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Abstract 

The chemical reactivity of REI_,Sr,Mn03 i 6 
(RE= La, Pr, Nd, Gd) perovskite oxides with yttria 
stabilized zirconia ( YSZ) was investigated. Equi- 
molar perovskite/YSZ powder mixtures were pre- 
pared and annealed in air at 1300°C for I20 h. The 
X-ray d$raction analysis showed the formation of 
REzZrz07 and SrZrOj, reaction products for per- 
ovskites with low and high Sr-content, respectively. 
Small amounts of Mnj04 were identiJiedfor samples 
that showed high reactivity with YSZ. The extent of 
REzZrz07 formation is reduced as the ionic radius 
of the rare earth cation decreases, the only exception 
being LazZrzO 7, which is formed in minor amounts. 
The formation of SrZr03 is favored with increasing 
Sr-content and decreasing tolerance factor of 
the perovskite. Among the compositions studied, 
Lal_,Sr,Mn03i8 showed the best chemical com- 
patibility with YSZ electrolyte. 0 1998 Elsevier 
Science Limited. All rights reserved 

1 Introduction 

La1_,Sr,Mn03,6 perovskite oxides are of great 
technological importance, since they are widely 
accepted as solid oxide fuel cell (SOFC) cathode 
materials. An issue of high importance for the suc- 
cessful operation of the cell is the chemical com- 
patibility between the cathode and yttria stabilized 
zirconia (YSZ) solid electrolyte. The main reaction 
products reported in the literature’-3 are La2Zr207 
and SrZr03, for low and high Sr-containing 
compositions, respectively. These products are 

*To whom correspondence should be addressed. 

formed during the high temperature heat treatment 
for the fabrication of the cell, and during its long 
term operation. Both products show lower elec- 
trical conductivities than YSZ,4 and therefore their 
presence in the cathode/electrolyte interface is 
undesirable. 

Although the chemical compatibility of La man- 
ganites with YSZ has been widely investigated, lit- 
tle information is available concerning the 
compatibility of other rare earth manganites. The 
investigation of their reactivity with YSZ attracts 
interest, since there are results in the literature5 
reporting that alternative rare earth manganite 
compositions exhibit higher electrical conductivity 
and lower overpotential values than those exhib- 
ited by lanthanum manganites. The purpose of 
the present work is, therefore, the comparative 
investigation of the chemical compatibility of 
RE, _,Sr,Mn03 +6 
ovskite oxides with 

(RE = La, Pr, Nd, Gd) -per- 

YSZ electrolyte. 

2 Experimental 

All RE1_,Sr,Mn03*g (RE= La, Pr, Nd, Gd) per- 
ovskite oxide powders were prepared by the citrate 
synthesis method.6 RE203 was dissolved in HN03, 
while Sr(NO& and (CH3C00)2Mn.4H20 were 
dissolved in H20, all in the correct molar propor- 
tions. The solutions were mixed together and citric 
acid was added to bind all the metals. The final 
solution was heated over a burner flame, until 
combustion and pyrolysis took place. The obtained 
powders were calcined at 1100°C for 15 h, and wet 
milled with acetone using zirconia balls. The sam- 
ples for the chemical compatibility tests were pre- 
pared by mixing equimolar amounts of perovskite 
and commercial YSZ (90mol% ZrOf) powders in 
an agate mortar, using acetone. The mixtures were 
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subsequently compacted in pellets by uniaxial 
pressing at 250MPa. The pellets were sintered in 
air at 1300°C for 120 h, and then milled and 
examined by X-ray powder diffraction. A SIE- 
MENS diffractometer was used (CL& radiation) 
operated at 40 kV and 30 mA. The XRD data were 
collected by step scanning in the range 10<2&80 
in increments of O-02” 28. 

