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Abstract

The characteristics of cathodic polarization at the Pt/yttria stabilized zirconia (YSZ) interface have been evaluated with different electrode
microstructures by ac impedance analysis. The measurements were carried out at the temperatures of 873—1273 K and oxygen partial pressure
(Po,)intherange of 0.01-1 atm. From the results of impedance analysis, it was found that gas phase diffusion canbe involved in two different ways,
such as boundary-layer diffusion and pore diffusion. When the gas phase diffusion was effectively eliminated from the total electrode resistance
(R.1), we observed the same dependences of temperature and oxygen partial pressure regardless of their different electrode microstructures.

In the high temperature (1073-1273 K) and low oxygen partial pressure regions (<0.01 atm Py, ), the cathode reactions included two major
reactions: gas phase diffusion and direct adsorption reaction. In direct adsorption reaction oxygen molecules are directly adsorbed from the gas
phase and dissociate on oxygen vacancies, which are located at the triple phase boundaries (TPB). In the low temperature (<973 K) and high
oxygen partial pressure region (~1 atm Py, ), the cathode reaction is dominated by the dissociation of oxygen molecules at the Pt/YSZ interface.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is a considerable interest in yttria stabilized zirconia
(YSZ) as a solid electrolyte for use in oxygen sensors,
oxygen pumps, and solid oxide fuel cells (SOFCs) [1,2].
In the application of SOFCs, YSZ has been widely studied
and used because of its high ionic conductivity and stability
[2,3]. The thermodynamic and kinetic properties of YSZ
have been well researched in the development of SOFCs
[1-3]. However, the kinetics of the electrode process, espe-
cially for cathode reactions, is quite controversial even
today. It is one of the reasons that the measurements have
been performed at different operating temperature, oxygen
partial pressure (Po,), types of supplied gases and with
microstructure of the electrodes [4-6]. Recently, many
researchers have agreed that mass-transfer and charge-trans-
port reactions are in competition in the electrode reactions
and the rate determining step (RDS) can be affected by
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temperature, oxygen partial pressure, electrode overpotential,
and the microstructure of electrodes [7-10]. Most of all,
it is believed that a different electrode microstructure can
result in different behavior of the electrode reactions due
to mass-transfer. Therefore, experimental data on cathode
reactions should be carefully analyzed at low oxygen partial
pressure.

In this study, we have tried to eliminate the effect of
the electrode microstructure on the cathode reactions by
analyzing impedance spectra of the electrodes with different
microstructures at various operating temperatures and oxy-
gen partial pressures. With these experimental results and
the data from literature, we have proposed a cathode reaction
model, which can reasonably well explain the dependences
of temperature and oxygen partial pressure.

2. Experimental

2.1. Preparation of the electrodes

The solid electrolyte was prepared with 8 mol% Y,Os-
stabilized zirconia powder (Tosoh Co. Ltd., TZ-8Y) by uni-
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Table 1
Summary of preparation method for the various electrodes

Sample Materials Sintering Modification method

temperature (K)

#1 Pt gauze 1673 No
#2 Pt paste 1373 No
#3 Pt paste + graphite 1373 Addition of pore-former

#4 Pt paste + YSZ sol 1373 YSZ sol-gel coating

axial pressing and sintered at 1773 K for 2 h into pellets of
25 mm in diameter and 1 mm in thickness with a relative
density of more than 98%. This electrolyte was polished
with SiC paper (#1000) and washed with isopropyl alcohol
in an ultrasonic cleaner. All electrodes had a 1cm x 1 cm
area and were symmetrically applied to the center of the
electrolyte. The #1 electrode was sintered with Pt gauze
supplied from Alfa (52 mesh, 0.1 mm wire) under a load of
100 g/cm? at 1673 K for 2 h. The #2 electrode was prepared
with Pt paste (TR-7060, Tanaka) by the tape-casting method.
The #3 electrode was made with a mixture of Pt paste (#2
electrode) and pore-former (graphite, particle size 2 um,
Aldrich) to obtain a large porosity. The #4 electrode was
prepared by the same method as the #2 electrode except that
it was modified with YSZ sol. The dip coating of YSZ sol
within the pores of cathode produced a thin-film of YSZ,
leading to an increase of the triple phase boundary (TPB)
length or electrochemical reaction site (ERS) [11-13]. All
the electrodes were sintered at 1373 K for 2 h except the #1
electrode. The preparation method of the each electrode is
summarized in Table 1.

