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Abstract 

AI203- and CaO-modified LaFeO3 were lested as possible solid oxide fuel cell (SOFC) cathode materials. Their electrical and structural 
characteristics were studied. In the La(Fe~ _ ~AI, )O3 system, specific resistivities increase with increasing concentration of A1203. The sintered 
materials are porous and the average grain diameters decrease with increasing AlaO 3 content. In the La, _ ~Ca~FeO 3 system, a new single 
phase, iso-structurai with LaFeO~. was observed for x=0.5. The room temperature resistivities of La~_ ~Ca~FeO,. decrease with increasing 
values of x, up to x = 0.5. The resistivity of Lao..~Ca().~FeO,. is more than four orders of magnitude lower than the resistivity of LaFeOs. 
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1. Introduction 

High-temperature fuel cells with a solid oxide electrolyte 
(SOFC) work at temperatures around 1000 °C. The solid 
electrolyte in SOFCs is usually yttria stabilised cubic zirconia 
(YSZ). The oxygen accepts electrons at the cathode and 
moves as an ion through the dense ZrO., ceramic. At the 
anode, ions combine with fuel and release electrons. The 
advantage of high-temperature SOFCs for production of elec- 
trical energy is their high efficiency of 50 to 60%, while some 
estimates are even to a yield of 70 to 80%. Also, nitrogen 
oxides are not produced and the amount of CO2 released per 
kWh, due to the high efficiency, is around 50% less than for 
power sources based on c¢, ~bustion [ ! -6] .  The fuel may be 
H,, a H2/CO mixture, o, :ydrocarbons because the high 
temperature of operation makes the internal in situ reforming 
of hydrocarbons with water vapour [7 ] possible. An exten- 
sive and comprehensive review of materials for SOFC is 
presented in Ref. [ 8 ]. 

For the typical 'working' conditions of the SOFC, the 
open-circuit voltage (OCV) is around I V. However, the 
operating voltage is lower due to ohmic and polarisation 
losses at the electrodes. The electrode polarisation losses, 
related to irteversibilities in the electrochemical processes, 
are reduced if the electrode material possesses both ionic and 
electronic conductivities. If the material is an electronic con- 
ductor only, the electrochemical reactions can occur solely at 
the three-phase boundary of, e.g. the cathode, the air (gas 

0378-7753/96/$15.00 © 1996 Elsevier Science S.A. All tights reserved 
PIIS0378-7753(96)02364-6 

phase) and the electrolyte [9]. If the cathode material pos- 
sesses a mixed-type conductivity, the redoction of oxygen 
can occur on the entire surface of the electrode. Also, the 
therntal expansion coefficients (TECs) ofelectrodematerials 
must be close to that of YSZ to prevent cracking or delami- 
nation of SOFC components either during high temperature 
opera):ion or beating/cooling cycles. 

At present, semiconducting oxides (perovskites), based 
on LaMnO3 or LaCoO3 doped with SrO and C~O, are most 
often used as the cathode materials. Both have some advan- 
tages ~nd some drawbacks..~e TEC of LaMnOs-based mate- 
rials i.,~ close to that of YSZ ( 10.5 x 10-6/K) ,  but its ionic 
conductivity is very low. On the other hand, the electronic 
and ionic conductivities of LaCoO3 are high, but its TEC is 
much higher than that of the solid electrolyte. 

Therefore, many alternative cathode materials with mixed 
conductivities are being investigated for possible use in 
SOFCs. One of them is LaFeOs, which possesses mixed, i.e. 
electronic and ionic, conductivity [ 10] and is therefore a 
good candidate for the SOFC cathode. The specific resistivity 
of LaFeO3 is around two orders of magnitude higher than that 
of LaMnO3 [ I I ] but it can be decreased by doping with 
alkaline earth oxides [ ! 2]. It is interesting to note that, while 
many papers describe the influence of SrO doping on the 
characteristics of lanthanum femte, there are, at least to the 
authors' knowledge, no data in the open literature on the 
influence of CaO doping on the electrical parameters of 
LaFeOs. 
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A range of solid solubilities cxists between LaFcO3 and 
LaAIO3 which enables some "tailoring' of material charac- 
teristics [ 13]. Undoped LaAIO3 is a dielectric, while doped 
LaAIOs becomes a mixed conductor [ 14]. The partial 
exchange of  iron oxide with alumina in LaFeO3 perovskite 
also decreases the rate of reaction between the YSZ solid 
electrolyte and the lanthanum perovskite-based cathode 
[ I t, 15 ]. It is known that practically all lanthanum perovski- 
tes used for SOFCs, with the possible exception ofchromites 
[ 16], react with zirconia forming undesirable La2Zr207 at 
the interface. The specific electrical resistivity of La2Zr207 is 
more than two orders of magnitude higher than that of YSZ 
leading to increased cell losses due to increased internal resis- 
tivity and therefore decreases in its yield [8,17-21 [. 

In this work an evaluation of the electrical and microstruc- 
tural characteristics of ( La, _~Ca~)FeO~ (for x between 0 and 
I)  and La(Fe t_~Al~)O 3 (for x between 0 and 0.96) based 
materials is described. It should be mentioned that alumina- 
rich perovskites, i.e. x=0.94,  are not of interest for SOFC 
cathodes due to their high specific resistivities, and are 
included to cover the entire A1203 concentration range. 

