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Abstract

The chemical compatibility of one new series, RE0.6M0.4Mn0.8Co0.2O3-d (RE=La, Pr, Nd, Sm and Gd; M=Sr and Ca), with

yttria stabilized zirconia (YSZ) has been examined. Powder mixtures of perovskites and YSZ were annealed at 1200� for 24h in air.
RE0.6M0.4Mn0.8Co0.2O3-d showed di�erent compatibility towards YSZ for M=Sr and Ca, respectively. The formation of SrZrO3

was identi®ed by X-ray di�raction analysis as a reaction product for RE0.6Sr0.4Mn0.8Co0.2O3-d. In contrary, there is no reaction
product for RE0.6Ca0.4Mn0.8Co0.2O3-d. EDX analysis revealed that there is a larger di�erence between the solubility of Sr and Ca in

YSZ. The bond-valence model was used to discuss the di�erent compatibility of Sr and Ca series perovskites with YSZ. The present
studies also showed that the formation of SrZrO3 was favored for larger disorder e�ect due to size di�erence between A-site RE3+

and Sr2+ in RE0.6Sr0.4Mn0.8Co0.2O3-d. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The solid oxide fuel cell (SOFC) represents a promis-
ing clean and e�cient power generation technology.
Therefore, SOFC has recently attracted great attention
in the world. One of the current trends is the reduction
in operating temperature for the practical application of
SOFC. An operating temperature in the range
600�C<T<800�C could result in the use of an oxida-
tion-resistant stainless steel or another alloy as the
interconnect material. The reduction in operating tem-
perature would also reduce operating costs, increase
durability, extend service life, and permit more frequent
cycling. However, the overpotentials of the cathode sig-
ni®cantly increase with decreasing operating tempera-
ture. For this purpose, Ishihara et al.1 investigated the
cathodic characteristics of RE0.6Sr0.4MnO3 (RE is La,
Pr, Nd, Sm, Gd, Yb and Y). The overpotential of the
cathode for oxygen reduction decreased in the following
order: Y>Yb>La>Gd>Nd>Sm>Pr at 1000�. Pr0.6
Sr0.4MnO3 also exhibits lower overpotential than
La0.6Sr0.4MnO3 in a low-temperature range.

Although some other rare earth manganites exhibit
lower cathodic overpotential than La manganites, the
electrode performance of these rare earth manganites
needs to be improved further. It is indicated by Tu et al.2

that substitution of Mn by a moderate amount of Co
can improve the electrode performance, without causing
thermal expansion mismatch and reactivity with YSZ
electrolyte. For the development of a new cathode with
low overpotential in the reduced temperature region, the
chemical compatibility between the cathode and YSZ
electrolyte is highly important for the fabrication and
operation of the SOFC. In the present study, the che-
mical compatibility of one new series, RE0.6M0.4

Mn0.8Co0.2O3-� (RE=La, Pr, Nd, Sm and Gd; M=Sr
and Ca), with YSZ has been examined.

2. Experimental

The perovskite-type oxides, RE0.6M0.4Mn0.8Co0.2O3-d

(RE=La, Pr, Nd, Sm, Gd;M=Sr and Ca), were prepared
from La2O3(99.99%), Pr6O11(99.9%), Nd2O3 (99.9%),
Sm2O3(99.9%), Gd2O3(99.95%), SrCO3(99.0%), CaCO3

