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The formation of insulating phases at the interface between cathode and electrolyte
materials during solid oxide fuel cell (SOFC) operation leads to deleterious effects on SOFC
properties. We report in situ impedance spectroscopy measurements of the degradation
process of porous La0.65Sr0.35MnO3/Zr0.84Y0.16O1.92 electrodes submitted to annealing temper-
atures above normal SOFC operating temperature, which is around 1173 K, simulating long-
term SOFC operation. To measure the remaining effects after high-temperature annealing,
impedance diagrams were plotted during the entire heating process up to the annealing
temperatures, and during the complete cooling process. These diagrams were also plotted
during the aging periods to follow the overall degradation. It was possible to detect and
quantify electrical and electrochemical degradations, which are related to the formation of
insulating phases at the electrode/electrolyte interface. Samples were annealed for about
200 h in air at temperatures between 1373 and 1673 K. Scanning electron microscopy and
energy-dispersive X-ray spectrometry were also used to detect microstructural changes at
the electrode.

1. Introduction

The common cathode and electrolyte materials for the
conventional solid oxide fuel cell (SOFC) are strontium-
doped lanthanum manganite (LSM) and yttria-stabi-
lized zirconia (YSZ), respectively. LSM is chosen due to
its advantageous properties such as high conductivity,1-4

chemical stability,5 thermal expansion coefficient close
to that of zirconia,2,4 and low electrode overpotential.6
It is supposed that the LSM/YSZ electrode reaction
occurs in a narrow zone along the three-phase boundary
(TPB), where the cathode material, the solid electrolyte,
and the gas are in contact.7-12 Better electrochemical

performances are expected for electrodes with a higher
TPB length per area. The operation temperature of
conventional SOFCs is around 1273 K, and their
components must be sintered at higher temperatures
to achieve a good adhesion between electrode and
electrolyte materials. These temperature conditions13,14

can result in the formation of insulating phases at the
electrode/electrolyte interface,15-19 which promotes del-
eterious effects on SOFC properties.5,20-23 The chemical
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nature of the reaction product between LSM and YSZ
depends on the strontium content of the electrode
material.24,25 Up to 30 mol % Sr, lanthanum zirconate
(La2Zr2O7) is mainly formed.13-15,21,24-26 At higher con-
centrations, the formation of strontium zirconate (SrZrO3)
increases.5,14,27 A-site deficiency in LSM has been shown
to prevent the formation of these zirconate phases to a
certain extent.13 Besides chemical composition and
temperature, the microstructure is another major factor
that affects the cathode electrochemical properties.28

The porosity must be large enough to ensure a fast
oxygen supply to the reaction sites.5,29,30 However, large
porosity and large pore size lead to a shorter TPB
length, and consequently to a detrimental effect on the
cathode conductivity.9 Another feature to consider in
SOFC degradation is that a decrease in the effective
electrode area will cause inhomogeneous current density
distribution within the electrolyte, which may result in
higher ohmic losses.31

Porous LSM electrodes containing 35 mol % Sr were
used in this study. Two factors guided this choice. First,
it has been reported14 that, at this composition, both
lanthanum and strontium zirconates may form and
develop above about 1350 K. The second factor is that
below this temperature no chemical reaction is expected
to occur.14 From this information, it is possible to
preview the temperature at which electrical property
modifications associated with interface chemical reac-
tivity are expected to start.

The purpose of our work was to investigate how the
growth of zirconate phases influences the electrical and
electrochemical resistances of the LSM/YSZ interfaces.
The samples were submitted to high annealing temper-
atures to accelerate solid-state reactions at the LSM/
YSZ interface, simulating longer operation times. The
resulting electrical and electrochemical degradation was
followed by impedance spectroscopy. This technique
allows the electrolyte electrical contributions and those
of the electrode electrochemical behavior, separately, to
be detected and quantified.32

2. Experimental Section

2.1. Sample Preparation. Electrolyte pellets were pre-
pared from a Zr0.84Y0.16O1.92 (YSZ) commercial powder provided

by Tosoh Corp. After the powder was isostatically pressed and
sintered at 1773 K for 2 h in air, the final density was around
98% of the theoretical value. Cylindrical pellets 0.099 ( 0.001
cm thick and 1.82 ( 0.01 cm in diameter were machined with
diamond tools.

