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Abstraet: Cathodic oxygen reduction kinetics on La, Sto ,MnO; electrode have been examined at 700-900°C under var-
ious oxygen partial pressures. AC impedance and current interruption techniques were employed for the determination of
charge transfer resistances for electrochemical oxygen reduction. The R values obtained from two different methods
were very close each other for La, $Sro:MnO; electrode. Activation energy for the electrochemical oxygen reduction was
found to be 174k]/mol under atmospheric oxygen pressure. R., measurements as a function of oxygen partial pressure
indicate that the rate-determining step for the electrochemical oxygen reduction on Lay ¢Sro :MnG; electrode is the charge
transfer process.
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1. Introduction Furthermore, high temperature waste heats can be
used for other power generation systems or heating
Recently, there has been a cosiderable interest in utilities. However, the high operating temperature
solid oxide fuel cell systems[1, 2]. The solid oxide leads to severe materials problems for the electrodes
fuel cell (SOFC) is an all solid-state power genera- and electrolytes. Chemical stability at an oxidizing
tion system, which operates at hgih temperatures to and reducing atmosphere, phase stability at high
ensure adequate ionic and electronic conductivity of operating temperatures, interfacial stability between
its component materials. Because of its high opera- electrode and electolyte, compatability in thermal
ting temperature, activation overpotentials are gen- expansion coefficients between the component mate-
erally low and noble metal electrocatalysts are not rials are the stringent requirements for successful
necessary. Also, the system can provide for internal devices.
reforming of natural gas and other hydrocarbons to As to the air electrodes, selection of electrode ma-
produce CO and H,, for which is even more effec- terials with low activation overpotential and their
tive than in lower temperature fuel cell systems. fabrication techniques with adequate morphology
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are another important subjects in addition to the
above-mentioned requirements. A variety of materi-
als have been proposed for cathodes. However,
perovskite oxides seem to be the most promising for
the SOFC{ 3-9]. Perovskite oxides, La,_ xSrxMOy( M
=Mn, Fe, Co), which are widely used in the present
day SOFCs, have been proposed to be an electronic
conductor, but under high cathodic polarization con-
ditions they become partially reduced, creating
oxide vacancies, hence mixed-conduction. Several
previous investigations have shown the favorable in-
fluence of a high Sr dopant concentrations on the
electrochemical activity for oxygen reduction| 6-8].
Such a high catalytic activity is often discussed in
terms of oxygen nonstoichiometry, more precisely in
terms of an additional ionic conductivity responsible
for the broadening of the effective electrode reac-
tion zone. It allows direct electronic charge transfer
reactions with oxygen at all surface sites of the
mixed—-conducting electrodes and does not require
surface diffusion of adsorbed oxygen. This was as-
sumed to lead to principal advantages as compared
to the charge transfer mechanisms with noble metal
electrodes requiring surface diffusion to the three
phase boundary sites. Some results[ 9, 10], however,
indicate that the electrode kinetics at perovskite
electrodes are not exclusively determined by the dif:
fusion kinetics of oxide ions in the bulk of the elec-
trodes. The surface processes including the surface
diffusion of oxygen atoms seem to be more impor-
tant for their contribution to the overall kinetics
than assumed before. This is one of the critical is-
sues to be clarified in the research of SOFCs.
Another unsolved subject in the research field of
SOFCs is the oxygen reduction kinetics on cathodes
[11-16]. The oxygen reduction on cathodes has sev-
eral elementary steps and almost all the possible
processes have been proposed as the rate-control-
ling step of the overall reaction; gaseous oxygen
diffusion within the pores of the electrode,
adsorption of oxygen on the electrode, diffusion of
dissolved oxygen through the electrode, and charge
transfer reaction. It is believed that the contradic-
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tions are partially come from the difference in mor-
phology of the electrodes and the methods of data
analysis. Thus, for a precise analysis of the cathoic
reaction Kinetics, relationship between the electro-
chemical activity and the microstructures of the
electrodes should be investigated. Also a general
theory and experimental techniques are needed for
the resolution of the above contradictions, offering
a logical explanation to all of the data.