(99.0%), MnO2(99.0%) and Co2O3(99.0%). The starting
powders were thoroughly mixed in the appropriate ratio
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under absolute alcohol, using an agate mortar and pes-
tle, and calcined at 1000�C for 12 h in air. The calcined
samples were then ground, pressed into pellets, and
®nally synthesized at 1300�C for 10 h in air. The speci-
mens for the reaction study were prepared by mixing
thoroughly the as-synthesized perovskites and YSZ
powders (8 mol% Y2O3 stabilized zirconia, Tosoh,
Japan) in a 1:1 weight ratio, and then pressing the
powder mixtures into a pellet. The pellets were annealed
at 1200�C for 24 h in air. This temperature corresponds
to that of fabrication of cathodes. Characterization of
the as-synthesized perovskites and reaction products
was performed using X-ray powder di�raction (XRD)
on a Rigaku-RC (12 kW) di�ractometer with mono-
chromated CuKa radiation and a scintillation detector.
The La-based perovskites were chosen to study oxygen
vacancy, weight loss, phase transformation and ion
interdi�usion. The oxygen content of the as-synthesized
perovskites was checked by iodometric titration using
an aqueous solution of sodium thiosulfate as a standard
solution. The thermogravimetric analysis (TGA) and
di�erential thermal analysis (DTA) were performed
from room temperature to 1200�C in air at rate of 5�C/
min with Simultaneous Thermal Analyzer STA 429
Netzsch GerMtebau GmbH. The chemical composition
of the phases present in the samples after annealing was
measured using energy dispersive X-ray spectroscopy
(EDX) (Link ISIS).

3. Results

The observed phases are summarized in Table 1 for
RE0.6M0.4Mn0.8Co0.2O3-d (RE=La, Pr, Nd, Sm and
Gd; M=Sr and Ca). All the compositions showed
highly distorted orthorhombic symmetry at ambient
temperature. The XRD patterns were indexed on the
basis of the GdFeO3 type with orthorhombically dis-
torted perovskite structure (space group Pbnm). For the
di�erent compositions, a lattice e�ect is the random

disorder of RE3+ and A2+ cations with di�erent sizes
distributed over the A sites in the perovskite structure.
The weighted average A-site cation radius <rA> was
used to quantify this e�ect. Standard ionic radii with
values for ninefold coordination in oxides3 were used to
calculate <rA>. These <rA> values are also listed in
Table 1.
The XRD patterns of the perovskite/YSZ mixtures,

after annealing at 1200�C for 24 h, are shown in Fig.
1(a) and (b) for Sr and Ca series, respectively. SrZrO3 is
the unique reaction product, which is identi®ed in the Sr
series. In comparison, there is no reaction product in the
case of Ca series. The lattice parameters for the cubic
YSZ phase after annealing are given in Fig. 2 in com-
parison with that of pure YSZ. The expanded lattices
were found for all the powder mixtures. A semi-quanti-
tative representation of the relative amount of SrZrO3

was obtained using the ratio between the intensity
values of 100% re¯ections for SrZrO3 (121 re¯ection)
and YSZ (111 re¯ection). The results are shown in Fig. 3
for di�erent rare earth elements. As can be seen, the

Table 1

The cell parameters and average A-site cation radius for

RE0.6M0.4Mn0.8Co0.2O3-� (RE=La, Pr, Nd, Sm and Gd; M=Sr and

Ca)

RE0.6A0.4 a (AÊ ) b (AÊ ) c (AÊ ) <rA> (AÊ )

La0.6Sr0.4 5.463 5.541 7.741 1.25

Pr0.6Sr0.4 5.463 5.487 7.690 1.23

Nd0.6Sr0.4 5.463 5.494 7.681 1.22

Sm0.6Sr0.4 5.435 5.444 7.677 1.20

Gd0.6Sr0.4 5.478 5.424 7.661 1.19

La0.6Ca0.4 5.439 5.507 7.686 1.20

Pr0.6Ca0.4 5.405 5.564 7.642 1.18

Nd0.6Ca0.4 5.404 5.464 7.628 1.17

Sm0.6Ca0.4 5.406 5.463 7.587 1.15

Gd0.6Ca0.4 5.336 5.481 7.542 1.14

Fig. 1. X-ray powder di�raction patterns of RE0.6M0.4Mn0.8Co0.2O3-

d/YSZ mixtures after annealing at 1200�C for 24 h in air: (a) M=Sr

and (b) M=Ca.

