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Abstract

Composite cathodes of 50/50 vol% LSM-YSZ (La,,Sr,MnOs-yttria stabilized zirconia) were deposited onto dense
YSZ electrolytes by colloidal deposition technique. The cathode characteristics were then examined by scanning elec-
tron microscopy (SEM) and studied by ac-impedance spectroscopy (IS). The conditioning effects on LSM-YSZ cath-
odes were seen and remedies for these effects were noted in order to improve the performance of a solid oxide
fuel cell (SOFC). The effects of temperature on impedance, surface contamination on cathode bonding to YSZ elec-
trolyte, changing Pt paste, aerosol spray technique applied to curved surface on microstructure and cell to cell vari-
ability were solved by testing at 900°C, sanding the YSZ surface, using only one batch of Pt paste, using flat YSZ
plates and using consistent procedures and techniques, respectively. And then, reproducible impedance spectra were
confirmed by using the improved cell and the typical spectra measured for an (air)LSM-YSZ/YSZ/LSM-YSZ(air)
cell at 900°C were composed of two depressed arcs. Impedance characteristics of the LSM-YSZ cathodes were also
affected by experimental conditions such as catalytic interlayer, composite cathode compositions and applied current.
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1. Introduction

In recent years several groups worldwide have been in-
volved in the development of solid oxide fuel cells (SOFCs)
capable of delivering high power at reduced temperatures
and remarkable progress has been achieved in developing
reduced temperature SOFCs. The approaches generally fall
into two categories: the use of materials with substantially
higher conductivity and/or fabrication of SOFCs using thin-
film electrolyte membranes. Among the SOFCs the several
methods for depositing thin-film onto porous electrodes/sub-
strates have attracted widespread attention because the elec-
trolyte ohmic loss was negligibly small, as electrolyte
thickness was reduced."® We also developed a planar thin-
film SOFC using a colloidal solution of YSZ deposited on
porous electrode.” Clearly, after the resistance of the electro-
lyte has been lowered to acceptable (or negligible) levels, the
performance of the anode and cathode becomes the limiting
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factor to performance at reduced temperatures. In our experi-
ence the performance of the nickel-yttria stabilized zirconia
(Ni-YSZ) anode in thin-film SOFCs is excellent over a broad
temperature range. However, the cathode overpotential can
be limiting, particularly at temperature below 800°C.

La; ,Sr,MnO; (LSM) has been considered one of the most
promising cathode materials for SOFC due to the good per-
formance characteristics.” But at reduced temperatures (700~
800°C), the related cathode overpotential is still large in
SOFC. Therefore, it is necessary to further decrease the
overpotential for LSM cathode. In recent studies, improve-
ment of electrochemical performance relative to the perfor-
mance of the conventional LSM cathodes was observed for
composite cathodes, produced by mixing powders of YSZ
and LSM, and this result was explained by the contribution
of triple-phase boundaries (TPB) length of electrode/electro-
lyte/gas interface. It is clear that composite electrodes (i.e.,
LSM-YSZ) perform much well than the single component
electrodes (i.e., LSM). However, there still remain controver-
sies on the details of the electrode kinetics, since the experi-
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mental conditions (i.e., chemical composition, grain/particle
size distribution, microstructure, thickness, firing tempera-
ture, porosity, etc.) play an important role. Therefore, more
information is needed to understand the performance of thin-
film SOFCs with LSM-YSZ composite electrodes at reduced
temperatures.

In this study the electrochemical evaluation of a series of
perovskite electrodes is presented. Specifically, composite
cathodes of 50/50 vol% LSM-YSZ are evaluated for use in
conventional and thin-film SOFCs.

2. Experimental

For the electrolytes, sintered 8 mol% YSZ pellets were
used. YSZ powder supplied by Tosoh Co., Ltd. was pressed
and sintered in air at 1450°C for 4 h into pellets of ca. 30
mm in diameter and ca. 0.6 mm in thickness with relative
density of more than 95%. And then YSZ pellets were made
curved surface intentionally for the protection of surface con-
tamination from alumina plates and the reduction of cathode
firing process by aerosol spray deposition of both surfaces.

