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Abstract

Oxygen transport was examined around the O,/cathode/yttria-stabilized zirconia (YSZ) interfaces in solid oxide fuel cells (SOFCs). To
visualize the kinetics of oxygen transport, isotope oxygen exchange (°0/!80 exchange) and secondary ion mass spectrometry analysis
(SIMS) were adopted for Lag g5Srg 1sMnO5-mesh and gold (Au)-mesh cathodes. The mesh cathode surfaces promoted oxygen adsorption and
surface oxygen exchange. Oxygen bulk diffusion in the mesh cathode was observed only at the Lag g5sSrg 1sMnOs-mesh. The active sites for
oxygen incorporation were compared at the YSZ surfaces after removing the mesh cathodes. The Lag gsSto.1sMnO3-mesh/YSZ interface can
be the active site for oxygen incorporation as well as the triple phase boundary (TPB). On the other hand, the Au/YSZ interface showed low
180 concentration, and the active sites were limited to the TPB lines. Most active sites for oxygen incorporation were the O,/cathode/YSZ
interface (TPB) for LaggsSrp15sMnOs-mesh and Au-mesh from the line analysis of the SIMS images. The expansion of the oxygen
incorporation active site around the TPB was discussed on the basis of SIMS imaging analysis and electrochemical analysis. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Oxygen transports is an important phenomenon for solid
oxide fuel cells (SOFCs) because it is related to the cathode
overpotential (1) at the cathode/electrolyte interfaces. Since
the cathode overpotential is one of the major resistances of
SOFCs, it must be minimized to improve performance. For
minimizing the cathode overpotential, the oxygen transport
mechanism should be clarified around the O,/cathode/elec-
trolyte interfaces. To date, many reports have been published
about the oxygen transport mechanism by electrochemical
methods [1-22] with changing the oxygen partial pressure,
temperature, and applied voltage. The overall oxygen reduc-
tion at the O,/cathode/electrolyte interface can be written in
the following equation:

1 .
E02+2e‘+vo — 0 (1)

where, V('; indicates oxygen vacancies in the electrode or
the electrolyte. Fig. 1 shows a schematic representation of
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oxygen reduction around the O,/cathode/electrolyte inter-
face. The oxygen reduction can be divided into several
elemental steps: (1) oxygen dissociate adsorption on cathode
surface; (2) surface diffusion of oxygen on the cathode; (3)
incorporation of oxygen into electrolyte via the triple phase
boundary (TPB); (4) oxide ion diffusion in the bulk of
cathode; and (5) oxide ion transfer from cathode to electro-
lyte. One of these steps can be the rate-determining in the
cathodic reaction. According to previous studies, cathode
materials can be classified as two types in terms of their
oxygen diffusivity in the bulk and the surface oxygen
diffusion. The effects of oxygen bulk diffusion on the
cathodic reaction have been reported by M. Kleitz and F.
Petitbon [7] and E. Siebert and co-workers [8,9]. They have
shown oxygen diffusion in silver (Ag) and LaMnOj3 under
cathodic polarization, and suggested the effects of bulk
oxygen diffusion on the cathodic reaction. On the other
hand, many authors reported the importance of the TPB area
for oxygen reduction in platinum (Pt), gold (Au), and
LaMnOs-based cathodes to improve cathode performance.
Therefore, the technologically important issue for designing
the cathode/electrolyte interface is the expansion of electro-
chemically active sites around the TPB. Electrochemical
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Fig. 1. Schematic representation of oxygen transport around the O,/cathode/electrolyte interface: (1) oxygen dissociate adsorption on cathode surface; (2)
surface diffusion of adsorption oxygen; (3) incorporation of adsorption oxygen via TPB; (4) bulk diffusion of oxygen through cathode; (5) oxide ion transfer

at the cathode/electrolyte interface.

analyses suggested some reasonable models for oxygen
reduction and/or transports. However, there still remain
some unclear points about oxygen transport around O/
cathode/electrolyte interfaces: (1) activity for oxygen
adsorption on cathode surface; (2) diffusivity of oxygen
in cathode materials; and (3) active site distribution for
oxygen incorporation around the interfaces.

