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Abstract The high-Tc Y1Ba2Cu3O7)d superconductor
with oxygen ion vacancies was employed as the cathode
for a high-temperature solid-oxide fuel cell (SOFC). The
cathodic current-overpotential characteristics were
studied in the temperature range from 500 to 800 °C and
the oxygen pressure range from 10)4 to 0.21 atm. The
delocalization of the triple-phase boundary and the
oxygen reduction mechanism were identi®ed. The
delocalized triple-phase boundary of Y1Ba2Cu3O7)d

improves the cathodic polarization in SOFCs. By using a
mathematical simulation and a particular experimental
design, the oxygen adsorption step in the oxygen re-
duction process was demonstrated to be rate limiting. A
layer of strong oxygen-adsorption catalyst such as Pt or
Ag coated on the Y1Ba2Cu3O7)d electrode was found to
be able to largely enhance the activity of oxygen re-
duction by improving the ability of oxygen to be ad-
sorbed on the electrode surface.

Key words Y1Ba2Cu3O7)d á Oxygen ion vacancy á
Triple-phase boundary á Oxygen adsorption á SOFC

List of symbols

Bm: mobility
CO: the concentration of the adsorbed oxygen

atom
CO�eq� : the concentration of the adsorbed oxygen

atom at thermodynamic equilibrium
COox : the concentration of the oxygen ion in

vacancies
COo�eq� : the concentration of the oxygen ion in

vacancies at thermodynamic equilibrium
Eeq: open-circuit potential

Eo0 : formal potential
F: Faraday constant
f: F/RT
I: current
Io: exchange current
K: dissociation equilibrium constant
ka: adsorption constant
L: electrode thickness
n: the number of electrons
O: oxygen atom
OOx

�YBCO� : oxygen ion in an oxygen vacancy of YBCO

OOx
�YSZ� : oxygen ion in an oxygen vacancy of YSZ

O��s�: oxygen adsorbed on electrode surface
O��v�: oxygen adsorbed on oxygen vacancy
PO2

: oxygen pressure
R: gas constant
ra: adsorption rate
T: temperature
Tc: critical temperature
V�O: oxygen vacancy
x: position in electrode
z: the valency of the oxygen ion
a: transfer coe�cient
g: overpotential
q: charge density
/: electric potential
eo: dielectric constant
hO: coverage of oxygen atom
hO2

: coverage of oxygen molecule
*: unoccupied active site

Introduction

In investigations of the high-temperature superconduc-
tors, it is well known that various properties and
structures of Cu-based high-Tc Y1Ba2Cu3O7)d super-
conductors are strongly dependent on the oxygen
stoichiometry [1±3]. However, it is less well known that
Y1Ba2Cu3O7)d is also a fast ion conductor; at least
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oxygen ion is able to di�use rather readily through the
bulk of the compound at a temperature as low as 300 °C
[1, 4±6]. Hence, Y1Ba2Cu3O7)d is a mixed conductor in
which the oxygen ions and the electronic species are
mobile.

An important advantage of using mixed-conductor
electrodes in a high-temperature solid-oxide fuel cell
(SOFC) is to spread the triple-phase boundaries, i.e.,
the electrochemical reaction sites. This leads to a
delocalization of oxygen reduction from the electrode-
electrolyte interface to the whole surface of the
electrode [7]. At present, perovskite-type mixed con-
ductors are the most widely used and studied SOFC
cathodes [8±11]. However, the complex mechanism of
oxygen reduction on these materials has not yet been
clearly understood.

In this work, Y1Ba2Cu3O7)d is employed as a cath-
ode material of SOFCs. The performance of a high-
temperature SOFC is dependent on whether the mate-
rials problems arising from the high operating temper-
ature will be resolved. For example, the selection
criteria for cathode materials must meet many physi-
cochemical requirements, such as thermal and chemical
stability in air, low vapor pressure and lack of chemical
reactivity with the electrolyte. According to many inv-
estigations into the preparation and synthesis of the
superconductor, Y1Ba2Cu3O7)d meets these require-
ments [12, 13]. Hence, it could be an excellent candidate
for the cathode in the SOFC system. The purpose of
this article is to identify the oxygen reduction mecha-
nism and the current-overpotential characteristics of
Y1Ba2Cu3O7)d used as a cathode. According to the
cathodic behavior of Y1Ba2Cu3O7)d, a reaction mech-
anism of oxygen reduction was established and dem-
onstrated by a mathematical simulation to be consistent
with the experimental results.