3 Results 

The XRD patterns of the perovskite/YSZ mixtures 
after annealing at 1300°C for 120 h are shown in 
Fig. l(a)-(d), for La, Pr, Nd and Gd manganites, 
respectively. The reaction products identified, are 
listed in Table 1. The main reaction product in the 
case of the La, Pr and Nd Sr-free manganites was the 
pyrochlore RE2Zr207. The extent of its formation 
is reduced as the ionic radius of the rare earth 
cation decreases in the order Pr >Nd, while for 
Gd (with even lower ionic radius), no Gd2Zr207 
formation could be identified. The ,amount of 
La2Zr207 formed, was lower than that of Pr2Zr207 
and Nd2Zr207, even though La3 + is larger than the 
other rare earth cations. Sr-doping suppresses the 
formation of the pyrochlore product. Thus, for 
15 mol% Sr, only small amounts of Pr2Zr207 and 
Nd2Zr207 were identified, while for 30mol% Sr 
there was no pyrochlore formation. As Sr content 

increases, the formation of SrZrOs reaction pro- 
duct is favored. However, the extent of its forma- 
tion is different. The amount of SrZr03 was 
semiquantitatively evaluated by dividing the area 
of its major peak in the XRD pattern by that of 
YSZ. The results are plotted in Fig. 2 as a function 
of Sr content for the rare earth manganites of this 
study. As can be seen, the amount of SrZr03 
formed, increases with increasing Sr content, and 
with decreasing rare earth ionic radius. In the 
XRD patterns of the perovskite/YSZ mixtures 
[Fig. l(a)-(d)], the formation of Mn304 can be 
observed for the samples that exhibit high reactiv- 
ity with YSZ. 

4 Discussion 

The reaction of RE1_,Sr,Mn03 *6 with YSZ can 
be described by the following general equation: 

REi-,Sr,MnOs+s + (a + b)ZrOz 

= RE1_,_,Sr,_bMn03*s 

+ aj2RE2Zr207 + bSrZr0s 
(1) 

The amount of Y2O3 is small, and it does not take 
part to the reaction, since no yttrium containing 
products were identified. Which of the two reaction 
products appearing in eqn (1) is formed, depends 

Fig. 1. X-ray powder diffraction patterns of equimolar REI_,Sr,MnO 3 + s/YSZ mixtures after annealing in air at 1300°C for 120 h: 
(a) RE = La; (b) RE = Pr; (c) RE = Nd and (d) RE = Gd. 
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Table 1. Reaction products identified by XRD in equimolar perovskite/YSZ powder mixtures after annealing at 1300°C for 120 h 

Composition” Reaction product identljied 
by XRD values in parentheses 

are I.rodurt/IYsz ( % ) 

Remarks 

LSM-0 La2Zr207 (2.0) 
LSM-15 No reaction products 
LSM-30 No reaction products 
LSM-40 No reaction products 
LSM-50 SrZr03 (37.7) 
PSM-0 Pr2Zr207 (65.5) Small amount of Mn304 
PSM-15 Small amount of Pr2Zrz07 
PSM-30 No reaction products 
PSM-40 SrZr03 (6.6) 
PSM-50 SrZrOs (46.4) Small amount of Mn304 
NSM-0 NdzZr207 (5.4) 
NSM-15 Small amount of NdzZr20, 
NSM-30 No reaction products 
NSM-40 SrZr03 (8.6) 
NSM-50 SrZr03 (62.6) Amount of Mn304 slightly greater than in PSM-50 
GSM-0 No reaction products (no GdzZrz07 formation) 
GSM-15 No reaction products 
GSM-30 SrZrOs (7.3) 
GSM-40 SrZrOs (30.0) Small amount of Mn304 
GSM-50 SrZrOs (67.9) Amount of Mn304 greater than in other samples 

“LSM-0, LSM-15, . . , refers to compositions of Lat_,Sr,Mn03,6 with 0, 0.15, . . . , mol% Sr, respectively. LSM, PSM, NSM and 
GSM refers to La, Pr, Nd and Gd manganites, respectively. 
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Fig. 2. Ratio of areas of the major XRD peaks of SrZrOs and 
YSZ as a function of Sr content for REt_,SrMns,,/YSZ 

powder mixtures after annealing at 1300°C for 120h. 

on the Sr content of the perovskite. For Sr-free or 
low Sr-containing compositions the formation of 
RE2Zr207 is favored, whereas for high Sr-content, 
SrZrOs is formed. 