2.2. Measurement of ac impedance

The schematic design of electrochemical cell is shown in
Fig. 1. Pt gauze applied to the #1 electrode was used as a
current collector for the other electrodes (#2, #3, and #4).
The current collectors were spring loaded, as depicted in
Fig. 1. Measurements were performed at temperatures from
873 to 1273 K and in the Po, range of 0.01-1 atm. The
electrodes were equilibrated for 2 or 3 days at 1273 K until
the ac admittances were stable. Since the long term opera-
tion of the electrodes at the high temperature can alter the
morphology of the electrodes during the experiments, the
usual operating temperature was maintained below 1073 K
and the maximum operating temperature (1273 K) was kept
as short as possible. Gas flows were regulated with a mass
flow controller (Unit instruments Inc., URS-8100) and
control units (Unit instruments Inc., URS-100-5). The gas
flow rate was in the ranges of 100—400 cm’/min. A Pt—(Pt +
13% Rh) thermocouple was placed near the electrodes
to measure the temperature. The complex impedance mea-
surement was conducted with a Solatron 1260 (frequency
analyzer) and 1287 (electrochemical interface). The ac
impedance spectra in the frequency rages of 0.01 to
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Fig. 1. Configuration of a symmetric cell.

10° kHz, with an excitation voltage of 10 mV, were taken
to ensure a linear response.

3. Possible cathode reactions

In general, the exchange of oxygen between the gas and
the electrolyte can be described with the following overall
reaction [14,15]:

Oa(g) +2V&* +4e” — 205 (1)

where in Kroger—Vink notation, V3°® is an oxygen vacancy
and Oé is a normal oxygen ion in the YSZ lattice. This
overall reaction (1) can be divided into largely three steps:
adsorption and dissociation, diffusion, and charge-transfer
reaction.

In view of preceding consideration, the possible cathode
reactions can be summarized as follows [14-16]:

Gas phase diffusion:

O2(g, buik) — O2(g, boundary-layer) (2

O2(g, boundary-tayer) — O2(g, pore) 3)
Adsorption and dissociation:

Ox(g, pore) T 2V dissociativesite of Pty — 20 (ad, Pr) “4)
Surface diffusion:

O(ad,py = O(ad, ERS) &)
Charge-transfer reaction:

Ofad,ERS) T VOERS) 1 2€(kRS) — O0(ERS) (6)
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Other reactions:

€y — €(ERs) O
Volysz) — VOlErs) 3
OBers) — Ob(vsz) ©)

The reaction (2) has no relation to the electrode perfor-
mance itself because the boundary-layer diffusion is only a
function of the apparatus geometry and the gas flow rate
[5,17]. The reaction (3) represents the gas phase diffusion
through the pores of electrode which is strongly related with
electrode microstructure [18]. If the reaction (2) and (3) is
the rate determining step (RDS), the electrode resistance
(Re)) should be directly proportional to oxygen partial
pressure and independent of temperature [4,5,17]. This
reaction mechanism is strongly influenced by the morphol-
ogy of electrodes. Reaction (4) represents the dissociative
adsorption of oxygen on the surface of Pt electrodes. It is
possible that the adsorption can occur associatively or
dissociatively. On the Pt surface, however, the adsorption
associatively occurs as oxygen molecules only under 150 K
and, in the temperature of >400 K, dissociative adsorption is
predominant [19]. In that case, the oxygen atoms adsorbed
can participate in the cathode reaction by the surface diffu-
sion on Pt electrode like reaction (5) [20-24] or by the bulk
diffusion through Pt electrode [25,26]. In this study, how-
ever, the oxygen supply to the reaction site by diffusion
through Pt-bulk can be neglected due to the low diffusivity
and high activation energy of oxygen in Pt [27-29]. On the
other hand, the surface diffusion of oxygen on Pt occurs at
low surface coverage in the temperature of >500 K and its
activation energy is 142 kJ/mol [30]. Mizusaki et al. [23,24]
studied the reaction kinetics of Pt electrode at the tempera-
ture of 643-1073 K and in the Po, range of 10~* to 1 atm.
They concluded that the charge-transfer kinetics could not
be the RDS of the electrode reaction. Therefore, below
773 K, the possible RDS was dissociative adsorption of
oxygen molecules on the Pt surface and, above 873 K,
the surface diffusion of oxygen atoms adsorbed (O,q). Kuzin
and Komarov [16] also reported that the electrode reaction
rate near the equilibrium potential was limited by the
diffusion rate of atomic oxygen over the Pt electrode to
the triple phase boundary (TPB) line. In the surface coverage
range (0) of 0.05-0.5 and at the temperature of §25-1031 K,
the activation energy of electrode resistance, R., was
145 £ 5 kJ/mol which is very close to that (142 kJ/mol)
of surface diffusion measured by Lewis and Gomer [30].