Experimental

Materials

The experimental apparatus is shown in Fig. 1. Platinum leads are
employed to make the electrical contact to the electrode material
for the potential measurements, which are performed as described
in [14]. The solid oxide electrolyte is a stabilized cubic 8 mol%
Y2O3-ZrO2 (YSZ, Zircoa, USA). Commercial Y1Ba2Cu3O7)d
powder (Seattle Specialty Ceramic, USA) was homogenized into a
paste. The paste was then painted on YSZ and ®red at 850 °C for
90 min in air to form the cathode. The Pt paste (Heraeus, USA)
was painted on YSZ to form the reference and counter electrodes.
This was then ®red at 850 °C for 90 min in air. In addition, two
speci®c arrangements of electrodes, Pt/Y1Ba2Cu3O7)d and Ag/
Y1Ba2Cu3O7)d, were employed to identify the mechanism of oxy-
gen reduction on Y1Ba2Cu3O7)d. These were prepared by painting
a layer of Pt paste or Ag paste (Johnson Matthey, UK) on the
Y1Ba2Cu3O7)d electrode, which was then ®red at 850 °C for 90 min
in air.

The surface area of the Y1Ba2Cu3O7)d was measured by the
physical adsorption technique of nitrogen condensation. The sur-
face area of the Y1Ba2Cu3O7)d is around 1 m

2/g as calculated from
the Brunauer, Emmett, and Teller (BET) equation.

Electrochemical measurement

In order to ascertain that Y1Ba2Cu3O7)d was stable under the ex-
perimental conditions of temperature and oxygen partial pressure,
an equilibrium potential of Y1Ba2Cu3O7)d relative to Pt reference
electrode was measured beforehand, which needed 2±3 h to obtain
a stable value. The Pt reference electrode was exposed to air. The
cathodic current-overpotential measurements were performed on a
three-electrode cell con®guration equipped with a potentiostat
(Pine RDE4) and a digital multimeter (HP34401 A) with a 10 GW
input resistance. To obtain reproducible data, every measurement
of the cathode current vs overpotential needed 20 min to reach a
steady value. The cathodic current-overpotential measurements
were carried out at the temperature range from 500 to 800 °C and
the oxygen partial pressure range from 10)4 to 0.21 atm.

Results and discussion

Cathodic current-overpotential characteristics

Comparison of Y1Ba2Cu3O7)d and Pt

As can be seen from Fig. 2, at 500 °C and
PO2
� 10ÿ2 atm the Y1Ba2Cu3O7)d electrode has a lower

cathodic overpotential than that of the Pt electrode. This
means that the use of Y1Ba2Cu3O7)d as the cathode
material can decrease the voltage loss of an SOFC due to
cathodic polarization. As far as we are aware, this is the
®rst report of any material which has a better cathodic
performance than Pt at <800 °C.

However, can be seen from Fig. 3, when the tem-
perature is raised to 700 °C the cathodic overpotential of
Y1Ba2Cu3O7)d becomes larger than that of Pt. It should
be noted that the reason for the overpotential range in
Fig. 2 being smaller than that in Fig. 3 is because at the
lower operating temperature of 500 °C (Fig. 2), the YSZ
electrolyte has a larger ion-conductive resistance, so that
the current and overpotential are limited to a smaller

Fig. 1 Experimental apparatus and oxygen reduction pathway
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range to prevent it from destroying (blackening) the
electrolyte structure. Pickett et al. [15] indicated that, at
a constant oxygen pressure, the oxygen content in the
Y1Ba2Cu3O7)d lattice decreases as the temperature in-
creases. Moreover, it was demonstrated [15, 16] that the
reduction of the oxygen content in the Y1Ba2Cu3O7)d

lattice decreases the metallicity, and for large d (>0.6),
Y1Ba2Cu3O7)d changes from a metallic state to a semi-
conductor state. At 500 °C and PO2