The slurries used to produce porous electrodes were pre-
pared from a mixture of 20 wt % La0.65Sr0.35MnO3 solid solution
commercial powder (SSC Inc.), 32 wt % linen oil, and 48 wt %
turpentine extract. This mixture was homogenized in a blender
containing zirconia balls and painted onto both sides of the
YSZ surfaces. The assemblies were then fired at 1373 K for 2
h in air.

Low-angle X-ray diffraction patterns (Fe wavelength) of the
as-fired LSM/YSZ interface confirmed the absence of chemical
reaction during the firing procedure.

2.2. Microstructural Analyses. Microstructural and com-
positional analyses were performed on the LSM surface, and
on the LSM/YSZ cross-section before and after the annealing
periods. An electron microprobe analyzer apparatus (JEOL
JXA-8900) was used to record the scanning electron microscopy
(SEM) and energy-dispersive X-ray spectrometry (EDS) analy-
ses.

2.3. Electrical Measurements. Impedance spectroscopy
(IS) measurements were carried out on symmetrical cells in
air. A platinum grid was used as a current collector. Impedance
diagrams were recorded under zero dc conditions. Measure-
ments in the low-frequency range, 10-3-104 Hz, were obtained
by an Autolab potentiostat/impedance frequency analyzer (Eco-
Chemie). For higher frequencies, (5-1.3) × 107 Hz, a Hewlett-
Packard impedancemeter (HP 4192 A LF) was used. The
amplitude of the ac signal was 30 mV. Identical impedance
values were obtained for the same cells within the common
frequency interval of both apparatuses. The amplitude of the
ac signal was varied to verify the linear behavior of electrical
properties of the LSM/YSZ interface and also to ensure that
the relaxations observed were related to the charge transport
through and in the vicinity of the interfaces. Hereafter, the
numbers shown in the impedance diagrams indicate the
logarithm of the measuring frequency.

Impedance diagrams were plotted every 50 K between 523
and 1223 K during both the heating and cooling cycles and at
the annealing temperature to follow the overall degradation,
and to measure the conductivity changes after annealing.
Figure 1 summarizes the thermal cycle of the samples tested.

The interpretation of the IS spectra obtained in this study
is based on the equivalent electrical circuit model.33 The
polycrystalline electrolyte sample diagram usually comprises
three arcs (Figure 2): the first, located at higher frequencies,
has been ascribed to the electrolyte grains (electrolyte specific
impedance), the second, located in the intermediate frequency
range, is due to the microstructure blockers (blocking imped-
ance), and third is related to the electrode reaction (electro-
chemical overpotential impedance).

Sometimes the second arc can be deconvoluted into several
semicircles. It is due to the presence of additional microstruc-
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Figure 1. Simplified thermal cycle of La0.65Sr0.35MnO3/
Zr0.84Y0.16O1.92/La0.65Sr0.35MnO3 cells. AT is the annealing tem-
perature (1373, 1473, 1573, or 1673 K).
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ture blockers such as second-phase inclusions, pores, and
cracks besides the grain boundaries. These blockers immobilize
a fraction of the matrix charge carriers because of strong
distortions of surrounding current lines.34 For the sake of
simplicity, in this work the overall impedance of both YSZ
grains and blocking contributions will be referred to as
interface impedance. Figure 2 shows the interface resistance
(RT) calculated from the addition of the electrolyte specific
resistance (Rs) and the blocking resistance (Rb).

The electrode characteristics can be composed of two or three
more or less overlapping semicircles, but nowadays, there is
no generally accepted method to deal with the interpretation
of the electrochemical part of the impedance diagram. The
determination of the elementary steps of the electrode reaction
is beyond the scope of this paper. All the electrode character-
istics recorded on the investigated specimens are typical of
porous LSM-based cathodes. The electrochemical overpotential
resistance (Rη) was determined from the difference between
the low-frequency intercept of the electrode characteristic with
the real axis in the complex impedance plane and the high-
frequency interface resistance (Figure 2). Both RT and Rη were
considered in this study.