It is also suggested that the oxygen molecules, atoms, or
ions adsorbed on electrolyte can participate in the cathode
reaction and one of these reactions can be considered to be
the RDS. For example, the equilibrium adsorption of oxygen
molecules on undoped ZrO, has been studied by Smith
[31,32] at temperatures from 673 to 1173 K and in the
Po, range of 1.3 x 1078 to 1 atm. The author concluded
that primary adsorption of molecular oxygen is stabilized by

receiving an electron from the conduction band of ZrO, and
then dissociates into atoms. The activation energies for the
reversible adsorption of molecular oxygen and the irreversible
adsorption of atomic oxygen are 146 and 242 kJ/mol, respec-
tively. More recently, Meas et al. [33] observed that the
amount of oxygen molecules adsorbed on YSZ was roughly
equivalent to the number of anionic vacancies at the tem-
perature of 648-973 K and in the Po, range of 2.6 x 1077 to
2.6 x 1073 atm. Although these results reveal the associative
or dissociative adsorption on oxygen vacancies of YSZ, it is
insufficient to conclude participation in the cathode reactions.

A charge-transfer reaction like reaction (6) can be also
the considered as the RDS. As mentioned above, both the
mass-transfer reaction and charge-transport reaction can be
involved in electrode reactions so that the RDS can be
affected by temperature, oxygen partial pressure, electrode
overpotential, and microstructure of an electrode [7-10].
However, this is not sufficient to explain the overall elec-
trode reaction of Pt/YSZ system. For example, the Pt/YSZ
system shows a low activation energy of 80 £ 5 kJ/mol that
is comparable to that of ionic conductivity at the high
temperature and low oxygen partial pressure regions, and
an abrupt increase of activation energy at the low tempera-
ture and high oxygen partial pressure regions. Therefore,
we separated the experimental conditions into two parts,
T > 1073 K and P§Y, and T < 973 K and P{?".

4. Result and discussion

4.1. In the high temperature (T > 1073 K) and low
oxygen partial pressure (Pg’;” ) region

The Arrhenius plots of R, of the electrodes #1, #2, #3, and
#4 in the temperature range of 1073-1273 K and at a Po, of
0.01 atm are shown in Fig. 2. Except for the #4 electrode
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Fig. 2. Arrhenius plots of R, for various electrodes in the Po, of 0.01 atm.
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having an activation energy of 20 kJ/mol, all electrodes 1000 ¢
showed the same activation energy of about 80 £ 5 kJ/mol. F
Similarly way, only the Po, dependence of the #4 electrode 100 I

was larger than the others (Fig. 3). In order to find the reason
for this discrepancy, we analyzed the impedance spectra of
the #4 electrode under this experimental condition.

The ac impedance spectra of the #4 electrode measured at
the temperature of 1273 K and in the Po, range of 0.01-
0.1 atm are plotted in Fig. 4. The impedance measurements
were analyzed by means of an equivalent circuit which
consists of an inductance (L) originating from the leads
and the equipment, resistance (R), and CPE (constant phase
elements), as shown in Fig. 5. This overall circuit was
analyzed by a complex non-linear least square (CNLS)
fitting program [34]. The electrochemical components of i
the #4 electrode calculated by the equivalent circuit (Fig. 5) 1E-3 Lowiu P el
are plotted as a function of oxygen partial pressure in Fig. 6 0.01 01 1
and the Arrhenius plots of the each component are shown in Po, (atm)

Fig. 7. In general, if the electrode reaction is limited by gas
diffusion through the boundary-layer, the limiting current
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Fig. 3. Log-log plots of R vs. oxygen partial pressure at 1273 K.
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Fig. 5. Equivalent circuit used in the non-linear least square fitting of
impedance diagrams.
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Fig. 6. Log-log plots of Reomponent Of the #4 electrode vs. oxygen partial
pressure at 1273 K.