� 10ÿ2 atm, the d
value is about 0.2 [17], and thus Y1Ba2Cu3O7)d is kept in
a metallic state. When the temperature is raised to
700 °C the d value is raised to about 0.65, and thus the
electrical property of Y1Ba2Cu3O7)d changes to that of a
semiconductor. According to the electronic band theory
[18], the change of the electrical property from a metallic
state to a semiconductor state results in the reduction of
the electronic conductivity. Consequently, when the
temperature is raised from 500 °C to 700 °C, the elec-
tronic conductivity of Y1Ba2Cu3O7)d is reduced. Be-
cause the rate of the charge transfer reaction (i.e.,
O� 2eÿ � V�o ! OOx) in the oxygen reduction process is

proportional to the electronic conductivity of the elec-
trode [19], the reduction of the electronic conductivity
decreases the activity of the oxygen reduction. On the
other hand, Pt is always in a metallic state. This may
explain why the cathodic performance of Y1Ba2Cu3O7)d

becomes worse than that of Pt as the temperature is
raised from 500 °C to 700 °C.

According to the above results and discussion, the
electrical property of Y1Ba2Cu3O7)d at 500 °C is similar
to that of Pt, both being in a metallic state. Thus, the
di�erence in cathodic performance between Y1Ba2-
Cu3O7)d and Pt, as shown in Fig. 2, may not be attrib-
uted to the electrical property. It is proposed that this
di�erence is attributed to the topography of the charge-
exchange region. The triple-phase boundary, i.e., the
three-phase interface of gas, electrode, and electrolyte, is
the electrochemical reaction region for carrying out the
charge transfer reaction. It has been demonstrated that
mixed conductors such as LaSrMO (M � Co,Mn,Fe)
can provide their whole surface as the triple-phase
boundary [9, 10, 20]. As reported in many investigations
[1, 4±6, 21±23], Y1Ba2Cu3O7)d is a mixed conductor.
Hence, the whole surface of the Y1Ba2Cu3O7)d electrode
can be used as the electrochemical reaction site. In
contrast, since Pt is only an electronic conductor, its
triple-phase boundary is only at the interface of elec-
trode and electrolyte. It is clear that the electrochemical
reaction region of the Y1Ba2Cu3O7)d electrode is much
larger than that of the Pt electrode. This may be the
reason why the cathodic performance of Y1Ba2Cu3O7)d

is better than that of Pt at 500 °C.
From the above discussion, the delocalization of the

triple-phase boundary from the electrode-electrolyte in-
terface to the whole electrode surface is proposed as an
important function for the Y1Ba2Cu3O7)d material when
used as a cathode for SOFCs. Recently, it was reported
that Ce0.9Gd0.1O1.95 is adequate as an electrolyte in
SOFC for 500 °C operation [24]. This provides a signi-
®cant impetus to the development of Y1Ba2Cu3O7)d as a
cathode in SOFCs which employ Ce0.9Gd0.1O1.95 as the
electrolyte for low-temperature operations.

Dependence of cathodic behavior of Y1Ba2Cu3O7)d

on oxygen concentration

The relationships between the cathodic current-overpo-
tential curves and the oxygen concentration are shown
in Figs. 4±6. Comparing Fig. 4 with Fig. 5 and Fig. 6, it
is found that the dependence of the oxygen reduction
rate over Y1Ba2Cu3O7)d on oxygen concentration at
500 °C is much less than that at 700 °C and 800 °C. This
indicates that the oxygen adsorption step, whose rate is
closely related to the oxygen concentration, is not the
major cause of resistance to the oxygen reduction pro-
cess at 500 °C.