To answer the above questions, we have adopted the stable
oxygen isotope ('%0,) as a diffusion marker, and applied a
secondary ion mass spectrometry (SIMS) technique for ima-
ging the distribution of 80 [23-25]. That is, the dynamics
of oxygen transport were observed at the O,/cathode/electro-
Iyte interfaces (triple phase boundary (TPB)) in the “frozen
state” by this novel technique. To define the contact of
O,/electrode/electrolyte precisely, mesh shaped electrodes
were prepared on the yttria-stabilized zirconia (YSZ) [25].
In previous reports, oxygen diffusion and the active sites
for oxygen reduction were visualized at the (La, Sr) MnO3
cathode mesh/YSZ interfaces under different cathodic
polarizations [26]. We have also shown the bulk diffusion
of oxygen under cathodic polarization by this technique
[27,28]. However, the effects of the cathode materials on
the oxygen transports and the distribution of active sites
for oxygen reduction have not been clarified. The aim of
this study is, therefore, the clarification of oxygen transport at
the different cathode materials on YSZ (cathode; (La, Sr)
MnOs; and Au) for designing the optimum cathode/electrolyte
interface structure.

2. Experimental
2.1. Samples
The mesh shape cathodes were prepared by two methods:

one is the photolithography technique, and the other is the
pressing of the grid mesh on the substrate at high temperature.

For preparing the mesh shape LagoSrg MnOs5 cathode, a
dense Lag oSty MnOs film was firstly formed by the RF-
sputtering technique on the Y,Oj3-stabilized ZrO, (YSZ, 8
mol%Y,03-doped ZrO,). During sputtering, the substrate
YSZ was annealed at 973 K to prepare a dense homogeneous
Lag oStp 1MnOj film. The mesh shape Lag oSty ;MnO3 was
subsequently prepared by the photolithography techniques
on YSZ. For preparing the Au-mesh, a grid mesh in the
grade of #200 (JEOL Co. Ltd.) was attached on the YSZ
single crystal and fired at high temperature (1283 K for 2 h).
Fig. 2 shows scanning electron microscope (SEM) image
and optical microscope image of the Lag ¢Sty ;MnO3-mesh
and the Au-mesh on YSZ substrates, respectively. The
images show good contact at the mesh cathode/YSZ inter-
face. It also shows clear boundaries at O,/the cathode/YSZ
interface, at which we can determine the edge of the mesh
cathodes on YSZ.

2.2. Isotope oxygen exchange ('°0/'®0 exchange)

The experimental setup is schematically drawn in Fig. 3.
The sample was initially annealed in '°O, (purity is
99.99 vol.%) under cathodic polarization in the closed
gas-exchanging cell. After annealing in '°0, for more than
1 h, the atmosphere was suddenly switched to '80,, atmo-
sphere under the same cathodic polarization (the concentra-
tion of 180, was above 95%). The duration time for annealing
was 600s at 973 K at p(O,) = 0.1 bar. The voltage was
applied in the cathodic direction of from 0 to 0.5 V (up to
—0.5V versus the reference electrode). After '°0/'80
exchange, the samples were quenched to room temperature
in a short duration (973-273 K in 30 s).

2.3. SIMS measurements

The SIMS analysis was conducted with a sector-type ins-
trument (CAMECA ims-5f). A primary Cs* beam sputtered
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Fig. 2. Microstructures of the mesh cathodes: (a) front view of the Lag oSrg ;MnO;-mesh/YSZ sample; (b) back view of the Au-mesh/YSZ sample.

the sample surface, and negative secondary ion intensities
(160_, 80~ Mn'®O~, La'®0~, Zr'%0O~, and Y16O_) were
recorded as a function of the depth. The acceleration voltage
was 10kV, and the primary beam current was 10-50 nA
for depth profile analysis. The mass resolution, M/AM, was
300 in a normal operation mode. This was enough resolu-
tion to distinguish the signal between 0~ and H,'°0 ™. In
the imaging mode, the diameter of the primary beam
was focused to be about 0.2 um and the secondary ion
images were collected in the area of 30 um x 30 um or
150 pm x 150 pum. For insulating materials, on electronic
shower was applied to compensate the charge at the sample
surface.
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Fig. 3. Schematic diagram of oxygen isotope ('°0,/'%0,) exchange
equipment.