3. Results and Discussion

Figure 3 shows SEM micrographs of an as-fired LSM/
YSZ sample. The bright field in Figure 3a shows a
porous LSM film deposed on a dense YSZ pellet. The
film is relatively homogeneous and presents a layer
thickness of about 4 µm. A good adhesion was achieved
between the electrode material and the electrolyte. After
firing, the mean grain size of the LSM particles was
around 0.3 µm (Figure 3b).

Figure 4a shows a typical interface impedance dia-
gram obtained at 673 K for samples before annealing,
similar to those generally recorded on Pt/polycrystalline
yttria-stabilized zirconia/Pt samples.35 The diagram is
composed of the high-frequency semicircle of the YSZ
grains and the low-frequency blocking effect due to the
regular grain boundaries. The shapes of the impedance
diagrams recorded before any annealing are very similar
for all the samples investigated, regardless of the
temperature and frequency range analyzed. This fact
confirms the homogeneity of the electrolyte and the
reproducibility of the surface electrode coverage for the
as-fired LSM/YSZ samples.

The variation of the interface resistance RΤ was
evaluated during each annealing. The additional inter-
face resistance, ∆RΤ, was determined by the mathemati-
cal difference between the interface resistance measured
at a given time t and the initial one (at t ) 0).32 A

positive ∆RΤ value indicates the presence of an ad-
ditional resistance effect at a given measurement time.
The deleterious increase in ∆RΤ during the annealing
time is called the aging effect of the interface resistance.
The term “aging effect” implies that the degradation
effect increases with the annealing time. The relative
increase in the additional interface resistance, defined
as the ratio ∆RΤ/RΤ (both measured at time t during
the course of high-temperature annealing), was also
used in this study to scale the degradation rates
recorded. It represents the additional fraction of the
electrical charge that is blocked due to the aging
degradation effect.

Figure 5a shows the variations of ∆RΤ during anneal-
ing as a function of annealing time at all the annealing
temperatures. Figure 5b gives the time evolution of ∆RΤ/
RΤ. At 1373 K, the characteristics of the LSM/YSZ
interface are not significantly changed. However, when
the measuring temperature was decreased after an-
nealing to 673 K (Figure 4b), the interfacial resistance
RΤ was about 16% larger, if compared to that before
annealing (Figure 4a). This residual effect at 673 K can
be observed for both the high-frequency part of the
electrolyte and the blocking impedance (Figure 4b).
Annealing at 1473 K produced a positive effect at the
first 100 h (Figure 5a). Up to this time, both ∆RΤ and
∆RΤ/RΤ values decreased, which means an improvement
in the electrical conduction (Figure 5). After 100 h the
interface resistance increased, following a square root
law with time (Figure 5a). The period before the
beginning of the interface electrical degradation is called
the induction period, because it can be associated with
the induction period of the chemical reaction between
lanthanum manganites and YSZ.13,26,36 This induction
period can be explained by a favorable initial diffusion
of Mn ions from the manganite into YSZ, up to a point
at which the lanthanum manganite phase near the YSZ
becomes much deficient in Mn, and enriched in La (and/
or Sr). At this point the diffusion of Mn into YSZ stops,
and the chemical reaction takes place.36 The introduc-
tion of Mn into the YSZ grain boundary can be respon-
sible for the initial decrease in the interface resistance
observed at the early stage of Figure 5 by diminishing
the interface resistance.37,38 The square root dependence
of RΤ recorded above 100 h suggests a diffusion-
controlled mechanism for the interface electric degrada-
tion. This diffusion-controlled mechanism can be related
to the formation of zirconate phases at the LSM/YSZ
interface. The supply of cations by diffusion to the
chemical reaction zone may be the determining process
for the formation of the zirconate phases, since cationic
conductivity must be lower than anionic conductivity
in both LSM and YSZ.14,26 The diffusion can be described
by Fick’s second law, which can be simplified to show a
square root dependence of the amount of the reaction
product on the reaction time.14 From an electric point
of view, foreign zirconate phases at the LSM/YSZ
interface can be considered as additional microstructure
blockers.34,32 Therefore, an increase in Rb and, conse-
quently, in RT could be expected. Thus, even small
quantities of zirconate phases can be detected by IS. For