In contrast to the situation at 500 °C, at temperatures
equal to and above 700 °C, oxygen concentration
strongly in¯uences the activity of the oxygen reduction

Fig. 2 Current-overpotential curves at 500 °C and PO2
� 10ÿ2 atm;

circle symbol YBCO electrode; triangle symbol Pt electrode

Fig. 3 Current-overpotential curves at 700 °C and PO2
� 10ÿ2 atm;

circle symbol YBCO electrode; triangle symbol Pt electrode
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on Y1Ba2Cu3O7)d, as shown in Figs. 5 and 6. This
means that at elevated temperatures (i.e., above 700 °C),
the resistance to oxygen reduction is probably due to
oxygen adsorption. In addition, as also shown in Figs. 5
and 6, the limiting current which is due to surface-dif-
fusion control, does not appear even at very high over-
potentials. In contrast, as can be seen from Fig. 7, on a
Pt electrode, the limiting current occurs at relatively low
overpotentials. This means that, at elevated tempera-
tures, surface di�usion on the Y1Ba2Cu3O7)d electrode
is not the rate-limiting step for the oxygen reduction
process. On the other hand, according to the BET
measurements, the Y1Ba2Cu3O7)d electrode has a low
surface area, namely around 1 m2/g. In the studies of an
LaSrMnO cathode by AC impedance, it was demon-
strated [20] that the rate-limiting step for oxygen re-
duction on the low-surface LaSrMnO is the oxygen
adsorption step.

According to the above results and discussion, it is
proposed that, at elevated temperatures (i.e., above
700 °C), oxygen adsorption on the Y1Ba2Cu3O7)d elec-
trode provides the major resistance to oxygen reduction.
In order to prove this hypothesis, two speci®c electrodes
with structures of Pt/Y1Ba2Cu3O7)d and Ag/Y1Ba2-
Cu3O7)d were designed and employed to study the be-
havior of oxygen adsorption. The Y1Ba2Cu3O7)d

electrode is coated with a layer of porous Pt or Ag,
which is a catalyst with strong oxygen chemisorption. As
shown in Fig. 8, compared to the Y1Ba2Cu3O7)d elec-
trode, the cathodic overpotential is largely decreased by
using Pt/Y1Ba2Cu3O7)d or Ag/Y1Ba2Cu3O7)d as the
cathode. This result is in accord with the above con-
clusion that the oxygen adsorption step provides the
main resistance to oxygen reduction. On the other hand,
because Y1Ba2Cu3O7)d is coated with a layer of Pt or
Ag, the distance for the oxygen di�usion from the
electrode surface to the triple-phase boundary increases
and the cathodic overpotential should thus increase.
However, as shown in Fig. 8, the cathodic polarization
is improved instead. Thus, it is also demonstrated that

Fig. 4 Current-overpotential curves for YBCO electrode at 500 °C
with di�erent PO2

values; circle symbol 2.5 ´ 10)3 atm; square symbol
5 ´ 10)3 atm; triangle symbol 1.5 ´ 10)2 atm

Fig. 5 Current-overpotential curves for YBCO electrode at 700 °C
with di�erent PO2

values; circle symbol 10)4 atm; triangle symbol
10)2 atm

Fig. 6 Current-overpotential curves for YBCO electrode at 800 °C
with di�erent PO2

values; circle symbol 10)4 atm; triangle symbol
10)2 atm; square symbol 0.21 atm

Fig. 7 Current-overpotential curves for Pt electrode at PO2
�

10ÿ4 atm; triangle symbol 700 °C; circle symbol 800 °C
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the probability that the oxygen surface di�usion is the
rate-limiting step can be excluded. Further, based on the
above experimental results, the mechanism is veri®ed by
an electrochemical model and mathematical simulation
in the next section.

Oxygen reduction mechanism at elevated temperature

The oxygen reduction path on the Y1Ba2Cu3O7)d

(YBCO) cathode is shown in Fig. 1. The reaction
mechanism is considered to be the following:

O2 � � ! O2� �1�
O2 � �� ! 2O� �2�
O ��s� ��������������!surface diffusion

O��v� �3�
O ��v� �2eÿ�YBCO� � V�O�YBCO�

! OOx
�YBCO� �4�

OOx
�YBCO� ��������!migration

YBCO-YSZinterface �5�
Steps 4 and 5 show that Y1Ba2Cu3O7)d is regarded as a
mixed conductor of electron and oxygen ion. Several
investigations [3, 21, 23] into the oxygen ionic conduc-
tivity of Y1Ba2Cu3O7)d have indicated that the con-
ductivity at 800 °C is around 6 ´ 10)3 (W cm))1 and is
two orders of magnitude greater than that at 500 °C.
Thus, in this work, the above oxygen reduction mecha-
nism is discussed at temperatures equal to and above
700 °C.