Various La;,Sr,MnO; (LSM) powder with 0<x<0.5 were
prepared at a glycine/nitrate ratio of 0.5 by the glycine-
nitrate combustion process,® and then calcined in air at 1200
°C for 4 h. The resulting LSM powders and YSZ powders
calcined at same condition were milled for 1.5 h in acetone
using zirconia media in a ratio 50/50 vol%. The LSM-YSZ
cathode powders were dried and then dispersed in isopropyl
alcohol and applied to a 1 cmX 1 cm masked off area on the
electrolyte plates as a working electrode, and fired at 1100°C
for 4 h. The Pt counter and Pt reference electrodes were
deposited on the other side of the YSZ plates by a thin layer
of Pt paste from Heraeus, and then fired at 950°C for 0.5 h.
The current collector was Pt mesh fixed to the electrode sur-
face by Pt paste, followed by firing at 950°C for 0.5 h, and
then the Pt mesh was well adhered to the surface of the elec-
trodes. The thickness of the working electrode (LSM-YSZ)
was measured about 10 um by SEM. Also, the cells with
YSZ electrolyte sandwiched between two like cathode mate-
rials consisting of LSM-YSZ were prepared.

IS was used to measure the electrode resistivity of the
LSM-YSZ cathode layers on YSZ electrolytes using a com-
puter-controlled Solatron ST 1260 Impedance/Gain-Phase An-
alyzer and Potentiostat/Galvanostat. Impedance spectra were
taken in the frequency range of 0.1 Hz to 100 kHz, and the
applied AC amplitude was set to 10 mV.

3. Results and Discussion

Fig. 1 shows the temperature-dependent impedance spectra’

of LaggsSty sMnO;-YSZ (LSM15-YSZ)/YSZ interface which
were obtained under increasing and decreasing an operated
temperature in the range of 700 to 900°C. In the figure, the
1 and 2 represent measured results under increasing and de-
creasing of temperature, respectively, within 1 day, and 3 and
4 without 1 day after first measurement. These spectra
clearly indicate that the interfacial impedance (or polarization
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Fig. 1. Evolution of the impedance spectra for a LSM15-YSZ
cathode on YSZ measured at (a) 700°C, (b) 750°C, (c) 800°C, (d)
850°C and (e) 900°C in air. In each figure, the 1 and 2 represent
measured plots under increasing and decreasing of temperature,
respectively, within 1 day, and 3 and 4 without 1 day after first
measurement.

resistance) is a strong function of operating temperature.
With increasing operating temperature the LSM15-YSZ cath-
ode resistance decreases. The impedance spectra also present
a discrepancy between spectra obtained under increasing and
decreasing of operated temperature in the range of 700 to
900°C dependent of operation time except 900°C. This dis-
crepancy of polarization resistance (arc size) is interpreted by
the formation of oxygen vacancies or oxygen nonstoichiom-
etry in the LSM-YSZ electrode.®'? Therefore, the stable
conditions for LSM-YSZ/YSZ cells are typically reached at
900°C, and not reached within 2 days at below 900°C of
operation. Also, impedance spectra typically show an induc-
tion effect at high frequencies originating from Pt lead con-
nections and instrumentation.

Fig. 2 shows deconvolution of the impedance spectrum of
LSM15-YSZ cathode measured at 900°C in air with the
equivalent circuit after subtraction of the induction. Decon-
volution of the obtained complex impedance spectrum was
performed with Zplot and Zview (Scribner Associates Inc.)
electrochemical impedance software, and parameters of the
appropriate equivalent circuit model was determined. The
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Fig. 2. Deconvolution of the impedance spectrum of LSM15-YSZ
cathode measured at 900°C in air with the equivalent circuit after
subtraction of the inductance (R;: YSZ electrolyte resistance, R,:
charge transfer resistance, R;: mass transfer resistance, C,, Cj:
distributed capacitances).

observed impedance spectrum of the LSM-YSZ electrode
shows overlapping of two semicircles: the one at the high
frequency side was due to charge transfer process; the other
at the low frequency side was due to mass transfer process
(or diffusion process) of oxide ion.'*'” Also, the spectrum
shows that high frequency arc is much smaller than the low
frequency arc, and there is a 45° slope at high frequency end,
indicating a Warburg impedance. This result indicates that
the mass transfer process (low frequency arc) is dominant in
LSM-YSZ cathode.

