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ABSTRACT

Impedance spectroscopy, in combination with an unbonded interface cell (UIC)
design, was used to assess oxygen reduction behavior at an yttria-stabilized zirconia
electrolyte interface with several substituted yttrium and lanthanum manganite cathode
compositions. By analyzing the impedance spectra taken when using the UIC, the
effective length of the reaction zone at the solid-gas triple phase boundary can be
estimated and used to normalize the oxygen reduction reaction rate for each cell, thus
effectively removing the influence of interface morphology. Intrinsic reaction rates (the
specific oxygen activities) were determined from the spectra as a function of
temperature and oxygen partial pressure for cathode compositions in the three
systems Lal.x(Ca or Sr)xMnO3 and Y_.xCa×MnO3 (LCxM, LSxM and YCxM,
respectively) and for platinum.

The specific activities in the temperature and p(O2) ranges of an operating solid oxide
fuel cell (SOFC) cathode, 1173-1273K and 105-10_. Pa, respectively, were highest for
the LCM compositions, intermediate for the YCM compositions and lowest for the LSM
compositions. For the LCM and YCM systems, compositions with x=0.5 gave the
highest specific activities. The specific activities for all of the tested manganite
compositions exceeded the platinum specific activities by at least an order of
magnitude. In general, the shapes of the impedance spectra for all the manganite
systems were similar. Detailed examination of the spectra shapes revealed that the
overall cathodic polarization process was rather complex and made up of at least two
or more fundamental steps.

1. INTRODUCTION

Hammouche, Siebert and Hammou (1989a) utilized pin-shaped electrodes abutted to
a zirconia electrolyte disc to study oxygen reduction without the effects of morphology
which are encountered when using porous electrodes. They determined the contact

area of each pin electrode by using Newman's (1966) formula, Rc = 1/4qr, to find the

surface contact radius, r. in Newman's formula, Rc is the contact resistance and c is

1 Operated for the U. S. Department of Energy by Battelle Memorial
Institute under contract DE-AC06-76RLO 1830.
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the ionic conductivity of the electrolyte. Then Hammouche et al. (1989 a,b) calculated
a specific current, equal to the measured current divided by 2=r, to use in their analysis
of dc polarization phenomena for several Lal.xSrxMnO3 compositions. The use of a
specific current eliminated the influence of morphology by assigning the generation of
current to an effective reaction zone along the triple phase solid-gas boundary (tpb).

We have followed the same strategy except that our method uses impedance
spectroscopy (IS) combined with an unbonded interface cell. With this method we
determined the intrinsic oxygen reduction activities, independent of interface
morphology, as a means to screen electrode compositions for use in SOFCs.

Others (Mizusaki, Tagawa, Tsuneyoshi and Sawata, 1989; Eguchi, Inoue, Ueda,

Kamimae and Arai, 1991) have used the electrode conductance, _E, which is related

to the electrochemical reaction kinetics; but CE itself depends upon the length of the
tpb. Depending upon the interface preparation (cosintering, EVD, slurry-dip and
sintering, screen printing, etc.) and upon operating conditions, the length of the tpb can
vary by more than four orders of magnitude, e.g. 102-105 cm/cm2. This makes
comparison of different compositions difficult. Also, the morphology of a given
electrode can Change during testing or operation as has been pointed out by Copcutt
and Maskell (1991 ).

In our method, the "effective reaction length" or the ERL, related to the length of the
tpb, and the cathodic polarization resistance (Rp), are determined from a single IS
scan. Then a specific activity (SA), a normalized reaction rate, is determined from:

SA = (ERL x Rp)-I (1).

With units of S/cm, SA is an intrinsic material property. In this study, SA was
determined as a function of temperature, p(O2) and cathode composition. For a
porous cathode with a typical ERL = 103 cm/cm2 and for a cathodic polarization limited
to 0.1 .Q-cm2, Equation (1) also defines a useful "benchmark" SA value of 0.01 S/cm by
which suitability of cathode compositions may be assessed.

2. EXPERIMENTAL PROCEDURE

The cathode materials tested were LC×M (x=0.2 or 0.5), LSxM (x=0.1 or 0.3), YCxM
(x=0.5, 0.6 and 0.7) and platinum. Manganite discs were pressed from powders and
sintered to at least 90% of full density. Microstructural examination by SEM and XRD
indicated the presence of only a single crystalline phase for each sintered disc. Small
pellets (= 5 mm dia. x 2 mm thick), core-drilled from the discs, were mounted in the UIC
configurat!on, which is depicted in Fig. 1.

In the UIC design, the sample pellet is pressed against a dense, yttria-stabilized
zirconia (Tosoh TZ8Y) electrolyte disc. Mating surfaces were roughened by grinding
with a 15 p.m diamond wheel. Only about 10 to 20 actual electrical contacts occur
between such surfaces. The counter and reference electrodes, on the backside of the
8YSZ electrolyte disc, were made from sintered platinum paste and mesh. Since the
interface was unbonded, the cathode sample could be exchanged at the conclusion of
each run without changing the 8YSZ electrolyte. The cell was mounted inside an
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Fig. 1. Unbonded Interface Cell (UIC) schematic.

alumina tube in a furnace and heated in an appropriate flowing gas mixture (argon
and air or oxygen). Complex impedance spectra were collected over a frequency
range 0.6 Hz to 60 kHz. The IS data were analyzed using an equivalent electric circuit
and the non-linear least squares fitting program EQUIVCRT (Boukamp, 1986).