The extent of pyrochlore RE2Zr207 formation is 
expected to be a function of its stability. The 
enthalpy of formation of REzZr207 decreases with 
decreasing ionic radius of the rare earth cation.7 
Therefore, the stability of the pyrochlore is reduced 
in the order La2Zr207 > Pr2Zr207 > Nd2Zr207 
> Gd2Zr207. As a result, the amount of the pyro- 
chlore formed after annealing, was shown to 
decrease in the same order, the only exception 
being La2Zr207, which even though it is the most 
stable, forms only in minor amounts. The reason 
for this, may be found in the fact that LaMnO fs 

has a more stable perovskite structure. Pr, Nd and 
Gd manganites have an orthorhombic struc- 
ture,8-*0 that exhibits a more severe distortion from 
the ideal cubic perovskite. La manganite, on the 
other hand, has a rhombohedral structure,’ l whose 
deviation from the ideal perovskite is smaller than 
for the other rare earth manganites, due to the lar- 
ger La3+ cation. 

The reaction product SrZrOs is formed in the 
case of compositions with high Sr content. As the 
same product is formed irrespective of the rare 
earth cation involved, the reason for the different 
extent of SrZr03 formation can be found by 
examining the relative stability of the rare earth 
manganites. The compositions REo.&-o.5MnOs*6, 
may be considered to consist of REMnOs*,g and 
SrMnOs, in equal molar amounts. Therefore, 
without loss of generality, we can compare the 
relative stability of REMn03+6 oxides. An empiri- 
cal correlation has been derived by Yokokawa et 
~1.‘~ between the enthalpy of formation (A,W) of 
perovskite compounds from binary oxides, and the 
tolerance factor (t). In the case of A11’Bm03 oxi- 
des, the correlation is: l2 

A,H” = -90 + 720( 1 

where the tolerance factor, t. , ’ 
Shannon’s13 ionic radii as 

- t)kJ mol-’ (2) 

can be evaluated from 

rA(xII) + To 

t = JZ(ra(V1) + r,) 
(3) 
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where rA(XII), rg (VI) and ro are ionic radii for A- The reactivity of Lal_,Sr,Mn03 * 6 oxides of this 
site cations in 12-coordination, B-site cations in study appears to be lower than that found in other 
6-coordination and oxide ions, respectively. The studies.12 This is attributed to the reduced Zr- 
tolerance factors of the rare earth manganites of activity in the YSZ electrolyte used in this work 
this study were calculated using eqn (3), and their (90mol% Zr02), compared to the Zr-activity in 
A,H” values were estimated by eqn (2). Figure 3 YSZ used in the other studies (reported 92mol% 
shows A,H” as a function of l-t for REMnO Zr02). Therefore, the use of YSZ electrolyte with 
(RE = La, Pr, Nd, Gd). As can be seen, the stability less Zr02 content is a possible way of reducing the 
of the manganites decreases with decreasing t. As a extent at which the undesirable reaction products 
result, SrZr03 is formed in greater amounts as the are formed. Other ways for improving the cathode/ 
tolerance factor of the manganites decreases, and electrolyte chemical compatibility include the use 
therefore, as the deviation from the ideal cubic of low fabrication temperatures and the prepara- 
perovskite structure increases. tion of La-deficient perovskites.1,2,‘4 

With decreasing Sr concentration in the per- 
ovskite due to the formation of SrZr03, according 
to eqn (l), the A-site substoichiometry of the per- 
ovskite is enhanced. Thus, the activity of B-site Mn 
cations becomes larger compared with that of the 
A-site cations. As a result, manganese ions start to 
precipitate as a compound with lower valence 
state, namely Mn304. This observation is in agree- 
ment with the chemical equilibria calculations of 
Yokokawa et al3 The formation of Mn304 is more 
noticeable for the perovskite compositions with 
50mol% Sr, which show the greatest reactivity 
with YSZ. In the case of La0.5Sr0.5Mn03*s 
though, no Mn304 formation could be identified. 
This may be attributed to the lower reactivity of 
lanthanum strontium manganite (less SrZr03 
formed), and to its more stable perovskite struc- 
ture, which has a greater capacity to retain an A- 
site substoichiometry. A small amount of Mn304 
was formed in the case of PrMn03,g, due to its 
high reactivity towards Pr2Zr207 formation. The 
decrease of the Pr concentration in the perovskite, 
again results in an enhancement of the A-site 
substoichiometry, according to eqn (l), and there- 
fore, to the precipitation of Mn304. 
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Fig. 3. Enthalpy of formation from binary oxides for 
REMnO (RE = La, Pr, Nd, Gd), estimated from eqn (2), as a 

function of 1 --t. 