Fig. 3 shows the impedance spectra obtained from LSM15-
YSZ and LSM15 cathodes deposited on as-sintered YSZ sur-
face and sanded YSZ surface exposed to air at 800°C. The
polarization resistance of LSM15-YSZ-and LSM15 deposited
on sanded YSZ surface typically decreased compared to
those of as-sintered YSZ surface. This result related to the
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Fig. 3. Impedance spectra for the LSM15/YSZ and LSM15-YSZ/
YSZ electrodes with different YSZ electrolyte surfaces at 800°C in
air; (a) LSM15 with as-sintered YSZ surface, (b) LSM15 with
sanded YSZ surface, (¢) LSM15-YSZ with as-sintered YSZ surface
and (d) LSM15-YSZ with sanded YSZ surface.

effective TPB length and surface impurities. A sintered YSZ
surface is generally smooth and glossy and contains surface
impurities such as silica and alumina. Therefore, the surface
treatment such as polishing and etching is helpful to the cre-

_ation of extra TPB in addition to the removal of surface

impurities. If the impurities are present at the electrode/elec-
trolyte triple phase boundary interface, then cleary it can
restrict the flux of oxygen ions into the electrolyte. The
removal of impurities, exceptionally silica, in YSZ electro-
lytes can thus decrease the electrode resistivity as well as the
ionic resistivity in the YSZ electrolyte. The surface pretreat-
ment also helps increase the adhesion of added electrode
materials during further processing. Other researchers also
have reported similar results.2%?"

In Fig. 3, the polarization resistance of LSM15-YSZ cath-
ode is thus lower than that of LSM15. This result indicates
that with addition of YSZ to the LSM15 electrode, the spa-
tial enlargement of the TPB length was realized so that the
oxygen ion transfer step could be accelerated. Also, one
thing to note from Fig. 3 is that the polarization resistance of
LSM15-YSZ cathode deposited on sanded YSZ surface was
much reduced compared to that of LSM15. From this result,
it was believed that the polarization resistance of LSM15-
YSZ cathode deposited on sanded YSZ surface drastically
decreased due to the combination of spatial enlargement of
the TPB length and removal of the surface impurities as
mentioned above.

Fig. 4 shows the impedance spectra obtained from LSM15-
YSZ and LSM15 with and without Ni or Sr catalytic inter-
layer coating between cathode and electrolyte. For LSM15-
YSZ with a catalytic interlayer (Ni or Sr), the polarization
resistance was much smaller than LSM15-YSZ without a
catalytic interlayer, whereas for the LSM15 with a catalytic
interlayer, the opposite result was obtained. We cannot
exactly explain the difference at present. Generally, polariz-

10
.5— P
b
| NN
LK
TR
() (e)
50 5 ' 0 15

Zl
Fig. 4. Impedance spectra for the LSM15/YSZ and LSM15-YSZ/
YSZ electrodes with different catalytic interlayer at 800°C in air;
(a) LSM15 with no catalytic interlayer, (b) LSM15 with Ni-nitrate,
(c) LSM15 with Sr-nitrate, (d) LSM15-YSZ with no catalytic inter-
layer, (e) LSM15-YSZ with Ni-nitrate and (f) LSM15-YSZ with Sr-
nitrate.
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ability of SOFC electrodes diminishes by percolation of cat-
alytically active elements into surface layers of the solid
electrolyte. And then the effect of catalytic interlayer is asso-
ciated with an increasing rate of interface oxygen exchange
at either electrode/gas or electrolyte/gas surfaces, with an
increasing TPB activity, or with a combination of these fac-
tors. But we analogize that substitution of manganese by dif-
fusion and/or reaction of catalytic element into the LSM15
leads to a large decrease in oxygen permeability of the LSM15,
though it allows an increase in the electrochemical activity
of the LSM15 cathode. These results also indicate that a uni-
form coating of Ni or Sr throughout the YSZ surface is not
advisable, although the LSM15-YSZ cell showed much bet-
ter polarization resistance characteristics compared to a cell
fabricated with Ni- or Sr-free YSZ. The precise analysis will
be made in future work.

Fig. 5 shows typical impedance spectra of LSM-YSZ/YSZ
/LSM-YSZ cells with different LSM-YSZ electrode compo-
sitions on YSZ electrolyte exposed to air at 900°C. Note that
the spectra of the cathodic side half-cell and anodic side
half-cell were not actually taken from the same half-cell
owing to geometrical asymmetry (curved surface) of the two
half-cell. These spectra clearly indicate that the interfacial
impedance is a strong function of the composition of elec-
trode materials and the geometry of electrolytes. But these
spectra don't present a tendency with increasing the Sr-con-
tent in LSM-YSZ. The interfacial impedance of LSM-YSZ
electrodes with different Sr-content seems to be related to
electrochemical activity, ionic diffusion and quality of the
contact with electrolyte due to the difference in ionic radii
between La and Sr, the number of vacancies in La(Sr) sites,
adhesion of the LSM-YSZ electrode to the YSZ electrolyte
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Fig. 5. Impedance spectra for the LSM-YSZ/YSZ/LSM-YSZ cells
under various cathode compositions at 900°C in air; (a) LaMnQO;-YSZ,
(b) LagSro MnO;-YSZ, (c) LaggsSr;sMn05-YSZ, (d) LagsSre,MnO;-
YSZ, (e) Lay;SrsMnO;-YSZ, (f) LaySryMnO;-YSZ and (g)
La() _5Sl' 0. 5MIIO3-YSZ.