The principal purpose of this study is the exami-
nation of oxygen reduction kinetics on a perovskite
electrode, Lay sSro\MnO:. AC impedance and cur-
rent interruption methods have been utilized for the
study of reaction kinetics and self—consistent results
have been obtained. During the work, experimental
techniques for the characterization of electrode ki-
netics have been established. Also, the nature of the
rate-controlling step for the electrochemical oxygen
reduction on Lay sSro ;MnO; electrode has been iden-
tified.

2. Experimentals

2. 1. Materials

Lao oSro :MnO; powder was synthesized by the cit-
rate method. Aqueous solutions of nitrate of La, Sr,
and Mn were mixed together in a proper molar
ratio, into which the equivalent amount of citric
acid was added. The resulting solutions were then
concentrated to have viscous sols and further dried
under vacuum to have gels. The gels were crushed
and heat-treated on the heating schedule as repre-
sented in Fig. 1. The heating schedule was turned
out to be important factor to have single perovskite
phase. Other phases except the perovskite were not
found in the XRD powder patterns in the specimens
treated with the proper heating schedule. Fig. 2.
represents the XRD pattern for the perovskite oxide
powder, which is consistent with the reported data
[17]. The calcined powders were washed with dis-
tilled water and dried at 110°C. The final powder
specimens were obtained after screening with 400
mesh standard sieve.
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Fig. 1. Schematic diagram for the powder Prepara-
tion and the heating schedule.
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Fig. 2. XRD pattern for the Lay Srs \MnO; powder.

2. 2. Preparation of Electrodes

The electrode layers were prepared by slurry—
coating technique. The mixture of oxide powder, sol-
vent, binder, plasticizer, and homogenizer were ball
—milled and treated with ultrasonic vibrator in order
to prevent agglomeration. The composition of the
slurry is listed in Table 1. The slurries were painted
on 8mol% Yttria—stabilized Zirconia( YSZ) disk
(Koshin Products, diameter=25mm, thickness=
1mm) and calcined at 1200°C for 6 hrs. As counter
and reference electrodes, Pt paste{Ferro Corp,
4082 ) was painted and 100 mesh Pt gauze was at-
tached on the other side of the disk as shown in Fig.
3. SEM observation of the electrode layer(see Fig.

Working
Pt gauze
( Perovskite j
YSZ Electrolyte
Counter Reference

Fig. 3. Schematic diagram of the Experimental Cell.

Table 1. The Composition of Sluries(vol % )

powder perovskite oxide 35
sovent ethyl alcohol 20

methylethylketone 14
binder polymethylmethacrylate 20
plasticizer polyethyleneglycol( # 400 ) 10
homogenizer cyclohexanone 1

4) indicates that the electrode layer has desirable
porosity and the thickness is about 4 zm.

2. 3. Electrochemical Measurements

Electrochemical measurements were carried out
with the three electrode configuration as depicted in
Fig 3. Only half—cell characteristics of the cathode
were measured under various oxygen pressures at
700-900°C. The partial pressure of oxygen was con-
trolled by mixing the proper ratio of N; and O,, and
the actual oxygen pressure was measured by zirco-
nia-based oxygen sensors. AC impedance measure-
ments were made over the frequency range of 0.
05Hz-100KHz using EG & G PARC 173 Potentio-
stat/Galvanostat, 276 Interface, and 5208 Two
Phase Lock-in Analyzer. Steady-state cathodic po-
larization was measured by the current interruption
method using EG & G PARC Potentiostat/
Galvanostat, 175 Function Generator, and a person-
al computer connected by EG & G PARC 276 In-
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X 1000

X 2500

Fig. 4. SEM photographs of the perovskite oxide
electrode.
Top;, Top view showing the prosity of the
electrode
Bottom; Side view showing the thickness of
the electode layer

terface. Deconvolution of the complex impedance
spectra was performed with EG & G PARC 378
Electrochemical Impedance Software.