(Lim) and R, should be dependent on the first power of the
oxygen partial pressure and the gas flow rate, and exhibit no
temperature dependence like a non-thermally activated pro-
cess [5,35]. The R4(CPE4) in low frequency ranges (<1 Hz)
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Fig. 7. Arrhenius plots of Reomponent Of the #4 electrode in the constant
0.01 atm Po,.

is supposed to represent gas phase diffusion through the
boundary-layer because of its first power dependence of Po,
(Fig. 6), no dependence of temperature (Fig. 7), and depen-
dence of gas flow rate and gas component (Fig. 4). On the
other hand, the R3(CPE3) also showed a first power depen-
dence of Po, (Fig. 6), dependence of gas component (Fig. 4),
but no dependence of temperature (Fig. 7) and gas flow rate
(Fig. 4). Therefore, we concluded that the R4 and the R3
are the boundary-layer diffusion resistance (reaction (2)) and
the pore diffusion resistance (reaction (3)), respectively.
Since the boundary-layer diffusion is only a function of
the apparatus geometry and gas flow rate, we excluded the
R4(CPE4) from the characterization of the electrode per-
formances [17]. Consequently, the #4 electrode exhibited
much lower activation energy (20 kJ/mol) and higher
P’g)zdependence (n = 0.75) than the others (80 &+ 5 kJ/mol
and n = 0.55 £ 5) because the large value of R3 related to
the gas phase diffusion was involved in the cathode reac-
tions. This is attributed to the quite different microstructure
of the #4 electrode. In Fig. 8b, the surface of Pt particles
was covered with porous YSZ film so that the TPB length
can be enlarged [11-13]. Therefore, this electrode micro-
structure may be more susceptible to gas phase diffusion
due to micro-pores at the additional TPB especially under
the low Pg, condition. Consequently, in the experimental
conditions of high temperature and low oxygen partial
pressure, the RDS of the #4 electrode is controlled by gas
phase diffusion.

As shown in Figs. 6 and 7, the Po, dependence and the
activation energy of the R2(CPE2) are similar to the R,
of the other electrodes (Figs. 2 and 3). The value of activa-
tion energy and Pp, dependence were 80 £ 5 kJ/mol and
n = 0.5, respectively. When the gas phase diffusions were
effectively eliminated from the total electrode resistance
(Re1), we observed the same dependences of temperature
and oxygen partial pressure regardless of the electrode
microstructures.

In the high temperature and low oxygen partial pressure
region, the activation energy of R. or exchange current
density (I) was widely reported as 75—100 kJ/mol [6,14,15].
Giir et al. [15] studied the polarization behavior of Pt/
8 mol% Sc,03;-ZrO, by use of ac impedance techniques.
They also reported that the bulk electrolyte and R, had a
similar activation energy above 973 K. But this was not
clearly explained in their work. Recently, Mitterdorfer and
Gauckler [36] reported that above ~1073 K and at high
oxygen partial pressures, the charge-transfer is in competi-
tion with surface diffusion. Under high temperature and low
oxygen partial pressure, however, it is not supposed that the
values of activation energy for the R2 (#4 electrode) and the
R. (#1,#2, and #3 electrodes) represent the surface diffusion
of oxygen atoms on the Pt surface as compared to the values
of surface diffusion given by Lewis and Gomer [30]. They
reported that the activation energy of surface diffusion of
oxygen atom on Pt(1 1 1) was 113 kJ/mol at high surface
coverage and in the temperature ranges between 723 and



32 S.P. Yoon et al./Journal of Power Sources 115 (2003) 27-34
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Fig. 8. SEM images of surface and fracture of the electrodes on YSZ electrolyte: (a) #2 electrode (porous Pt electrode); (b) #4 electrode (#2 electrode

modified by sol-gel coating).

