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Abstract

The electrical conductivity and microstructure of La0.65Sr0.3MnO3 (LSM)–8 mol% yttria-stabilized zirconia (YSZ) cathode composite
were investigated from room temperature to 1000◦C in air conditions. The results show that dense YSZ, containing 7.52± 0.15 mol%
Y2O3 composes of equiaxed grains. Little glassy phase, consisted of SiO2 with minor Al2O3, is found in YSZ. Two conducting species are
responsible for the conduction of YSZ in low and high temperature ranges. One is Y′

ZrVO
•• with higher activation energy of 103 kJ mol−1

below 550◦C and the other is VO•• with lower activation energy of 93 kJ mol−1 above 550◦C. The transition temperature decreases from
550 to 400◦C for the composites with 10 or 20 vol.% LSM–YSZ. The LSM phase and YSZ dominates the electrical conductivity of
composites below and above 400◦C, respectively. As the percolation limit is reached (≥20 vol.% LSM), the electrical conductivity of
the composites is determined by LSM phase. The effect of secondary phases on electrical conductivity is insignificant even sintering at
1400◦C for 24 h.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cathode polarization is the main factor affecting the per-
formance of solid oxide fuel cells (SOFCs)[1,2]. In order
to reduce the cathode over-potential, the structure at the in-
terface between La1−xSrxMnO3 (LSM) and yttria-stabilized
zirconia (YSZ) is modified to provide the higher degree
of triple phase boundaries (TPBs). Cathode materials with
mixed ionic and electronic conduction (MIEC) offer better
electrochemical performances for SOFC because the reduc-
tion of oxygen not only occurs at the TPBs but also over the
entire surface of the electrode[3]. It was reported[1–5] that
LSM–YSZ cathode composite and NiO–YSZ anode com-
posite have been used as cathode and anode materials for
SOFCs. However, the formation of secondary phases when
YSZ contacts with LSM at higher temperatures had been
reported[6–12]. La2Zr2O7 (LZ) and SrZrO3 (SZ) are the
two reaction products either for a low Sr content (x < 0.3)
or a higher Sr addition (x > 0.3) found at the interface of
YSZ–LSM. The electrical conductivity of both zirconates is
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far lower than that of YSZ, leading to the degradation of
SOFC[13,14].

Our previous work[12] has confirmed that the diffusion
of Mn controls the formation of the secondary phases. The
objectives of the present research are to correlate the rela-
tionship between microstructure and electrical conductivity
of LSM–YSZ cathode composite and to show the effects of
secondary phases on electrical conductivity in dependence
of processing conditions.

2. Experimental procedure

2.1. Sample preparation

8 mol% YSZ (TZ-8Y, Tosoh Inc., Japan) and A-site defi-
cient La0.65Sr0.3MnO3 (LSM, Juelich Research Center, Ger-
many) powders were used. The powders of YSZ, LSM and
mixtures of LSZ–YSZ (10, 20, 30, 40, and 50 vol.%) were
dispersed iniso-propanol with 2 mass% dispersant1 (Hyper-
mer LP-1, ICI Surfactant Inc., USA) and milled for 4 h. Af-
ter well homogenization by a turbo-mixer, the slurry was

1 Based on powder mass.
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dried by a vacuum evaporator at a pressure of 137 mbar for
3 h and then placed in an oven for drying for 24 h. The pow-
ders were ground in a mortar with a pestle, and sieved to
pass−100 mesh. Two geometries of specimens were pre-
pared for the electrical conductivity measurement. One was
a test bar in the dimension of 50 mm× 6 mm× 5 mm and
the other was a disk with 25 mm in diameter and 2 mm in
thickness. The powder was die-pressed at 42 MPa uniaxi-
ally and then sintered at 1400◦C for 1–24 h. The sintered
density of specimens should achieve 95% T.D. at least in
order to prevent the contamination of painted Pt paste into
the specimens through the open pores.