(34) Dessemond, L.; Muccillo, R.; Hénault, M.; Kleitz, M. Appl. Phys.
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Ceramic Society: Columbus, 1981; Vol. 3, p 310.
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Figure 2. Usual complex impedance diagram for systems
involving polycrystalline electrolytes. Rs is the specific resis-
tance of the electrolyte grains, RT is the interfacial resistance,
and Rη is the electrochemical overpotential resistance.
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the sample aged at 1573 K, the induction period was
reduced to 16 h and the degradation rate was higher
(Figure 5a). This thermally activated phenomenon has
already been observed by using pin-shaped LSM elec-
trodes, which supports a diffusion-controlled mecha-
nism.32 A time square root increase was observed up to
150 h, when a leveling off occurred (Figure 5a). After
annealing, a resistance increase of 9 Ω representing
about 60% of RT was measured (Figure 5b). For the
sample annealed at 1673 K, the degradation was higher
as expected with the increase in annealing temperature.
The variations recorded as a function of annealing time

are slightly different. By plotting the initial values of
RΤ determined at the beginning of each isothermal
plateau as a function of the annealing temperature, a
decrease in the initial value was determined up to 1573
K (Figure 6). Note that the initial values were taken at
different temperatures. An increase in this value of RΤ

was observed at 1673 K. This increase is due to the fast
reaction between LSM and YSZ at 1673 K that changed
the interface even before any IS measurement. The RΤ

initial value extrapolated from Figure 6 is 4 times as
low as the measured one. This extrapolated value, 4.0
Ω, was used to calculate ∆RΤ at 1673 K, the highest

Figure 3. Scanning electron micrographs of a La0.65Sr0.35MnO3/Zr0.84Y0.16O1.92 sample fired at 1373 K (2 h): (a) cross-section and
(b) LSM surface.
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annealing temperature. ∆RΤ increased linearly with t1/2

for annealing times up to 40 h (Figure 5a). For longer
times, a decrease in the additional interface resistance
was recorded. This is rather surprising, if one compares
it to lower temperature behavior. At 1673 K, grain
growth in YSZ occurred (Figure 7). Accordingly, a
decreasing grain boundary density might be anticipated,
resulting in a lower related blocking effect. It is also
known that the introduction of manganese within the
zirconia matrix during annealing may affect the sin-
tering behavior of the electrolyte,39 but at this stage,
the origin of the decrease in the aging effect is still
unknown. Nevertheless, for a 200 h period, the degra-
dation of the electrical properties of YSZ at 1673 K
remained higher than those previously recorded, which
is in agreement with the behavior expected as a function
of temperature (Figure 5b). Within this time interval,

the higher the annealing temperature, the higher the
aging rate. At 1673 K, the additional resistance repre-
sented nearly 80% of RΤ.

When the sample was cooled to a measurement
temperature of 673 K, the increase in the interface
resistance observed at high temperature remained
(Figure 4). The interface resistance is an increasing
function of the annealing temperature. After annealing
at 1573 K, RΤ measured at 673 K is 260 times higher
than before annealing. The adverse effect of high-
temperature annealing on RΤ comes mainly from the
increasing amplitude of the medium-frequency arc,
whose magnitude rises with the annealing temperature.
Since YSZ grain boundary resistance is supposed to
decrease after high annealing temperatures due to the
YSZ grain growth (Figure 7), the increase observed in
RΤ can be attributed to additional microstructure block-

(39) Linderoth, S.; Kuzjukevocz, A. In Proceedings of the Fifth
International Symposium on Solid Oxide Fuel Cells; Stimming, U.,
Singhal, S. C., Tagawa, H., Lehnert, W., Eds.; The Electrochemical
Society: Pennington, NJ, 1997; Vol. 40, p 1076.

Figure 4. Complex impedance diagrams of the La0.65Sr0.35-
MnO3/Zr0.84Y0.16O1.92 electrode measured at 673 K in air: as-
fired (a) and annealed for 200 h at 1373 K (b), 1473 K (c), 1573
K (d), and 1673 K (e).

Figure 5. (a) Additional interface resistance and (b) relative
increase in the additional interface resistance with annealing
time. The annealing temperatures were (O) 1373, (0) 1473,
(]) 1573, and (×) 1673 K.