3. Results and discussion
3.1. Cathodic polarization of the mesh cathode

Fig. 4 shows steady-state cathodic polarization curves
of the mesh cathode/YSZ samples at 973 K in the fixed
oxygen partial pressure (0.1 bar). The polarization curves
of the mesh cathodes show a significant difference in the
current density: Au-mesh shows about 1 order of magni-
tude lower current density than the current density of the
Lag 9Srg ;MnO5-mesh at the same overpotential. Also, the
polarization curve of Lag ¢Sty ;MnO3-mesh shows a signifi-
cant hysteresis between forward and backward polarization.
This phenomenon has often been reported by some authors
[17,18], and it can be related to the changes of the oxygen
vacancy concentration in the Lag ¢St ;MnO5-mesh. For the
polarization curve of the Au-mesh/YSZ sample, a limiting
current is observed at the higher cathodic polarization
(higher than —0.1 V). This is due to the limitation of the
supply of electrochemically active species, such as adsorp-
tion oxygen on the cathode.

The solid lines in the figure show the fitting lines of the
Butler—Volmer like equation to the measured data in the
range of —0.1 < n < 0, as follows:

J = JO[exp(nofn) — exp(—noefn)] )

where, JO is the exchange current density, n the number of
electrons (in this case n = 2), o the transfer coefficient (in
this case, o, = o = 0.5), f = F/RT, (F = 96485 C mol_l,
R=28314JK' mol_l, T =973 K), and # is the cathodic
overpotential. From the fitting lines, the exchange current
density (J°) was calculated for each electrode. The values
obtained are 4 x 107* Acm ™2 for Au-mesh and 1.8x
1073 A cm™2 for LagoSro MnO;-mesh. These values are
consistent with the reported values, and the mesh electrodes
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Fig. 4. Steady-state cathodic polarization curves of the Lag oSty ;MnOs-
mesh/YSZ and the Au-mesh/YSZ at 973 K under p(O,) = 0.1 bar (the
broken lines indicate the cathodic overpotentials at which the '°0/'80
exchange were performed).

adopted in this study show similar electrochemical proper-
ties to those of normal porous cathodes [1,5]. The isotope
oxygen exchange ('°0/'80 exchange) was conducted at
the marked overpotentials: —0.25 V for the Au-mesh, and
—0.33 V for the LagoSrg MnOs-mesh. In the Au-mesh
sample, the experimental current density was 2 x 1073
A cm 2, which corresponds to the '8O concentration of
6 x 107> mol cm ™~ for 600 s. This value is close to the
detection limit of SIMS analysis.

3.2. Oxygen adsorption and diffusion on cathode materials

Fig. 5 shows SIMS images of the concentration of 80
for the mesh shape cathodes/YSZ samples. These images
are the concentration of 80~ signal [C('*0) = 1(*07)/
{I1(*07) + 1('807)}] for each position. The whiter color
indicates the higher 'O concentration in these images. At
the top surface (Cs™ sputtering for 10's, estimated to be
3-5nm depth, in Fig. 3(a) and (b)), the higher '*O con-
centration is observed on the mesh parts. This indicates that
the mesh cathode surface is more active for oxygen adsorp-
tion or oxygen surface exchange than the YSZ surface. On
the other hand, the images after sputtering for a prolonged
duration show different images (in Fig. 3(c) and (d)): the
lower '30 concentration is found to be at the Au-mesh part,
though the higher '80 concentration is still observed at the
Lag oStg ;MnO3z-mesh part. The sputtering depths are esti-
mated to be around 20 nm from the surface. Therefore, the
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vsz ©

Sputtered
surface
(d=20 nm)

Sputtered
surface

Fig. 5. SIMS images of '30 concentration at the mesh cathode/YSZ
interfaces ((a) top surface of the LagoSro;MnO;-mesh/YSZ; (b) top
surface of the Au-mesh/YSZ; (c) sputtered surface of the Lay ¢Sty ;MnO3-
mesh/YSZ; (d) sputtered surface of the Au-mesh/YSZ.

diffusion length of 180 is less than 20 nm in Au, and it is
longer than 20 nm in the Lag ¢Sty ;MnO3z-mesh. From these
SIMS images, both mesh cathode surfaces are active for
oxygen adsorption or isotope oxygen surface exchange ('0/
130 exchange). The difference comes from the solubility of
oxygen or the diffusivity of oxygen in the bulk of the cathode
materials. This difference affects the oxygen transports at
the cathode/YSZ interfaces. In the Lag oSrg ;MnO; cathode,
some amounts of oxygen can diffuse via the oxygen vacancy.
However, in the Au cathode, almost no oxygen can diffuse in
the Au bulk.

3.3. Incorporation of oxygen at the cathode/YSZ interfaces

In order to clarify the oxygen incorporation active sites,
the covered mesh cathodes were removed by chemical
etching techniques: the mesh samples were washed by
HCI solution or aqua regia. Fig. 6 shows SIMS images of
the YSZ surface after removing the mesh cathodes.