3. Result and Discussion

3. 1. AC Impedance Analysis

The present cell configuration can be accounted
for with the equivalent circuit as depicted in Fig 5,
where R is a resistor, C is a capacitor and CPE is
the constant phase element. The CPE may be ex-
pressed by Zo(jw) " and can be reduced to a capaci-
tor, resistor, inductor, and a Warburg diffusional el-
ement when n takes the values of 1, 0, -1, and 0.5,
respectively[ 18]. The components of the equivalent
circuit in Fig. 5 may be assigned to different pro-
cesses taking place in the system; the R. is the elec-
trolyte resistance between the working and refer-
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Fig. 5. The equivalent circuit for the experimental
cell configuration.
Ra; electrolyte resistance
Ry, ; grain boundary resistance
Ce; grain boundary capacitance
R. ; charge transfer resistance
CPE ; constant phase element

ence electrode, Ry, and C,, correspond to the grain
boundary resistance and capacitance, R. to the
charge transfer resistance for oxygen reduction.
Typical complex impedance spectra are plotted in
Fig. 6. The spectra show only one semicircle with a
time constant of about 1 sec. This indicates that
semicircle related with the grain boundary compo-
nent is absent, that is, the Ry, and C,, have negligi-
bly small values. It has been reported[ 19] that time
constants for the parallel combination of grain
boundary resistance and capacitance are about 1
msec. Thus, the equivalent circuit in Fig. 5 can be
simplified as the sum of R, and the parallel combi-
nation of R« and CPE. Also, the spectra in Fig. 6 il-
lustrate that the impedance arcs are slightly de-

80

, s . , ,
0 7. (chm) 200 300
Fig. 6. The complex impedance plots for the electro-
chemical oxygen reduction on La, sSr, ;MnQ;
/YSZ/Pt in air.
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pressed and this depression becomes significant as
the measuring temperature increases. This mani-
fests itself that the cell configuration is. expressed
not only by the single RC parallel circuit but also by
the small additional contribution of the Warburg
type diffusional term. The diffusional term becomes
significant as the temperature is increased. This
result supports the suggestiond 20, 21] that the rate
—controlling step for the oxygen reduction reaction
be the charge transfer step at lower temperatures
but the oxygen diffusion becomes more important
at higher temperature range.

Typical temperature-dependent impedance spec-
tra are demonstrated in Fig 6. As can be seen in
the figure, the R and the radii of the semicircles,
that is, the R, values become smaller as the measur-
ing temperature is raised. This can be easily under-
stood with the fact that both the oxide ion conduc-
tivity in YSZ electrolyte and the charge transfer
rates at the electrodes are increasing as proportion-
al to the temperature. The R values were obtained
by deconvoluting the spectra by the non-linear least
square method and listed in Table 2 along with the
values obained by the current interruption method.

Table 2. Charge Transfer Resistance(R.) Values
Measured in Air{ P,,=0.21atm)

n¢e) 700 750 800 850 900
Ra 2204 975 452 18.3 6.2
(2 2192 953 487 164 6.4
The numbers at the top correspond to the R, values
measured by AC Impedance technique and the bottom
ones to those measured by the current interruption
method.

3. 2. Polarization Measurement by Current Interrup-
tion Method

Steady-state polarization behaviors of the elec-
trodes were investigated with the current interrup-
tion method[ 22]. The equivalent circuit for the pres-
ent cell configuration can be simplified as shown in
the inset of Fig. 7, ignoring the grain boundary
component and assuming the CPE element to be a
simple capacitor. The top figure represents the

Potential, mV

3600

—
o
(=3
=

Time, ms

800

600

400

Potential(mV)

200

Time(msec)

Fig. 7. Typical potential decay patterns during the
current interruption.
To ; simulated decay pattern with a dummy
cell illustrated in the inset.
Bottom ; observed decay pattern with Lao «Sr
0. MnO; at 800°C in air( [=20.8mA/
cm?’)