Figure 6. Initial values of (0) RΤ and (2) Rη as a function of
the annealing temperature.
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ers. Figure 8 shows the Arrhenius diagram of the
inverse of ∆RΤ plotted after high-temperature anneal-
ing. At a given temperature, ∆RΤ was calculated by the
mathematical difference between the RΤ values obtained

after and before the annealing treatments. Regardless
of the annealing temperature, the activation energy for
electrical conduction was found to be close to 0.9 eV
(Figure 9), as generally determined for conventional YSZ
polycrystalline ceramics. The variation of RΤ in the
Arrhenius plot was meaningful since no time evolution
of RΤ was observed for different temperatures during
cooling. It is worth emphasizing that the activation
energy values (Figure 9) calculated from Figure 8 are
related to the oxygen ion conduction and do not repre-
sent the activation energies for formation of the inter-
facial zirconate phases. This result means that the ionic
conduction mechanism was not changed by the presence
of this new resistive contribution. This represents the
electric behavior expected from the additional micro-
structure blockers, which can be interpreted in terms
of a simple decrease in the intimate contact area
between YSZ and LSM. Thus, ∆RT could be related to
a microstructural change of the LSM/YSZ interface. The
values of the additional interface resistance for samples
annealed at 1673 K (Figure 5b) are only slightly higher
than those obtained after annealing at 1573 K (Figure
8). EDS analysis confirmed qualitatively the accumula-
tion of zirconates at the electrode top surface for samples
annealed over 1473 K (Figure 10). This region was
chosen because it has already been reported17 that
zirconate grows from the interface to the LSM layer.
Each point of Figure 10 represents the arithmetic mean
of the Zr content of 20 different points on the top of each
LSM layer. All these results suggest that the adverse

Figure 7. Scanning electron micrographs of the YSZ surface
after annealing at 1673 K for (a) 34 h and (b) 200 h.

Figure 8. Arrhenius plots of 1/RΤ after annealing at (O) 1373,
(0) 1473, (]) 1573, and (×) 1673 K.

Figure 9. Activation energy of the additional ([) interface
and (1) overpotential resistances after annealing for 200 h as
a function of annealing temperature.

Figure 10. Zirconium concentration before and after 200 h
of annealing as a function of annealing temperature.
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effect on the interface resistance can be related to the
formation and growth of lanthanum (La2Zr2O7) and
strontium (SrZrO3) zirconates.

As for the interface resistance, the magnitude of the
changes of the overpotential resistance Rη was described
by using the additional overpotential resistance ∆Rη
determined as the mathematical difference between the
overpotential resistance measured at annealing time t
and at t ) 0. A positive ∆Rη value could thus be related
to a degradation of the electrochemical performances of
the electrodes investigated. The relative increase in the
additional overpotential resistance was defined as the
ratio ∆Rη/Rη measured at time t during the course of
high-temperature annealing.

In agreement with similar measurements performed
on pin-shaped LSM cathodes,32 the electrochemical
properties changed more intensely than the electrical
ones (Figure 11). Even during annealing at 1373 K, the
overpotential resistance increased whereas the interface
resistance was nearly constant (Figure 5). At this
temperature, a ∆Rη leveling off was observed over 40 h
(Figure 11). However, no significant square root depen-
dence of the annealing time was determined. On the
other hand, at higher temperatures, the additional
overpotential resistance was found to vary linearly with
the square root of the annealing time, but not within
the whole annealing period (Figure 11a). The square
root law suggests that the changes observed are due to
a diffusion-controlled mechanism, as already observed
for the interface resistance. At 1573 K, a rapid increase
in Rη was observed (Figure 11a). For annealing at 1673
K, the additional overpotential resistance corresponded
to nearly 100% of the overpotential resistance after only

20 h (Figure 11b). It further suggests that the degrada-
tion of the electrochemical properties occurred before
the thermal equilibrium was reached at this tempera-
ture (Figure 6). It is important to stress that such a
large degradation required approximately 150 h at 1573
K (Figure 11b).