2.2. Electrical conductivity measurement

The electrical conductivity of YSZ, LSM and mixture of
LSM–YSZ specimens was measured either by two-point (or
four-point) probe DC method or ac impedance spectroscopy.
The surfaces of these sintered specimens were polished with
a SiC paper (200 mesh) to improve the adhesion of Pt paste,
which was painted on the surface of these specimens ho-
mogeneously and used as electrodes to reduce the contact
resistance of sintered specimens. The electrode area was
0.785 cm2 for disk specimens and 0.25 cm2 for test bar spec-
imens, respectively. Two- and four-point probe DC measure-
ments were carried out with an electrometer/high resistance
meter (Keithley 6517A, Keithley Inc., USA) and an am-
permeter 199 system DMM/scanner (Keithley 199, Keithley
Inc.) for high resistive materials and high conductive mate-
rials, respectively.

The applied voltage was from±1.0 to ±10.0 V for low
temperature region (≤500◦C) and ±0.10 to ±1.00 V for
high temperature region (500–1000◦C) in compliance with
the equipment limitation. The ac impedance spectrometer
(HP 4284A, HP Inc., USA) with a two-probe method was
used to obtain the Cole–Cole plots. The frequency ranged
from 20 Hz to 1 MHz with an applied voltage of 1.0 V to the
device under the test. All conductivity measurements were
performed in air conditions.

2.3. Microstructural characterization

The density of the specimens was measured by
Archimedes’ method. The polished YSZ specimen was
thermally etched at 1280◦C for 20 min to reveal the grain
boundary of YSZ grains. The Y2O3 content of YSZ was
measured while keeping the analysis parameters constant.2

The experimental details for the analysis of the Y2O3 con-
tent in 3Y-YZP were reported previously[15]. The phase
was identified by X-ray diffractometer (Philips PW1830,
Philips Instrument Inc., Netherlands) using Cu K� radi-
ation. The applied voltage and current were 30 kV and

2 The parameters included accelerating voltage (30 kV), magnification
(2000×), working distance (10 mm), tilting angle (15◦) and take-off angle
(45.3◦).

20 mA, respectively. The scan speed was 2◦ min−1. The mi-
crostructure was examined by scanning electron microscope
(LX-30, Philips Instrument Inc., Netherlands) equipped
with energy-dispersive spectroscope (DX4, EDAX Corp.,
USA). Thin foils of 3 mm diameter of specimens were
prepared and examined by transmission electron micro-
scope (TEM 100 CXII, JEOL Co., Japan) and analytical
electron microscope (HF-2000 FE-TEM, Hitachi Corp.,
Japan and Tecnai 300 FE-TEM, Philips Instrument Inc.,
Netherlands) equipped with EDS (DX4, EDAX Corp.,
USA).

3. Results and discussion

3.1. Characterization of YSZ and LSM

Fig. 1 shows the SEM image of the YSZ specimen,
which was sintered at 1400◦C for 1 h. Dense YSZ speci-
mens with equiaxial grains are obtained. Around 2% intra-
or inter-granular pores are found. Moreover, the average
grain size of YSZ sintered bodies is 5.5�m. Furthermore,
Fig. 2 shows the statistics of Y2O3 content in YSZ. It is
reported that the amount of cubic phase may affect the
electrical conductivity of 8 mol% yttria-stabilized zirconia
[16]. Besides, the ionic conductivity of cubic phase YSZ
mainly depends on the amount of Y2O3 content[16,17].
Therefore, it is important to characterize the Y2O3 con-
tent in the cubic phase. The result shows that the aver-
age Y2O3 content is 7.52 ± 0.15 mol%. The variation of
Y2O3 content could be related to the grain size distribu-
tion of YSZ, as shown inFig. 3. The average grain size is
5.5�m and grain size distribution is from 1.0 to 13.0�m.
Generally, the grain size of YSZ increases with increas-
ing the Y2O3 content while the sintering temperature and
holding time is fixed. In the present research, the smaller
grains with a lower Y2O3 content is found while the larger
ones with a relatively higher Y2O3 content is observed.
The result is consistent with our previous publication
[15].

Fig. 4shows the morphology and composition of a glassy
pocket, indicated by “G”, which was found in YSZ. The
EDS result (Fig. 4b) shows that the composition of the glassy
phase is primarily composed of SiO2 with minor Al2O3.
ZrO2 and Y2O3 peaks are also observed which may result
from the artificial effect due to electron beam scattering. The
three dihedral angles of the glassy pocket are less than 120◦,
implying the glassy film may wet along the grain boundary
of YSZ grains. The articles[18–20] have proven that the
presence of an insulating glassy film (e.g. SiO2 glass) on
the grain boundaries of YSZ grains results in a decrease in
grain boundary conductivity. Basically, the grain boundary
conductivity is controlled by the type of oxide, grain size,
porosity and impurities, etc.[16]. Since the grain boundary
conductivity is dominated by the transport property of O2−
in a lower temperature range (<600◦C), the synthesis and
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Fig. 1. SEM image of 8 mol% YSZ, sintered at 1400◦C for 1 h.

processing improvements to reduce the amount of glassy
phase in YSZ specimens may lead to an increase of electrical
conductivity at lower temperatures.