potential vs. time profile during a current interrup-
tion, which is a simulated profile with a dummy cell
represented in the inset. The measured potential
decay plot, obtained with La, «Sro . MnO; at 800°C in
air, is presented at the bottom of Fig 7. The simulat-
ed and observed traces look similar. The
overpotential values for oxygen reduction were ob-
tained from the exponentially decayed portion in the
decay pattern.
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The cathodic polarization characteristics for the
perovskite electrode in air were plotted in Fig 8,
which represents the measured overpotentials at the
imposed current densities. The R, values were cal-
culated from the current and overpotential values
within the small overpotential range where Butler—
Volmer equation can be applied. The temperature—
dependent R. values were listed in Table 2. The
numbers obtained from two different methods are
very close each other. Also it can be seen that the R
« values become smaller as the measuring tempera-
ture is increased.

3. 3. Activation Energy for the Charge Transfer

The exchange current densities were calculated
from the measured R.. values according to the fol-
lowing equation.

_RT
L=1FR, (1)

The temperature—dependent exchange current
density under atmospheric oxygen pressure was
plotted in Fig. 9. From this plot, the activation ener-
gy for the charge transfer reaction was calculated
to be 174k]J/mol, E. values have been reported for
other electrode materials; 100k]/mol for Pt paste

500

400

300

200

Overpotential(mV)

100

0 f 1 L 1 L I 1 1 I} I

i
0 10 20 30 40 50 60
Current density (mA/cm?)

Fig. 8. The cathodic polarizations for the La (Sro,
MnO; electrode in air.
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Fig. 9. The arrhenius plot for the determination of
activation energy for the electrochemical ox-
ygen reduction.

electrode/CeQy 12], 180k]/mol for Lag:Sr,;MnOs
[3, 41, and 60k]J/mol for La, Sr; MnOy[15]. Our
result is very close to the value obtained by Takeda
et al[3, 4]. However, as described later, they pro-
posed that diffusional processes of molecular or
atomic oxygens be the rate-controlling step for OXy-
gen reduction. Our results indicate that the rate—
limiting step is the charge transfer process(see the
next section). It is likely that the two numbers are
fortuitous since E, values should generally be differ-
ent if disparate rate-limiting processes are involved.
Sometimes, measured E, value can give us a clue
on the rate-limiting process for overall kinetics. Un-
fortunately, relevant reported results on E, values
and the nature of the ratelimiting process for
perovskite electrodes are not enough for us to com-
pare with.

3. 4. Oxygen Reduction kinetics

In order to identify the nature of the rate-control-
ling process for oxygen reduction reaction, Ry val-
ues were measured according to the oxygen partial
pressure. Fig. 10 and 11 demonstrate the results,
where the complex impedance spectra were potted
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Fig. 10. The complex impedance plots under different
oxygen pressure at 800°C. a; 0.647atm, b; 0.
502atm, c¢; 0.36latm, d; 0.3atm, e 0.
184atm, f; 0.095atm, g, 0.037atm, and h; 0.
025atm.

—Zin(ohm)

12

Z.{ohm)

Fig. 11. The complex impedance plots under different
oxygen pressure at 900°C. a; 0.621atm, b; 0.
388atm, c¢; 03atm, d; 0165atm, e 0.
099atem, f; 0.036atm, ant g; 0.025atm.

as a function of oxygen partial pressure at 800°C
and 900°C. As can be seen in the figures, the R.
values become larger as the Po, decreases. The log I
s vs. log Po, plots are preseted in Fig 12. The slopes
in the plot are very close to 1/4.

It has generally been accepted that oxygen reduc-
tion on perovskite oxides takes place along the fol-
lowing consecutive reaction steps{ 12, 14].