The current-overpotential relation [25] can be ex-
pressed as

I � Io
CO

CO�eq�
eÿanf g ÿ COox

COox�eq�

e�1ÿa�nf g

" #
�6�

Earlier investigations usually assume that the term of
oxygen-ion concentration, i.e., COox=COox�eq�

, is equal to

unity [26, 27]. This indicates that the in¯uence of the
oxygen-ion migration rate on the oxygen reduction rate
has not yet been explored. In this work, we apply
Gauss's law and the Nernst equation to express the
oxygen-ion concentration as a function of overpotential
and current so as to clarify this in¯uence.

According to the above analysis of the current-over-
potential characteristics of Y1Ba2Cu3O7)d, it is proposed
that the oxygen adsorption step (1) is the rate-limiting
step for oxygen reduction. The adsorption rate of oxy-
gen molecule is expressed as [28]

I � ra � kaPO2
�1ÿ hO2

ÿ hO� �7�

When oxygen adsorption is rate limiting, the oxygen
dissociation step (2) can be considered to be at an
equilibrium state. Thus, according to the Langmuir
isotherm [28],

�1ÿ hO2
ÿ hO�hO2

� K�hO�2 �8�

From Eq. 8, we can get

1ÿ hO2
ÿ hO � 1ÿ hO

2

�
���������������������������������������������������
1ÿ 2hO � �1ÿ 4K��hO�2

q
2

�9�

Assume the square root item in Eq. 9 approaches zero,
which will be identi®ed by ®nal simulation results.

Hence,

1ÿ hO2
ÿ hO � 1ÿ hO

2
�10�

Substituting Eq. 10 into Eq. 7, we get

I � kaPO2

1ÿ hO
2

�11�
If hO is substituted for the term of CO=CO�eq� in Eq. 6 [29],
then Eq. 6 becomes

I � IO

��
1ÿ 2I

kaPO2

�
eÿanf g ÿ COox

COox�eq�

e�1ÿa�nf g

�
�12�

The oxygen-ion concentration, COox , can be corre-
lated with the electric potential by the migration step (5).
The migration rate of oxygen anion through oxygen
vacancy under an electric ®eld for one dimension can be
expressed as [30]

I � zeBmCOox
o/
ox

���� ���� �13�

This application of Eq. 13 means that the oxygen re-
duction rate is related to oxygen-ion migration. More-
over, in the following discussion, it will be shown that
the in¯uence of the oxygen-ion migration rate on the
rate of the oxygen reduction process is important only at
low overpotentials.

Fig. 8 Current-overpotential curves at 800 °C and PO2
� 0:21 atm;

circle symbol YBCO electrode; square symbol Pt/YBCO electrode;
diamond symbol Ag/YBCO electrode
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The value of COox�eq�
, which is the oxygen-ion con-

centration at an equilibrium state, can be obtained by
the Nernst equation [25],

Eeq � Eo0 � RT
nF

ln
CO�eq�

COox�eq�

�14�

Using Eqs. 13 and 14, Eq. 12 can be rewritten as

I � Io

��
1ÿ 2I

kaPO2

�
eÿanf gÿ

eÿnfEO0

CO�eq�

I
zeBm

1

o/=oxj j e
nfEeqe�1ÿa�nf g

� �15�

By Gauss's law [31], we can correlate the electric ®eld
(o/=ox) with the overpotential (g). According to the
Poisson equation [31],

o2/
ox2
� ÿ q

eo

When there is no net charge inside a closed surface, we
obtain

o2/
ox2
� 0

and

o/
ox
� constant

This equation shows that the change of the electric ®eld
in a thin ®lm of electrode is linear. Therefore, the term
o/
ox

�� �� in Eq. 15 can be assumed as g
L

�� ��. Substituting g
L

�� �� for
o/
ox

�� ��, Eq. 15 can be rewritten as

I � Io
eÿanf g

1� A�PO2
�eÿanf g � B 1

gj j e
nfEeq e�1ÿa�nf g

�16�

where

A � 2

ka
;B � eÿnfEo0

LIo
zeBmCO�eq�

The parameter A is related to oxygen adsorption and the
parameter B is related to oxygen-ion migration. Equa-
tion 16 represents the assumption that the rate-limiting
step of the oxygen reduction process is oxygen adsorp-
tion on the Y1Ba2Cu3O7)d electrode.