Fig. 5shows the centered dark field TEM micrograph and
diffraction pattern of LSM, which was sintered at 1400◦C
for 1 h. The average size of LSM is about 4�m. The TEM
image also shows that some point defect clusters are formed.
The diffraction pattern of LSM not only shows the typical

Fig. 2. The distribution of Y2O3 content of YSZ specimen, sintered at 1400◦C for 1 h.

diffraction spot of LSM but also the ring pattern, which
could be due to the contribution of defect clusters.

3.2. Electrical conductivity of YSZ

3.2.1. DC measurement
It is well known that the addition of Y2O3 to ZrO2 not

only stabilizes the cubic phase YSZ, but also enhances the
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Fig. 3. The grain size distribution of YSZ specimen, sintered at 1400◦C
for 1 h.

concentration of oxygen vacancy. The replacement of Zr
by Y is compensated by the charges of VO

••. The defect
reaction is expressed as

Y2O3
ZrO2→ 2Y′

Zr + 3Ox
O + VO

•• (1)

The addition of 7.52 mol% Y2O3 to ZrO2 yields
3.76 mol% oxygen vacancies. Literature[21] reported that
the addition of 8–10 mol% Y2O3 to ZrO2 results in the op-
timum electrical conductivity. At higher temperatures, those
oxygen vacancies become mobile. The relationship between

Fig. 4. (a) TEM morphology and (b) EDS spectrum of a glassy pocket, located at triple junction of ZrO2 grains.

Fig. 5. TEM image and diffraction pattern of bulky LSM specimen, sin-
tered at 1400◦C for 1 h. Note thatg1 = [1 0 1], g2 = [1 1 0], g3 = [2 1 1],
and zone axis is [1̄1 1̄].
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Fig. 6. The electrical conductivity of YSZ as a function of reciprocal absolute temperature.

electrical conductivity and temperature can be described by
a thermally activated Arrhenius equation and expressed as

σ =
(

A

T

)
exp

(
−Ea

RT

)
(2)

whereA is the pre-exponential factor,R is the gas constant,
andEa is the activation energy for conduction.

Fig. 6 shows the electrical conductivity as a function
of reciprocal absolute temperature. The testing tempera-
ture ranges from 200 to 1000◦C. The result shows that a
change in slope is observed at around 550◦C, implying the
change in conduction mechanism. The activation energy for
the conduction above 550◦C is 93 and 103 kJ mol−1 below
550◦C, respectively. Filal et al. reported similar activation
energy of 111 kJ mol−1 and that of 89 kJ mol−1 below and
above the transition temperature for 9.5 mol% Y2O3-doped
ZrO2 [21]. A change in conduction mechanism has been
observed. Petot et al.[17] reported that the higher activa-
tion energy at low temperatures for conduction is due to
the association of the point defects (Y′

ZrVO
••). The reason

for the lower activation energy for conduction at tempera-
tures higher than 550◦C is due to the migration of VO••.
The electrical conductivity of YSZ is 6.67× 10−2 S cm−1

at 1000◦C, which is close to those reported in literatures
[17,19,21].

3.2.2. The ac impedance
The impedance spectra of YSZ, measured at 200, 500,

and 1000◦C in air conditions, are shown inFig. 7. The re-
sult shows two semi-circles in the Cole–Cole plot in the
lower temperature region (<550◦C), as shown in the in-

set (Fig. 7a). The semi-circle at high frequency is asso-
ciated with grain boundary impedance of YSZ while the
semi-circle at low frequency is associated with the Pt elec-
trode impedance[22]. The impedance decreases with in-
creasing the temperature. As the temperature increases from
200 to 500◦C, disappearance of grain boundary arc is ob-
served and another semi-circle contributed from grain inte-
rior starts to dominate the electrical conductivity, as shown
in the inset (Fig. 7b). Only one semi-circle (Fig. 7c) is found
when measuring at 1000◦C, illustrating the grain interior
makes the contribution to electrical conductivity. It is noted
that the ionic conduction of YSZ below and above 550◦C
shows different conduction mechanisms.