etc. Therefore, at this time we suspect that the composition
of the LSM in LSM-YSZ electrode is not as important as the
bonding of the YSZ in electrode to the YSZ in the electro-
lyte or as important as the vol% of the YSZ in the electrode.
This will be confirmed via future study.

Fig. 6 shows impedance spectra obtained from LSM15-
YSZ/YSZ/Pt cells with two different types of Pt anodes ((a)
Pt-1 and (b) Pt-2). The two Pt pastes also applied as an
adhesive of current collector in two electrodes. These spectra
in anodic side half-cell clearly indicate that the interfacial
impedance is a strong function of the formulation of the Pt
pastes. In addition, polarization resistance of anodic side
with Pt-1 paste is much smaller than that of anodic side with
Pt-2 paste. Also, interfacial impedance of cathodic side half-
cell affected strongly owing to the change in the microstruc-
ture by Pt pastes applied as an adhesive of current collector.
Furthermore, the impedance plot of cathodic side with the
Pt-2 paste at low frequency shows a diffusion tail. Therefore,
use of the only one batch pt paste is advisable for acquisition
of consistent data.

Fig. 7 shows the impedance spectra of LSM-YSZ/YSZ/Pt
cell with LSM15-YSZ cathodes deposited on curved YSZ
surface in air at 900°C. The LSM-YSZ cathode and Pt anode
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Fig. 6. Impedance spectra obtained from LSM15-YSZ/YSZ/Pt cells
with two different types of Pt anodes ((a) Pt-1 and (b) Pt-2). The two

Pt pastes also applied as an adhesive of current collector in two
electrodes.
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Fig. 7. Impedance spectra of LSM15-YSZ cathodes with different
YSZ electrolyte geometry at 900°C in air; (a) electrode deposited on
convex YSZ surface, (b) electrode deposited on concave YSZ
surface and (c) electrode deposited on flat YSZ surface.

deposited on concave side of YSZ plates showed lower resis-
tivity than those of convex side, and the LSM-YSZ cathode
deposited on concave side also showed lower resistivity com-
pared to that of flat YSZ plate. These results are caused by
concentration polarization due to the contact in electrode/
electrolyte interface and the TPB length shown in SEM images
of Fig. 8; the direct penetration of oxygen into the electrode/
electrolyte interface and the TPB length will be delayed in
YSZ plates with curved surface due to the poor contact and
small TPB length. Therefore, use of electrolyte with flat sur-
face is advisable for fabrication of high performance cell.

Fig. 8 shows the cross-section SEM photographs of three
LSM-YSZ cathode layers. The electrode/electrolyte contact
of convex side in the LSM-YSZ electrode is much worse
with comparatively less TPB length compared to those of
concave and flat side. Also, the SEM image clearly shows
that the porous LSM15-YSZ structure has a thickness of
about 10 um, and it i$ impossible to distinguish between the
LSM and YSZ particles in LSM-YSZ layer.

Fig. 9 shows impedance spectra obtained from LSM15-
YSZ/YSZ/LSM15-YSZ cell deposited on flat YSZ plate. The
high frequency intercept does not approach zero owing to
resistance of electrolyte and measuring leads. These spectra
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\‘ Fig. 8. SEM photograph of a cross-sectional fracture surface of

. LSM15-YSZ electrodes on (a) convex, (b) concave and (c) flat YSZ
plates.
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Fig. 9. Impedance spectra obtain from LSM15-YSZ/YSZ/L.SM15-
YSZ cell deposited on flat YSZ plate: (a) cathodic side half-cell, (b)
anodic side half-cell and (c) full cell. The Pt paste used was changed.

also present a consistency in interfacial impedance of catho-
dic side and anodic side half-cell, while the spectra present a
discrepancy in ohmic polarization of YSZ electrolyte. The
discrepancy is interpreted by effect of reference electrode
position on impedance testing. When the anode and cathode
were attached to the electrolyte symmetrically, and the refer-
ence electrode was far from both working and counter elec-
trodes, accurate polarization resistance against a reference
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electrode can be measured.”” Therefore, this discrepancy
could be solved moving the reference electrode further away.