For the LagoSrg MnOsz-mesh removed YSZ surface
(Fig. 6(a)), a high 8O concentration is observed in the
shape of the mesh. These parts correspond to the two-phase
contact of Lag ¢Srg;MnOz-mesh/YSZ. Also, many 'O hot
spots are observed in the mesh parts. This suggests that the
Lag oSty ;MnO3 mesh/YSZ interfaces are active for oxygen
incorporation, and the active sites are distributed as (many)
spots at the interface (not homogeneously distributed at the
interface).

For the Au-mesh removed YSZ surface (Fig. 6(b)), a high
80 concentration is found in the shape of a ring with a
significant low concentration at the Au/YSZ two-phase
boundaries. These high 80 concentration parts correspond
to the edge of the mesh. That is, only the interface of O,/Au-
mesh/YSZ (TPB) is active for the oxygen incorporation. A
ring shape image suggests that the active sites for oxygen
incorporation are within a few pm of the TPB lines, and the
blocking of oxygen incorporation at the Au/YSZ interface.
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Fig. 6. SIMS images of 80 concentration on the mesh cathode removed YSZ surface: (a) LagoSry;MnOs-mesh removed YSZ surface; (b) Au-mesh

removed YSZ surface.

3.4. Line analysis of the SIMS images

In order to analyze the active sites for 80 incorporation
more precisely, a line analysis was examined for the SIMS
images of %0 concentration (along the lines in the images
between A and B). Fig. 7 shows line analyses of SIMS
images at several depths for YSZ after removing the
Lag oSrg 1MnO3-mesh and the Au-mesh cathodes.

For the Lag ¢Srg ;MnO3z-mesh removed YSZ surface, two
peaks of high 30 concentration are identified around the
position of x =6 and 8 um in Fig. 7(a) (at the depth of
d = 3, 18, and 45 nm). These two peaks are thought to be the
active sites for oxygen incorporation on the YSZ surface.
The width of the tops of these two peaks is consistent with
that of the mesh cathode (about 2 pm). Therefore, the most
active sites for oxygen incorporation are around the TPB
area, and the active sites do not expand very much from
the TPB line. A splitting of two peaks suggests that the
active sites expansion is less than 1 pm from the TPB lines.
Since the 0 concentration at the LagoSry;MnO5/YSZ
interface (x = 6—8 um in Fig. 7(a)) is higher than at the
YSZ free surface (x < 6 pm, x > 8 um in Fig. 7(a)), the
Lag oSrg ;MnO3/YSZ interface can also be the active site
for oxygen incorporation. At the deeper position of YSZ
(d = 101 nm), almost no peaks of 180 concentration are
observed in the line analysis, which suggests a homogeneous
distribution of '80 inside the YSZ.

For the Au-mesh removed YSZ (Fig. 7(b)), the line
analysis shows more clearly two peaks of '#O concentration
than in the case of the LagoSroMnOs-mesh. These two
peaks correspond to the edge of the Au-mesh and TPB lines.
The width of the top of these two peaks is consistent with
that of the Au-mesh. Therefore, the active sites for oxygen
incorporation are limited to the narrow zone of TPB lines
within a few pm area. With increasing sputtering time

(deeper analysis position), the 80 concentration of these
two peaks becomes lower than for the surface area.

Due to the difference of the plane resolution of two SIMS
images (Fig. 6(a) and (b)), we cannot compare the width of
active zone quantitatively. The width of the '30 peaks seems
to be wider in Au than that in Lag ¢Sry ;MnO;5 at the TPB
region. This does not always represent the real widths of
the active zone for oxygen incorporation. However, we can
identify that the TPB is the most active site for oxygen
incorporation, and inward '8O diffusion in the mesh is
preferable at the Lag oSr 1 MnO3-mesh/YSZ interfaces.