773 K, whereas the activation energy was 142 kJ/mol at low
surface coverage and temperatures above 773 K. In our
experiments, we eliminated the influences of the gas phase
diffusion on the resistance of the #4 electrode, which had
additional micro-pores between the TPB by sol—gel coating
[11-13]. Consequently, the R2(CPE2) of the #4 electrode
showed the same dependences of temperature and oxygen
partial pressure as those of the others, which were not
affected by the gas phase diffusion (#1, #2, and #3). In
many of our experiments at high temperatures and low
oxygen partial pressures, when we removed the effect of
gas phase diffusions, the values of activation energy of the
electrode resistance were between 70 and 80 kJ/mol. Fig. 7
clearly indicates that the electrode resistance component, the
R2, has an activation energy comparable to the bulk elec-
trolyte at the high temperature (7 > 1073 K) and low oxy-
gen partial pressure (Pl(‘)’;”). Bauerle [37] explained that the
electrolyte polarization behavior, corresponding to the elec-
trode and the higher frequency dispersion, resulted from the
blocking of the oxygen ion conduction at the grain bound-
aries. Although the high frequency dispersion, the R2, has
the same activation energy as the ionic conductivity of
YSZ like the R, of the other electrodes, it seems not to
be the effect of the grain boundaries or pores due to its high
operation temperature of 1273 K. Therefore, we supposed
that oxygen molecules are directly adsorbed from the gas
phase and dissociate on the oxygen vacancies at the TPB. In
the high temperature and low oxygen partial pressure region,
the surface coverage (0) of Pt electrode is so low that the

cathode reactions can occur without surface diffusion on Pt
electrode because there is little chance that the pre-adsorbed
oxygen atoms on the Pt electrode would hinder the oxygen
molecules from being adsorbed directly on the oxygen
vacancies at the TPB. In addition, as compared with the
values for the diffusion coefficient of atomic oxygen on Pt
surface (D =4.1 x 10°® to 1.1 x 1077 cm?/s at 975 K)
[38], the gas phase diffusion coefficient in O,/N, mixture
is larger by several orders of magnitude at the same con-
dition. For example, the diffusion coefficient of oxygen in air
can be calculated by the following empirical Eq. (10) [39].

~0.001T'7 (LJFL)I/Z
P(Vi>+vy7) \Ma M

where the molecular diffusion coefficient is expressed in
cm?/s, V4 and Vp are the diffusion volumes of molecules A
and B, and M 5 and My, are their respective molecular weight,
and P and T are their usual meanings. In general, the elec-
trodes of fuel cells are micro-porous so that we may consider
the diffusion through the micro-pores, such as Knudsen
diffusion [35].

Dag (10)

1/2
Dg =9700r( — 11
k = 9700r <Mg> (11)
where r is the pore radius (cm) and M, is the molecular
weight of the gas. From Egs. (10) and (11), the diffusion
coefficient of oxygen can be obtained from 5 x 1072 to
1.6 cm?/s at 975 K. So, it is reasonable that the direct
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cathode reaction is predominant in the high temperature and
low oxygen partial pressure regions. Consequently, if the
charge-transfer reactions are infinitely fast and adsorption
and dissociation process are also quite fast, the RDS should
be the migration of oxygen vacancies to the TPB line in this
experimental region. Thus, the R2 of the #4 electrode and the
R, of the other electrodes showed the same activation
energy of ionic conductivity of YSZ (Figs. 2 and 7). van
Hassel et al. [40] and Nguyen et al. [9] also observed that the
activation energy of R at Au/YSZ interface was equal to
that of the ionic conductivity of the YSZ. This is the reason
that the direct reaction is predominant in the wide range of
temperatures and oxygen partial pressures because of the
low catalytic activity of the Au electrode in the oxygen
exchange reaction. However, the R2 of the #4 electrode and
the R, of the other electrodes showed linear dependence of
Po, in this experimental condition (Figs. 3 and 7). This is
attributed to the effect of surface diffusion (reaction (5)),
which is more predominant in higher oxygen partial pressure
or at higher surface coverage (0).

4.2. In the low temperature (T < 973 K) and
high Po, (P}gfh ) region

Fig. 9 shows the Arrhenius plots of R, with different
microstructures of the electrodes (#1, #2, #3, and #4) at the
low temperature and high oxygen partial pressure. The activa-
tion energy values of the R, of all the electrodes were between
200 and 240 kJ/mol. In this experimental region, there was no
gas phase diffusion resistance even in the impedance spectra
of the #4 electrode. Moreover, in the oxygen partial pressure
of 0.01 atm, the RDS of the #4 electrode was no longer the
gas phase diffusion because the other electrode reactions
increased exponentially while the gas phase diffusion was
almost constant with decreasing the operating temperature.
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Fig. 9. Arrhenius plots of R, for various electrodes in the high oxygen
partial pressure.

