite compounds measured

in air at 700°C.
High Medium Low
Compound ASR n ASR n ASR n
LSF00 0.03 Qcm’ | 094 | 122 Qcm’ | 0.61 | 418 Qem® | 0.70
LSFO05 1.16 Qcm® | 0.93 1.49 Qcm® | 037 | 0.86 Qcm’ | 0.60
LSF15 0.52 Qem® | 093 | 038 Q2em® | 0.71 | 0.26 Qem® | 0.78
LSF25 0.40 Qem® | 085 | 0.74 Qen® | 0.71 | 022 Qem® | 0.96
LSF35 0.38 Qcn’ | 0.85 | 3.69 Qem’ | 052 | 10.8 Qem’ | 0.83
LSF50 1.67 Qem’ | 093 | 0.90 Qem® | 0.92 | 26.0 Qem’ | 0.56
LSF70 1.94 Qcm’ | 091 17.4 Qcm?® | 048 | 243 Qem® | 0.79
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(4) Discussion

When strontium is substituted for lanthanum in LSF perovskites the following
two defect reactions can occur:

2850 + 140, (g)—L% 528y, +30} +2h° [3]
LaFeO. ! X oo
25r0—LE 508y, +2085 + V5 [4]

This means that substitution of lanthanum with strontium either will create electronic
holes or oxide ion vacancies or both. It has been shown that both the electronic and ionic
conductivity increases with increasing strontium content, until x equal to 0.5, where after
they decreases (8).

The interpretation of the EIS data can be done accordingly to the mechanism
suggested by Siebert et al. (18) and others (19). In this mechanism the high frequency arc
is normally thought to be due to an exchange reaction (exchange of oxide ions) at the
electrode-electrolyte interface. The n value for this arc is approximately the same for all
seven compounds, strongly indicating that this is the same type of reaction occurring on
all seven compounds. The magnitude of this arc decreases when x is increased to 0.35
where after it increases. The equivalent capacity of this arc can be calculated using the
following equation (20):

C(D — R(l-n)/n Yol/n [5]

The capacity of this arc is found to be around 0.5 uFem™ for all the compounds strongly
suggesting that this arc is due to a double layer effect. The value is also in good
agreement with the value found in (21) for a double layer capacitance.

The medium frequency arc is attributed to diffusion of oxide anions in the bulk of the
electrode (18, 19). This arc will therefore depend on the ionic conductivity of the
electrode material. It is seen that the magnitude of this arc finds its minimum for x equal
to 0.15. It is noteworthy that the contribution to the total ASR from this arc is highest for
the two compounds LSFO0 and LSF70. This is in good agreement with the fact that
LSFO00 only contains a very low amount of oxide ion vacancies, and that LSF70 contains
ordered oxide ion vacancies, with a low oxide ionic conductivity to follow. However, the
n-values vary strongly between the different materials. This could either be due to that it
is different processes that occur on the seven compounds, or that the mechanism of the
ionic conductivity is different on the seven materials. It could also be due to the quality of
the data.

The low frequency arc is suggested to be due to a slow redox reaction at the
surface of the cathode (18, 19). This arc reaches its minimum for the compounds LSF15
and LSF25. This indicates that the oxygen-oxygen bond is most easily broken by these
compounds. This implies that the amount of oxide ion vacancies (or the mobility of oxide
ion vacancies) plays an important role in the breaking of the oxygen-oxygen bond as the
amount of oxide ion vacancies increases with increasing x. But another parameter must
also play an important role as the magnitude of this arc increases for x larger than 0.25.
This parameter could be the amount of Fe(Ill), or ordering of oxide ion vacancies,
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lowering the mobility of the oxide ion vacancies. It should be noted that ordering of oxide
ion vacancies can occur for the compounds with high strontium content leading to a
lowering of the mobility of the oxide ion vacancies. This has been shown for the
compound SrFeO;_s compared with the compound Lag 5sSro sFeOs.5 (22). This parameter is
therefore most likely due to the amount of Fe(IIl), as the ionic conductivity increases
when going from LSF35 to LSF50, but the contribution from the low frequency arc
increases. The n values are strongly dependent on the composition of the electrode
material. This could indicate that the breaking of the O-O bond occurs through different
elemental reactions on the different electrode materials. Again it should be noted that the
variation could be due to the quality of the data. The equivalent capacity of this arc can
be calculated as for the high frequency arc. The results can be found in Figure 3.

1.6

Copor/Fem™

— o o

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
xinLa, Sr FeO,

Figure 3. The chemical capacitance of LSF perovskites as a function of the strontium
content measured in air at a temperature of 700°C.

It is seen that the so called chemical capacitance (23) attains a maximum for the
compound LSF15, the most active perovskite of the perovskites investigated in this study.
It can be of use to compare the electrochemical properties of the ferrites studied here with
the electrochemical properties of manganates studied in the literature (24). For the
manganites it has been found that the activity towards the reduction of oxygen increases
with increasing strontium content (at least until the strontium content is 0.5). For the
ferrites the same behavior is not observed. The difference could be due to the fact that the
manganates are over-stoichiometric whereas the ferrites are under-stoichiometric with
respect to oxygen (25-27). The activity of manganates is apparently less sensitive to the
oxidation state of manganese, than ferrites to the oxidation state of iron.
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(5) Conclusion

The activity of LSF based perovskites as cathodes for the electrochemical
reduction of oxygen depends on the amount (or the mobility) of oxide ion vacancies and
the amount of Fe(Ill). This means that the intermediate compound LaggsSr 15sFeO;.s is
the most active towards the electrochemical reduction of oxygen in a SOFC of the LSF
compounds investigated in this study. The effect of ordering of oxide ion vacancies for
the strontium rich compounds can not be excluded.
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