2422 H.Y. Tu et al. / Journal of the European Ceramic Society 20 (2000) 2421±2425



amount of SrZrO3 formed increases with decreasing
rare earth ionic radius.
The La-based perovskites were chosen to study B-site

cation valence, oxygen vacancy, weight loss, phase
transformation and ion interdi�usion, in order to iden-
tify the reasons of di�erent chemical compatibility of Sr
and Ca series with YSZ. Table 2 listed the results of
iodometric titration, thermogravimetric analysis (TGA)
and di�erential thermal analysis (DTA). As presented in
Table 2, high concentrations of tetravalent Mn and Co
were revealed by iodometric titration. Further, there
were no indications of weight loss and phase transfor-
mation by TGA and DTA. This indicates that the same
concentrations of tetravalent Mn and Co were main-
tained in the structures up to 1200�C.
The chemical compositions of the phase present in the

two samples annealed at 1200�C were measured by
EDX. The results are summarized in Table 3. The che-
mical analysis was performed on grains in the samples.

The considerable interdi�usion between perovskites and
YSZ was con®rmed. Mn and Co were observed in YSZ
for both the LSMC(La0.6Sr0.4Mn0.8Co0.2O3-�)/YSZ and
LCMC(La0.6Ca0.4Mn0.8Co0.2O3-d)/YSZ mixtures. No
La and Sr were observed in YSZ for the LSMC/YSZ
mixtures, while La and Ca were observed in YSZ for the
LCMC/YSZ mixtures. The perovskites in the two sam-
ples were found to contain 1±2 mol% Y and 7±15 mol%
Zr.

4. Discussion

The di�erent chemical compatibility of Sr and Ca
series perovskites with YSZ may be explained by a
combination of perovskite stability and ion di�usion.
When a divalent acceptor M (M=Sr or Ca) is sub-
stituted for trivalent RE in RE0.6M0.4Mn0.8Co0.2O3-�,
the yielded structure violates the valence-sum rule in the
bond-valence model described by Brown.4 A fraction of
B-site cations in ABO3 perovskites is then converted
from the trivalent to the tetravalent state in accordance
with the valence-sum rule. As indicated in Table 2, a
substantial fraction of B-site cations was converted
from the trivalent to the tetravalent state in the per-
ovskite structures of La0.6M0.4Mn0.8Co0.2O3-� (M=Sr
or Ca).
At higher temperatures (up to 1200�C), the con-

centration of tetravalent state B-cations remained con-
stant because no weight loss was observed in TGA
which associated with the loss of lattice oxygen due to
the transition of B-cations from tetravalent to trivalent
states. As the temperature is raised, the atom in the
structure will vibrate around its equilibrium position
with increasingly large amplitude. Thus it will have
some bonds that are larger and some shorter than the
average bond length at any instant, leading to the dis-
tortion theorem prediction that the average bond length
will be increased. As indicative of strained bonds, the
discrepancy between cation valence and bond-valence
sum around cation increases with temperature, leading
to the instabilities of the tetravalent state of Mn and Co.
In the annealing of perovskite/YSZ mixtures, unstable
Mn4+ and Co4+ then di�used into the lattice of YSZ,
leaving the perovskites B-site de®cient. The existence of
Mn and Co in YSZ, as con®rmed in EDX analysis, can
be considered to be due to the di�usion of unstable
Mn4+ and Co4+ from LSMC and LCMC, respectively.
The excess amounts of A-site cations will also leave the
perovskite structure in accordance with the valence-sum
rule. Solid solubility of Sr and Ca in the cubic structure
of ZrO2 has been reported.5,6 The di�erent solubility of
Sr and Ca in YSZ at 1200�C can be explained due to the
larger ionic radius of Sr2+ (1.31 AÊ ) compared to that of
Ca2+ (1.18AÊ ), which is revealed in the chemical compo-
sition analysis of phases by EDX presented in Table 3.

Fig. 2. Lattice parameters of the cubic YSZ phase for

RE0.6M0.4Mn0.8Co0.2O3-d/YSZ powder mixtures after annealing at

1200�C for 24 h in air (unit in AÊ ).