3. EXPERIMENTAL RESULTS AND DISCUSSION

Typical Nyquist plots of the IS data taken at 1173K (900°C) for the YCxM (x=0.6)
sample are given in Fig. 2 for p(O2) = 105, 104 and 103 Pa (1.0, 0.1 and 0.01 atm,
respectively). The polarization curves appear to be composed of at least two arcs due
to a higher (HF) and a lower (LF) frequency oxygen reduction process. With p(O2)
=1.0 atm, the HF and the LF peaks have similar sizes; put the LF peak dominates the
overall polarization more and more as the p(O2)is lowered. This also was the case as
the temperature was lowered from 1173 to 973K.

Since the actual interfacial contact areas were relatively small for the UIC, Rc values

(50 to 100 O. at 1173K) dominated other ohmic resistances. In turn, ERL values fell
within the 1-3 cm/cm2 range. This range is very different from an ERL value for a

typical, sintered porous electrode-electrolyte interface (103 cm/cm2).

As an illustration of the typical behavior of the temperature and p(O2) dependence of
the overall cathodic SA for manganites, values determined from IS data and Equ. (1)
are shown in Fig. 3 for the LSxM (x=0.3) sample. The temperature dependence for

each p(O2)is indicated by assigning a psuedoactivation energy determined from the
slopes for each straight line. For the LS3M sample, the straight lines are nearly
parallel, and the psuedoactivation energies cover a narrow range from 1.29 -1.40 eV.

single SA values for some LSxM compositions (x=0.0, 0.1,0.19, 0.3 and 0.5) in air at
960°C were estimated from the slopes at the origin of dc polarization curves given by
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Fig. 2. P(O2) dependence of IS shapes for a YCxM (x=0.6) cathode sample in a
UIC at 1173K (900°0) when p(O2) = 105,104and 103Pa (1.0, 0.1 and 0.01 atm).
The frequency range 60 kHz (A) to 1 Hz (.)is indicated. The high (low) frequency
real axis arc intercept yields Rc(Rp).

Hammouche et al (1989a). For comparison, these SA values are plotted onto Fig. 3
using dotted open square symbols. Relatively good correspondence is observed at
960°C for the SA value determined by our IS/UIO method and from Hammouche's
data for the x=0.3 Sr composition.

As an overview, the temperature dependence of the overall SA values in air for the
tested manganite materials is shown in Fig. 4. Except for LSlM above 1173K (900°C)
the SA values determined for all other compositions exceeded the 0.01 S/cm
benchmark. The SA values for the LCM and LSM systems increased with increasing
dopant concentration, in accordance with the Hammouche LSxM data in Fig. 3. All
manganite SA values exceeded those for platinum by an order of magnitude or better.
The SA values for LC5M, the highest measured, were about a factor of four higher
than those for LSlM. Also, the lower pseudoactivation energies (slopes) determined
for LC5M and LC2M (1.03 and 0.92 eV, respectively) lead to even a more pronounced
advantage for these compositions below 1173K.

The p(O2) dependencies at 1173K (900°C) of the separated HF and LF process SA
values for the LCxM, LS3M and YCxM materials are shown in Fig. 5. In the p(O2)

' 'range of 105to 103 Pa (1.0 to 0.01 atm), the HF values are approximately independent
of p(O2), while the LF values decrease as p(O2) decreases. The p(O2) dependence of
the IS curves shown in Fig. 2 also indicate such a behavior. Assuming the LF process
SA values vary as p(O2)n, the n-values would range from 0.1 to 0.9. For all the
manganites, the rate determining step for the LF process appears to shift to control by
molecular oxygen concentration as the p(O2)=0.2 atm (air) decreases to _10-2arm. For
the LS3M and YCxM materials at 1173K in air, the cross-overs of the HF and LF lines
indicate that the overall polarization (reciprocal of SA) would consist of at least two,
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Fig. 3. Temperature and p(O2) dependence of the overall cathodic SA for the
LSxM (with x=0.3) sample. For comparison SA values estimated from dc
polarization curves for LSxM materials (x=0.0, 0.1, 0.19, 0.3 and 0.5)in air
at 960°C by Hammouche et al (1989a) are indicated with a square box symbol.
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Fig. 4. Summary of the temperature dependence of the overall SA in air for
several manganite cathodes (LSxM, LCxM and YCxM) compared to that of
platinum. A benchmark SA value of 0.01 S/cm, considered the minimum
practical value for use as a cathode in a high-temperature SOFC, is indicated.

somewhat equivalent, HF and LF rate-limiting processes; While for the LCxM materials,
with high HF process SA values for all p(O2), the LF process would be rate-limiting.
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