3.3. Electrical conductivity of LSM

Fig. 8 shows the product of conductivity and absolute
temperature as a function of reciprocal absolute temperature.
The LSM was sintered at 1400◦C for 1 h. The result shows
the activation energy for conduction is 9.6 kJ mol−1 in the
testing temperature range. Only one conduction mechanism
may be dominant in LSM specimens from 200 to 1000◦C.
The electrical conductivity of LSM at 200◦C is 2.08 S cm−1

and increases to 3.5 S cm−1 at 1000◦C.
The addition of Sr2+ to La3+ in A-site causes the changes

in oxidation states of Mn ions. The electrical conductivity
of LSM is controlled by the Sr2+ substitution for La3+ [8].
It is well known that the Mn ions can be divalent, trivalent
or tetravalent[23]. The Mn ions tend to exist in the form
of Mn3+ in the atmospheric conditions. The Sr2+ substitu-
tion for La3+ can be consequently compensated by either
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Fig. 7. The ac impedance spectra of YSZ, measured from (a) 200◦C; (b) 500◦C; and (c) 1000◦C in air conditions.

electron hole (h•) or oxygen vacancy (VO••). The possible
defect equations are as follows:

2SrO+ Mn2O3 + 1
2O2 (g)

LaMnO3→ 2Sr′La + 2Mnx
Mn + 6Ox

O + 2h• (3)

Fig. 8. The electrical conductivity of LSM as a function of reciprocal absolute temperature.

or

2SrO+Mn2O3
LaMnO3→ 2Sr′La+2Mnx

Mn +5Ox
O + VO

•• (4)

The oxidation of Mn3+ into Mn4+ takes place in or-
der to maintain local electrical charge equilibrium. The Sr
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Fig. 9. The electrical conductivity as a function of temperatures for various LSM–YSZ cathode composites, sintered at 1400◦C for 24 h. The solid line
is the data of pure LSM as shown inFig. 8.

substitution for La enhances the electrical conductivity of
LSM by increasing the concentration of Mn4+, owing to
the combination of Mn3+ andh•. The Mn4+ ion can be re-
garded as a Mn3+ ion, which is associated with a positively
charged hole. Theh• can separate from the associated de-
fect (Mn3+·h•) easily. Moreover, oxygen vacancy could be
another charge compensation for the replacement of La by
Sr in LSM system. The formation of oxygen vacancy al-
ways carries an electron in terms of electroneutrality and
the negatively charged electron makes the Mn4+ reduce to
Mn3+. The reduction of Mn4+ to Mn3+, which is related to
oxygen desorption, favors the formation of oxygen vacancy.
The combined oxidation of Mn3+ to Mn4+ and formation
of oxygen vacancy can be expressed as

2Mn4+ + Ox
O ↔ 1

2O2 (g) + VO
•• + 2Mn3+ (5)

Wu et al. [24] reported that the oxidation of Mn3+ to
Mn4+ and formation of oxygen vacancy both take place in
La1−xCaxMnO3 (LCM) system for NH3 oxidation. There-
fore, it is believed that both the charged hole and oxygen
vacancy may make the contribution to the electrical conduc-
tivity of LSM in the present research.

3.4. Properties of LSM–YSZ cathode composite

In order to investigate the conductive behavior of
LSM–YSZ composites, the specimens with different ra-
tios from 10 to 50 vol.% LSM were sintered at 1400◦C
for 24 h. Fig. 9 shows the conductivity of a series of
LSM–YSZ composites as a function of reciprocal absolute
temperature. The results indicate two conduction mecha-

nisms are operated for 10 and 20 vol.% LSM–YSZ cathode
composites. For LSM–YSZ composites containing lower
LSM phase such as 10 and 20 vol.% LSM, the oxygen
vacancy of YSZ controls the transport at temperatures
higher than 400◦C while the hole of LSM dominates the
conduction at temperatures below 400◦C. The transition
temperature of YSZ decreases from 550 to 400◦C when
doping with 10–20 vol.% LSM. The activation energy of
conduction in 10 vol.% LSM–YSZ composite below and
above 400◦C is 6.6 and 106 kJ mol−1, respectively. The
activation energy of conduction in 20 vol.% LSM–YSZ
composite is nearly the same as that of 10 vol.% LSM–YSZ
composite.