Fig. 3. Ratio of intensity values of the major XRD peaks of SrZrO3

and YSZ as a function of RE element for RE0.6M0.4Mn0.8Co0.2O3-d/

YSZ powder mixtures after annealing at 1200�C for 24 h in air.
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Therefore, the excess amount of Sr2+ precipitated at the
boundaries. After the precipitation, Sr readily reacts
with ZrO2 in YSZ to produce SrZrO3. The solubility of
La2O3 in the SrZrO3 layer was detected by other EDX
investigations,7 which can explain the lacking of La in
YSZ, as indicated in Table 3.
The expansion and contraction of the YSZ lattice

must be due to compositional changes in the cubic YSZ
(solid solution), originating from di�usion of cations.
With the smaller size of Mn4+ or Co4+ compared with
that of Zr4+, a lattice contraction will take place by the
di�usion of the two kinds of cations. The contraction of
the YSZ lattice has been reported in the literatures.8,9 In
the present study, however, the expansion of the YSZ
lattice was observed for both the LSMC/YSZ and
LCMC/YSZ mixtures, as shown in Fig. 2. With the
di�usion of Mn4+ and Co4+ into the YSZ lattice for
the LSMC/YSZ mixtures, a large amount of Zr4+ were
consumed for the formation of SrZrO3. The composi-
tion of the YSZ solid solution shifted to that with higher
concentration of Y3+. For the LCMC/YSZ mixtures,
however, a signi®cant amount of La3+ and Ca2+ also
di�used into the YSZ lattice with the di�usion of Mn4+

and Co4+. As a result, the total concentrations of Y3+,
La3+ and Ca2+ in the YSZ solid solution are higher
than that of Y3+ in the pure YSZ lattice. The composi-
tional changes were revealed by EDX, as indicated in
Table 3. Therefore, the expansion behavior due to
higher concentrations of cations with larger size domi-
nated over the contraction behavior of Mn4+ and Co4+

in both the lattices of YSZ solid solutions.
It is well known that a high Sr content in perovskites

results in the formation of SrZrO3 in reaction with YSZ.
SrZrO3 is formed irrespective of the rare earth cation in
RE0.6Sr0.4Mn0.8Co0.2O3-�. However, the amounts of

SrZrO3 formed strongly depend on the rare earth
radius, as shown in Fig. 3. These results are consistent
with that reported by G.Ch Kostogloudis and Ch. Fti-
kos.10 The di�erent extent of SrZrO3 formation can be
discussed on the basis of disorder e�ects due to size
di�erence between A-site RE3+ and Sr2+, which is
characterized by the weighted average A-site cation
radius <rA>. <rA> has been used to ®nd the strong
correlation with transition temperature between ferro-
magnetic metallic and paramagnetic insulating states in
RE1-xMxMnO3 perovskites.11 When Sr is substituted
for RE in RE0.6Sr0.4Mn0.8Co0.2O3-�, the large radius of
Sr2+, compared to that of RE3+, results in the distor-
tion of coordination polyhedra in perovskite structure.
As indicated by<rA> in Table 1, the distortion tends to
be larger from La to Gd. According to the bond-valence
model, the distortion e�ect then produced a stress in
perovskite structure. In order to relieve the stress, a lar-
ger amounts of unstable Mn4+ and Co4+ di�used into
the lattice of YSZ for perovskite with smaller rare earth
radius. Therefore, larger amounts of Sr precipitated at
the boundaries. As a result, more SrZrO3 was formed
when the precipitated Sr reacted with ZrO2 in YSZ for
the perovskite with smaller RE ionic radius.

5. Conclusion

The present studies have revealed that
RE0.6M0.4Mn0.8Co0.2O3-� (RE=La, Pr, Nd, Sm and
Gd; M=Sr and Ca) showed di�erent compatibility
towards YSZ at 1200�C. SrZrO3 was formed as a reac-
tion product for RE0.6Sr0.4Mn0.8Co0.2O3-�. In contrary,
there is no reaction product for RE0.6Ca0.4Mn0.8-
Co0.2O3-�. It can be considered that the solubility of Ca
in YSZ avoids the formation of CaZrO3. The present
studies also showed that larger disorder e�ect due to
size di�erence between A-site RE3+ and Sr2+ resulted
in larger amounts of SrZrO3 formed in reaction. The
perovskites in RE0.6Ca0.4Mn0.8Co0.2O3 deserve further
investigations on the chemical stability of the solid-state
interface with YSZ for use as cathode materials in YSZ-
based SOFC.
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