Literature [6,15,37] reports that a high activation energy
of R, or I (200-250 kJ/mol) was observed at low tempera-
ture (T < 973 K). One of the hypotheses for such a high
activation energy is the surface reconstruction of Pt or the
formation of Pt oxide [9,16,41]. For example, above 973 K
the work function of Pt surface is lowered by approximately
116 kJ/mol [42]. In particular, Badwal and de Bruin [43]
reported that at the temperature immediately below the
thermodynamic formation temperature of PdO, the R
abruptly increased due to a cathodic charge-transfer reac-
tion, which was blocked by the formation of PdO. Similarly,
Pt oxide, such as PtO,, can be formed in low temperature
(T <973 K) and high Po, (Po, ~ 1 atm) [44,45] so that it
can prevent electrons from diffusing into the ERS. Provided
that the formation of Pt oxides occurs and the oxygen atoms
strongly chemisorbed are immobile under the experimental
conditions, the Pt oxide may interrupt surface diffusion of
oxygen atoms on the Pt electrode and the RDS is believed to
be the dissociative adsorption of oxygen molecules on Pt
oxide/YSZ interface. In this case, we can also consider the
direct adsorption of oxygen molecules on Pt oxide/oxygen
vacancy sites. From the results of Smith [31,32] and Meas
et al. [33], it is clear that the oxygen vacancies on the YSZ
surface can be provided as adsorption sites for the cathode
reactions. However, the adsorption process is different at
the high temperature and low oxygen partial pressure.
For example, the emission of electrons to the new ERS
(Pt oxide/YSZ/gas) needs much higher energies because of
the oxygen atoms strongly chemisorbed on the Pt surface
[42,43]. With regard to the electron affinity for various
oxygen species [46], it is highly probable that oxygen first
adsorbs as O, by attracting an electron from Pt electrode in
TPB line and dissociates to enter an oxygen vacancy. By the
reaction model proposed above, one of the following reac-
tions (12)—(14) can be also expected to be the RDS. In this
study, we defined the ERS as the oxygen vacancy at the TPB.

OZ(g,pore) + V(.)Zadsorption of YSZ, TPB) + e(TPB) - Ozi(adA’ ERS)
(12)

O3ad,Ers) T ViTPB) + €(1PB) — Oé(ERS) + O(ad, TPB) (13)
O(aa, TpB) + VO(ERS) T 2€(1p8) — OOykRS) (14)

Since the contribution of surface diffusion can be involved
with a change of temperature and oxygen partial pressure,
various values of the Py dependence on R, were reported
in literature and also observed in our experiment
(0.2 < n < 0.5). However, it is supposed that in the low
temperature (7 < 973 K) and high Po, region, if the reac-
tions from (12) to (14) occur, the reaction (13) can be
considered as the RDS from the activation energy value,
which is similar to the heat of molecular dissociation of
oxygen on undoped zirconia (242 kJ/mol) involving charge-
transfer [31,32]. Since there were no precise data on the
reaction (13) in the literature, further studies on various
charge-transfer reactions remain to be done to understand
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the exact electrode reactions that can be applied to this
region.

5. Conclusion

The characteristics of electrode resistance (R,)) at the Pt/
YSZ interface have been studied as a function of the
microstructure of electrodes. When the gas phase diffusion
was effectively eliminated from the total electrode resis-
tance, we observed the same dependences of temperature
and oxygen partial pressure regardless of the electrode
microstructures. Therefore, among the electrode reactions,
only the gas phase diffusion was affected by electrode
microstructure. From the analysis of ac impedance spectra,
the Pt, O,/YSZ system was examined at two distinctive
reaction regimes at the temperature between 873 and 1273 K
and in the Po, ranges of 0.01-0.1 atm. The main results can
be summarized as follows:

5.1. In the high temperature (T > 1073 K) and
low Po, (PIOGZW ) region

In this range, the oxygen molecules can be directly
adsorbed from gas phase and dissociate on the oxygen
vacancies at the TPB. The RDS is migration of oxygen
vacancies to the TPB line, assuming that the charge-transfer
reactions are infinitely fast and adsorption and dissociation
process are also quite fast. Consequently, the activation
energies of R, (80 &5 kJ/mol) of various electrodes are
equal to that of ionic conductivity of YSZ.

5.2. In the low temperature (T < 973 K) and
high Po, (Pg:")

Since the surface diffusion can be restricted by the for-
mation of Pt oxide, the RDS is supposed to be the dissocia-
tion of oxygen molecules involving a charge-transfer on Pt
oxide/YSZ interface. The formation of Pt oxides makes the
electron transfer difficult to diffuse from Pt electrode to EDS
so that the value of activation energy can increase to 200—
240 kJ/mol.
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