3.5. Active zone expansion around the TPB

The present SIMS imaging analysis clearly showed the
difference in the distribution of oxygen incorporation
active sites at the cathode/YSZ interfaces (Au and
LagoStrg 1 MnO3). The expansion of the effective oxygen
incorporation sites from the TPB line can be observed,
especially in the Lag¢Srg1MnOs-mesh. The expansion of
the active sites is mainly due to the following two factors: (1)
bulk diffusion of oxygen through the cathode materials; and
(2) high diffusivity of oxygen at the cathode/YSZ interfaces.
Fig. 8 shows a schematic representation of oxygen reduction
and equal potential lines of oxygen (broken lines) inside the
cathode/electrolyte interfaces. With respect to the factor (1),
we have already reported the bulk diffusion of oxygen in the
dense LaMnO; film under the cathodic polarization [28].
The higher cathodic overpotential reduces the oxygen poten-
tial at the TPB and eventually it enhances the bulk diffusion
of oxygen in the LaMnOj film. Therefore, the bulk oxygen
diffusion in the cathode as shown in Fig. 8 (or, path of (4)
in Fig. 1) can affect the distribution of '®0 on YSZ surface
in the case of LagoSrg;MnOs-mesh. In this experimental
condition, the cathodic overpotential (—0.33 V versus
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Fig. 7. Line analyses of the SIMS images of the YSZ surfaces at different depths: (a) LagoSrg;MnO;-mesh removed YSZ surface; (b) Au-mesh removed

YSZ surface. C'80 = 1(180)/{I(180) + I(160)}*1000.

0.1 bar of oxygen partial pressure at 973 K) gives the
oxygen partial pressure of 9 x 107 bar at the TPB. This
low oxygen partial pressure can introduce the oxygen
vacancies in the LagoSrgMnOs-mesh and enhance bulk
oxygen diffusion. Due to low diffusivity or low solubility of
oxygen in the Au-mesh, high %0 concentration is limited to
the TPB lines with a low 'O concentration at the Au-mesh/
YSZ interface. About the factor (2), the expansion of the
TPB zone is directly correlated with the interface diffusivity

2

QO
Triple phase
ﬂboundaw (TPB)

Cathode 0%

Electrolyte 0oz

Interface diffusion

Fig. 8. Schematic drawing of the oxygen transport of oxygen and
equivalent oxygen potential lines (broken lines) inside cathode and
electrolyte materials.

at the cathode/YSZ. In the case of Lag¢Srg;MnO3-mesh/
YSZ, diffusion into the inside of the mesh is obviously
observed. This suggests that the interface of LagoSrg -
MnO3-mesh/YSZ is active for the interface diffusion of
oxygen, which is completely different from the Au/YSZ
interface.

Some authors previously analyzed the expansion of the
active zone at the cathode/electrolyte interface based on
electrochemical measurements. F.H. van Heuveln et al. [13]
reported that the TPB zone width was less than 0.05 pm
(50 nm) at 945 °C for the Lag gsSrg.15MnO3/YSZ interfaces.
The value is expected to be even smaller when the tempera-
ture is reduced, and it is quite small compared with the
present SIMS images. A relatively thick width of the active
zone for oxygen incorporation in the SIMS images suggests
that SIMS images include oxygen diffusion in the YSZ near
surface. This oxygen diffusion must affect the distribution of
80~ images from the TPB lines. The active zone for oxygen
incorporation seems to expand inside the mesh as shown in
Figs. 6 and 8. Recently, a numerical calculation of the
cathode/electrolyte interface suggested that the cathode
activity was proportional to the area of the contact between
cathode and electrolyte [29]. This result supports our SIMS



230 T. Horita et al./Journal of Power Sources 106 (2002) 224-230

observation and suggests the importance of the cathode/
electrolyte interface properties.

4. Conclusions

The oxygen transport was visualized around the O,/
cathode/electrolyte TPBs by the '°0/!80 exchange techniques
and SIMS analysis. Higher 3O concentration was observed
on the LaggsSrg1sMnO5-mesh and the Au-mesh top sur-
faces, which suggested the promotion of oxygen adsorption
and surface oxygen exchange on the mesh cathodes. Oxygen
diffusion through the bulk of the cathode occurred only at the
Lag g5Srg.1sMnO5-mesh, not at the Au-mesh. After removing
the LaggsSrg1sMnOz-mesh, the active sites for oxygen
incorporation were distributed in the shape of the mesh on
the YSZ surface. This indicates that the Lag g5Srg 15sMnOs3/
YSZ interface is active for oxygen incorporation. On the
other hand, in the case of Au-mesh removed YSZ surface,
high 'O concentration is observed only at the TPB region,
which suggested the limitation of oxygen incorporation at
the TPB. The line analysis of the SIMS images suggested that
the most active sites for oxygen incorporation were at the
TPB. The expansion of the active sites for oxygen incorpora-
tion was less than 1 pm from the TPB for both mesh
cathodes. The active sites for oxygen incorporation are
related to the bulk oxygen diffusion through the cathodes
and the interface nature of cathodes/YSZ.
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