As the percolation limit (∼20 vol.% LSM) is reached,
the conduction is completely dominated by LSM phase.
That means the hole and oxygen vacancy may play im-
portant roles in conduction. The electrical conductivity
of LSM–YSZ increases from 4× 10−2 to 2.27 S cm−1

at 1000◦C as the content of LSM increases from 10
to 50 vol.%. The activation energy of 30 and 40 vol.%
LSM–YSZ composites is 16.1 and 16.3 kJ mol−1 while that
of 50 vol.% LSM–YSZ is 9.0 kJ mol−1, which is very close
to that of pure LSM (Fig. 8).

As mentioned previously, the hole and oxygen vacancy
both make contribution to the electrical conductivity of
LSM–YSZ composites. The density of triple phase bound-
ary is increased through the combination of composite
structure. The reduction of oxygen molecule not only takes
place at TPB but also on the entire surface of cathode
composite. It is suggested that a functional cathode layer
consisting of LSM–YSZ in a ratio of 30–70 vol.% should
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Fig. 10. SEM images of (a) 20 vol.% and (b) 50 vol.% LSM–YSZ com-
posites, which were sintered at 1400◦C for 24 h.

provide optimized electrical conductivity and electrochem-
ical behavior in the present research.

Fig. 10 shows the SEM images of 20 and 50 vol.%
LSM–YSZ cathode composites, which were sintered at
1400◦C for 24 h. The SEM images show that porous
LSM–YSZ composite is obtained. In 20 vol.% LSM–YSZ
composite system, the brighter phase is LSM, which is
dispersed in the YSZ matrix while the darker continu-
ous phase is YSZ. Both phases form continuous features
while increasing the content of LSM phase, as shown in
Fig. 10b. Moreover, the formation of secondary phase such
as La2Zr2O7 (LZ) and SrZrO3 (SZ) is occasionally found
in 20 vol.% LSM–YSZ system, as indicated inFig. 10a.
Based on our previous publication[12], we proposed that
the formation of LZ and SZ was due to the diffusion of
Mn to YSZ. As the content of Mn in LSM is lower than
the threshold value, the LSM becomes unstable, resulting
in the occurrence of excessive La and Sr, and leading to
the reaction of Zr with La and Sr. As the LSM content in-
creases from 20 to 50 vol.%, more Mn ions is available and
the LSM phase is stable. That makes the reaction between
LSM and YSZ less pronounced although the diffusion of

Mn to YSZ still takes place. Therefore, LZ or SZ is seldom
found in 50 vol.% LSM–YSZ system.

4. Conclusions

1. Dense YSZ, containing 7.52 ± 0.15 mol% Y2O3 con-
sists of equiaxial grains. The grain size of YSZ is about
5.5�m. A little glassy phase, consisted of SiO2 with mi-
nor Al2O3 is found in YSZ.

2. Two conducting species responsible for the ionic con-
duction of YSZ are Y′ZrVO

•• and VO
•• dominating be-

low and above the transition temperature of 550◦C. The
electrical conductivity of YSZ is 6.67× 10−2 S cm−1 at
1000◦C. The activation energy of the ionic conduction
is 103 and 93 kJ mol−1 below and above the transition
temperature, respectively. Three semi-circles are found
and correspond to electrode, grain boundary and grain
interior in the Cole–Cole plots.

3. The electrical conductivity of La0.65Sr0.3MnO3 is
0.2 S cm−1 at room temperature. The conductivity of
LSM increases with increasing the temperature. The
activation energy for conduction is 9.6 kJ mol−1 in the
ranges of testing temperature, which imply one conduc-
tive mechanism is dominant. Moreover, the impedance
results show the conductivity of LSM is independent of
the testing frequency from 200 to 1000◦C.

4. The conductivity of LSM–YSZ cathode composites is
dominated either by YSZ or LSM for the lean and rich
contents of LSM phases. For 10 and 20 vol.% LSM–YSZ
composites, the hole and oxygen vacancy dominate the
conduction below and above the transition temperature
of 400◦C. As the percolation limit is reached (∼20 vol.%
LSM), the conduction is completely controlled by the
LSM phase.
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