At low overpotentials, since there is little resistance
due to oxygen surface di�usion, the term �CO=CO�eq� � in

Table 1 The values of parameters A and B

700 °C 800 °C

10)2 atm 0.21 atm 10)2 atm 0.21 atm

A 0.0747 0.0827 0.1078 0.0841
B 0.1805 0.0451 0.1838 0.0443

Fig. 9 Current-overpotential curves for YBCO electrode at 700 °C
and PO2

� 10ÿ2 atm; circle symbol experimental data; solid line
calculated from Eq. 16; dash line calculated from Eq. 18

Fig. 10 Current-overpotential curves for YBCO electrode at 800 °C
and PO2

� 10ÿ2 atm; circle symbol experimental data; solid line
calculated from Eq. 16; dash line calculated from Eq. 18

Fig. 11 Current-overpotential curves for YBCO electrode at 700 °C
and PO2

� 0:21 atm; circle symbol experimental data; solid line
calculated from Eq. 16; dash line calculated from Eq. 18
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Eq. 6 can be assumed to be equal to unity [25]. Equation
6 is thus simpli®ed to

I � Io eÿanf g ÿ COox

COox�eq�

e�1ÿa�nf g

" #
�17�

This equation shows that the rate of oxygen reduction is
closely related to the oxygen-ion concentration. Hence,
at low overpotentials, the oxygen-ion migration step (5)
is assumed to be the rate-limiting step for oxygen
reduction. The term COox=COox�eq�

in Eq. 17 is treated

by the same method as for of deriving Eq. 16, and thus
Eq. 17 becomes

I � Io
eÿanf g

1� B 1
gj je

nfEeqe�1ÿa�nf g
�18�

The parameters A and B in Eqs. 16 and 18 as calculated
from the current-overpotential data at di�erent temper-
atures and oxygen pressures are shown in Table 1.

The simulation results for the cathodic characteristics
are shown in Figs. 9±12. At low overpotentials (i.e.,
gj j < 100 mV), the experimental data correspond to the
theoretical values as calculated by Eqs. 16 and 18. This
means that, at low overpotentials, the resistance of the
oxygen reduction process comes from both the oxygen
adsorption step and the oxygen-ion transport step.

On the other hand, at high overpotentials (i.e.,
gj > 100 mVj ), the experimental data can be ®tted only
by Eq. 16. Moreover, according to the calculation from
experimental data, at high overpotentials(i.e.,
jgj > 100 mV),

A�PO2
�eÿanf g � B

1

gjj enfEeqe�1ÿa�nf g �19�

This shows that the in¯uence of oxygen-ion migration
on oxygen reduction is not important at high overpo-
tentials (i.e., jgj > 100 mV). Hence, at high overpoten-
tials, the in¯uence of oxygen adsorption on oxygen

reduction is much greater than that of oxygen-ion mi-
gration. This result is in accord with the experimental
data. It is thus concluded that oxygen adsorption pro-
vides the greatest resistance to oxygen reduction on a
Y1Ba2Cu3O7)d electrode at high overpotentials. At the
same time, the assumption that the square root term in
Eq. 9 approaches zero is reasonable because the simu-
lation results shown in Figs. 9±12 are very consistent
with experimental data.

Conclusion

Delocalization of the triple-phase boundary is proposed
as an important function of Y1Ba2Cu3O7)d used as the
cathode in SOFCs. The results of mathematical simu-
lation with oxygen adsorption as the rate-limiting step
show good agreement with the experimental data.
Moreover, a layer of strong oxygen-adsorption catalyst
such as Pt or Ag deposited over the Y1Ba2Cu3O7)d

electrode improves the cathodic polarization. Therefore,
it is concluded that the major resistance to oxygen re-
duction on Y1Ba2Cu3O7)d is from the oxygen adsorp-
tion step.
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