Figure 9 shows the activation energies for the electri-
cal ([) and electrochemical (1) conduction determined
from the Arrhenius diagrams of 1/RT (Figure 8) and of
the additional overpotential conductance (1/∆Rη). At a
given temperature, ∆Rη was calculated by the math-
ematical difference between the Rη values obtained after
and before the annealing treatments. The activation
energy for the electrode processes increased after high-
temperature annealing, whereas that of electrical con-
duction remained nearly constant (Figure 9). After
annealing at 1373 K, the activation energy was found
to be 1.2 eV, and for an aging temperature of 1673 K,
this value increased to 2.0 eV. The higher the annealing
temperature, the higher the activation energy. After
isothermal treatment, a coalescence of LSM particles
was observed, which resulted in both pore closing and
fewer active reaction sites (Figure 12). A related deg-
radation of the electrochemical properties could be
anticipated,40,41 and a shift of the frequency distribution
of the electrode characteristics could be detected.42,43

However, this microstructural evolution of the electrode
should only represent a few tenths of a percent of the
recorded changes. The increasing overpotential resis-
tance may be caused by an additional change of the
LSM/YSZ interface.44 Accordingly, the recorded degra-
dation of the overpotential resistance cannot be solely
related to a simple reduction of the electrode contact
area. It is likely to be due to a change in the electrode
reaction mechanism itself because of the formation of
insulating phases at the electrode/electrolyte interface.26

4. Conclusions

Impedance spectroscopy was shown to be a powerful
on-line monitoring technique for the aging behavior of
both the electrolyte resistance and the electrochemical
properties of LSM-based cathodes. A peculiar feature
of this technique is that the resulting in situ charac-
terization can be performed without destroying the cell.
Additional resistive contributions were observed for
interface and overpotential resistances for temperatures
over 1373 K. The recorded electrical degradations were
associated with the formation of insulating phases
already described to occur for similar systems in the
same temperature range. However, a new insight gained
was that the presence of these insulating phases seems

(40) Iorai, T.; Hara, T.; Uchimoto, Y.; Ogumi, Z.; Takehara, Z.-I. J.
Electrochem. Soc. 1998, 145, 1999.

(41) Van Heuweln, F. H.; Bouwmeester, H. J. M. J. Electrochem.
Soc. 1997, 144, 134.

(42) Kato, T.; Momma, A.; Kaga, Y.; Nagata, S.; Kasuga, Y. In
Proceedings of the Fifth International Symposium on Solid Oxide Fuel
Cells; Stimming, U., Singhal, S. C., Tagawa, H., Lehnert, W., Eds.;
The Electrochemical Society: Pennington, NJ, 1997; Vol. 40, p 1150.

(43) Holtappels, P.; Jorgensen, M. J.; Primdhal, S.; Mogensen, M.;
Bagger, C. In Proceedings of the Third European Solid Oxide Fuel Cells
Forum; Stevens, P., Ed.; European Fuel Cell Forum: Oberrohrdorf,
1998; p 311.

(44) Umemura, F.; Amano, K.; Michibita, H.; Kimura, A. In
Proceedings of the Fourth International Symposium on Solid Oxide
Fuel Cells; Dokiya, M., Yamamoto, O., Tagawa, H., Singhal, S. C., Eds.;
The Electrochemical Society: Pennington, NJ, 1995; Vol. 1, p 649.

Figure 11. (a) Additional overpotential resistance and (b) the
relative increase of the additional overpotential resistance with
annealing time. The annealing temperatures were (O) 1373,
(0) 1473, (]) 1573, and (×) 1673 K.
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to affect the electrical and overpotential resistances
differently. The changes in the interface electrical
properties can be interpreted in terms of a simple
decrease in the intimate contact area between YSZ and
LSM, which results in fewer contact points and an
increase of interface resistance. No change in the
conduction mechanism was detected as the activation
energy for electrical conduction values was constant and
close to that generally determined for YSZ. The forma-
tion of the insulating phases resulted in a strong
reduction of the electrode reaction rate, which cannot

be solely related to a simple reduction of the electrode
contact area. It is likely to be due to a change in the
electrode conduction mechanism, whose activation ener-
gies increased about 70% for samples annealed from
1373 to 1673 K.
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Figure 12. Scanning electron micrographs of the cathode material surface: as-fired (a) and after annealing at 1473 K (200 h)
(b), 1673 K (34 h) (c), and 1673 K (200 h) (d).
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