Fig. 10 shows impedance spectra of LSM-YSZ cathodes
before and after passing a current of 1 A/cm®. Measurements
were taken at 900°C, before (a), 4 min after (b), and 24 h
after (c) passing a current of 1 A/cm? for 24 h. At the
impedances measured 4 min after switching off the current, a
decrease of the electrode resistance in a few cells (LaMnOs;-
YSZ, LagoSro ;MnO;-YSZ, and LaggSto,MnOs-YSZ) among
cells with different cathode compositions was observed com-
pared with those before current passage, whereas at the
impedances measured 24 h after switching off the current, a
drastic increase of the electrode resistance was observed in
all cells except cell with LaggSry,MnQOs-YSZ cathode. These
observed phenomena are caused by change in the micro-
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Fig. 10. Impedance spectra of LSM-YSZ cathodes before and after
passing a current of 1 A/cm? Measurements were taken at 900°C,
(a) before, (b) 4 min after and (c) 24 h after passing a current of 1 A/
cm?for 24 h.

structure before and after current passage. Therefore, we rec-
ommend LagsSry,Mn0O;-YSZ cathode with relatively low
electrode resistance before and after current passage as a
most promising cathode material in present work.

Fig. 11 and 12 show SEM photographs of LaggsSry ;sMnQOs-
YSZ (LSM15-YSZ) and LagsSre,MnO;-YSZ (LSM20-YSZ)
in LSM-YSZ/YSZ/LSM-YSZ cells before and after passing
a current of 1 A/cm?, respectively. The difference in the
thickness of LSM-YSZ is due to the detachment of a part of
LSM-YSZ with removal of Pt mesh (current collector) from
LSM-YSZ/YSZ cell for SEM observation. In the present
work, we were not able to detect any change in the micro-
structure of the cathodic side in LSM-YSZ specimens
induced by current passage. But, the SEM images clearly
show that a new phase was formed at the interface between
YSZ and LSM-YSZ of the anodic side after current passage.
This means that the components of the LSM-YSZ diffuse
into the YSZ after current passage. Also, LSM15-YSZ side
of coupled LSM15-YSZ/YSZ anodic side after current pas-
sage has enhanced grain growth and sinterability compared
to that before current passage, whereas the LSM20-YSZ side
doesn't show a change in microstructure before and after cur-
rent passage. The enhanced grain growth and sinterability led
to inhomogeneous and dense microstructure resulting in
higher electrode polarization in LSM15-YSZ side. We con-
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Fig. 11. SEM photographs of a cross-sectional fracture surface of
LSM15-YSZ electrodes before and after current passage; (a)
cathodic side before current passage, (b) anodic side before current
passage, (c) cathodic side after current passage and (d) anodic side
after current passage.
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Fig. 12. SEM photographs of a cross-sectional fracture surface of
LSM20-YSZ electrodes before and after current passage; (a)
cathodic side before current passage, (b) anodic side before current
passage, (c) cathodic side after current passage and (d) anodic side
after current passage.

sider that these changes in microstructure (morphology)
resulted in the change of impedance before and after current
passage for various electrode compositions. The exact analy-
sis for these differences will be left for future work. In fact,
the formation of new reaction layer in LSM-YSZ/YSZ
anodic side is not desirable for the fabrication of long-term
stable SOFC systems although the case of LSM20-YSZ after
current passage showed much smaller polarization resistance
characteristics compared with that before current passage. To
solve these problems, the followings are suggested: (1) coat-
ing the YSZ surfaces in anodic sides of the component lay-
ers with an inactive substance: (2) making a anodic side
inactive to SOFC components by replacing the anode mate-
rial such as Pt, Ni-YSZ, etc.

4. Conclusions

The cathode resistivities of 50/50 vol% LSM-YSZ for use
in conventional and thin-film SOFCs were investigated by
the complex ac impedance measurement. Further improve-
ments of electrochemical performance for LSM-YSZ cathode

materials at reduced temperatures may come from engineer-
ing of electrolyte/electrode interface, i.e. the electrochemi-
cally active layer and polished flat electrolyte surface. The
impedance response was very sensitive to fabrication origin
of the LSM-YSZ/YSZ cells, and reproducible impedance
spectra could be obtained by establishing very consistent
process and test procedures of the cell components. The
results obtained indicate that some of the conditions can be
of great importance for the properties of the cathode and thus
the performance of the SOFC.
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