Ofgas)=0ads)  (oxygen diffusion) (2)
O ads)=20(ads) (dissociative adsorption) (3)
O(ads)+2é+Vo=06 (charge transfer) (4)

where Vo6 and O6 are the vacant and occupied sur-
face oxygen sites, in Kroger-Vink notation,
respectively. The slowest step would determine the
overall reaction rate, that is, reduction current. Ac-
cording to Wang and Nowick{ 12, 14], the exchange

-1.0
slope=0.259
—20f  T=900C
TE slope=0.242
é _aok T=800C
w slope=0.250
A T=700C
—4.0}
— 5’0 2 1 1 1 1 i
~2.0 -15 —1.0 —0.5 0.0
Log(PO,)(atm)
Fig. 12 The log L, vs. log Po, plots for the Lag Sro,
MnO; electrode.

current density can be expressed as a function of
oxygen partial pressure.

I, & (Poy)" (5)

and the n values have 1 if the rate-limiting step is
diffusional process of molecular oxygen, 1/2 for dis-
sociative adsorption and * 1/4 for charge transfer
process depending on the conditions for Langmuir
adsorption isotherm. That is, from the mass action
law of the adsorption step based on the Langmuir
isotherm, Po; is related as

=K+ P (6)

where 6 is the fraction of adsorption sites occupied
by oxygen atoms and K. is the equilibrium con-
stant. The rate of reaction corresponds to the ex-
change current density

L = nFk[&(1-6)]"" (7)

where n is the charges transferred in the rate—deter-
mining step, F is the Faraday constant and k. is the
reaction rate constant. At very small coverage( §=
0), which is valid for K., + Po1, and thus at high
temperatures and/or low Po, the exchange current
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density can be expressed as
Io = anr( Kad . POz )l/4 (8)

However, for the fully covered surface(4=1),
which corresponds to K.+ Poz) 1, and thus at low
temperatures and/or high Po,,

» = nFk(K + Poy)™"* (9)

Thus, the slope of log I, vs. log Po, plots become 1/
4 or -1/4 depending on the condition of the
Langmuir isotherm for the charge transfer limiting
condition.

In this study for Lao sSro \MnOs, the slopes in the
log I, vs log Po, were turned out to be 1/4 at 700—
900°C. This indicates that the rate—imiting step for
the electrochemical oxygen reduction in this temper-
ature range is the charge transfer process. Also it
can be seen that the present experimental condi-
tions are located within the high temperature and/
or low Po, regime, assuming the Langmuir
adsorption isotherm is prevailing.

Takeda et al[4] carried out the similar experi-
ment on La,—xSryMnOy(x=0.3-0.7). They found,
however, that the n values were close to 3/4, sug-
gesting that combination of the molecular oxygen
diffusion and the dissociative adsorption is rate-lim-
iting.

4. Summary and Comment

In this study, experimental techniques have been
established for the characterization of polarization
behaviors of oxygen reduction on cathodes. The
charge transfer resistance values obtained from the
AC impedance and current interruption techniques
are very close each other. The E, value for the elec-
trochemical oxygen reduction in air was calculated
to be 174k]/mol. Also, it has been suggested that
the rate—determining step for oxygen reduction be
the charge transfer process on this electrode.

However, further experimental works are still
needed for full understandings of the electrode ki-
netics on perovskite electrodes, that is, the nature of
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the active sites for oxygen reduction reaction and
the issues of effective area expansion in perovskite
electrodes. To this end, exchange current density
and oxygen nonstoichiometry in perovskite oxides
should be correlated each other. If the charge trans-
fer reaction takes place at the whole area of the
oxide and perovskite oxides have additional ionic
conductivity responsible for the broadening of effec-
tive electrode reaction zone, higher activity for oxy-
gen reduction would be expected in the perovskite
oxides containing larger amount of oxide vacancies
[6-8]. On the other hand, if the three—phase bound-
aries are active for oxygen reduction, electrode ki-
netics would rather be dependent on the degree of
adhesion at the electrolyte/electrode interface and
the effective area of the three phase boundaries.
These works are under going in this laboratory.
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