2. Experimental  

For experimental work, La(OH)3 (Ventron, 99.9%), 
F0203 (Alfa, 99.9%), AI203 (Alcoa, A-16, +99%) ,  and 
CaCO 3 ( Merck, + 99% ) were used. The samples were mixed 
in isopropyl alcohol, pressed into pellets, pro-fired at 1000 
°C, and fired twice at 1200 °C for 10 h with intemlediate 
grinding. During firing pellets were placed on platinum foils. 
The composition of the samples were La z _~Ca~,FeOy with 
x = O ,  0.1, 0.3, 0.5, 0.75, and 1 and La (Fe j_~AI jO  3 with 
x = O ,  0.2, 0.4, 0.5, 0.8. and 0.96. The chosen compositions 
are shown schematically in Figs. I and 2 for La(Fe~ _=,AIj 03 
and Lat_~Ca~FeO3, respectively. The binary compound 
CaFe40~ is stable only in a narrow temperature range between 
1155 and 1226 °C [ 22 ]. Fired materials were investigated by 
X-ray powder diffraction (XRD) analysis. Microstructures 
of samples were observed by scanning electron microscopy 
(SEM) and analysed by energy dispersive X-ray microanal- 
ysis (EDS). Electrical d.c. resistance was measured by the 
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Fig, I. Chosen compositions in the Lot Fe, - ,AIJO3 system. 
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Fig. 2. Chosen compositions in the La, ,Ca,FeO~ system. 

four-point method in the 20-920 °C temperature range in air. 
Unfritted Pt electrodes (Demetron M8014) were printed as 
contacts on the samples and fired for 30 rain at 1000 °C. 

3. Results and discussion 

3./. L~tFe,_~ZJO~ 

XRD spectra of materials with the nominal composition 
La(Fel _~AIx)O3 are shown in Fig. 3. Samples with x = 0  
( L a F e O j  and x = 0 . 4  are  single-phase solid solutions of  
Al203 in LaFeO 3, while the sample with x=0 .5 ,  i.e. with 
nominal composition La(Feo.sAlus)O3 is a two-phase mix- 
ture of a solid solution of  A1203 in LaFeO3 and a solid solution 
of Fe20~ in LaAIO3. The X-ray spectrum of LaA103 (x = I ) 
is also shown for comparison. 

Specific resistivities of La(Fe, -,~Alx)O~ at room tempe,. 
ature and at 920 °C are summarised in Table 1. 

Specific resistivities i ase with increasing concentration 
of AltOn. Resistivities of oamples with x = 0, 0.2 and 0A are 
relatively close together while for higher concentrations of 
alumina the increase in resistivity is more pronounced. This 

~00 LaFe(1.x) I(x)03 _ _ _  

, - ,  i )<l 
2 ~  

Fig. 3. X-ray spet,.u'a of materials with nominal composition 
La(Fel _ ~AI~ )O.~. The sample with x ~ 0.5. i.e. with a nominal composition 
La(FeosAIos)O~, is a two.phase mixture of a solid solution of AI203 in 
l..a~O~ and solid solution of Fe20 ~ in LaAIO 3, 
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Table ] 
Specific resislivities of materials with nominal compositions 
LalFet _.,AI~)O3 at room temperatu.'e and at 920 'C 

La(Fea_ ,AI~)O~ Specific resistivity at Spec~.flc resistivity 
room temperature at 920 °C 
(~m) ( t im) 

x = 0 67110 0~029 
x=0.2 15000 0A0 
x = 0.4 25000 0.16 
x=0.5 160000 0.95 
x=0.94 > 100× 10 ~ 63 

o _  i t hi 

• -~ 4 ~  

~ _ 

theta 
Fig, 6. X-~y spectra of materials with the nominal c ~ i l i ~ a  
La~_ ,Ca.FeO~. For x = 0.5 a new sinsle ph~e, isostruetaral with LaFeO3, 
wa,~ oh~rved. 

Fig. 4. The microstmetute of La( Feo:~Al0.2 )03 fired 60 h at 1200 °( 

Fig. 7. The micmstructm.e of ~ with nomi~ ¢omp~tion 
Lao 7Cao ~FeO,. Dark glmy inclusiofls lepresent a calalum-lich pha~. 

Fig. 5. The mlcrostructute of La ( Fec6AIo,4)O3 fired 60 h at 1200 *C. 

is presumably due to the solid solution limit o f  AI203 in 
LaFeO3 [ 13]. 

The microstructares o f  La(Fel  _~AI~)O3 samples fired for 
60 h at 1200 °C are shown in Fig. 4 ( x = 0 . 2 )  and Fig. 5 
(x = 0.4). The microstrueteres are porous and average grain 
diameters decrease with increasing AI203 content. 

3.2. (La,_~Ca,)FeO~. 

X-ray spectra o f  materials with the nominal composition 
Lat _.¢Ca.cFeOy (x=O.  0.1, 0.3, 0.5, 0.75, and I )  are shown 

in Fig. 6. For x = 0.1 only peaks o f  the solid solution o f  CaO 
in LaFeO3 were observed. At x = 0.3 two phases were noticed 
while for x = 0.5 only a new single phase was observed. This 
phase is iso-structuml with LaFeO3. The sample wi thx = 0.75 
is a mixture o f  Lao.sCao.sFeOy and Ca2Fe205. 

The microstruetures o f  samples with x = 0 . 3  and 0.5 are 
shown in Figs. 7 and 8, respectively. A microphotograph o f  
tile material with the nominal composition Lao.TCao.3FeOy 
shows inclusions o f  a darker, calcium-rich phase in a lighter 
matrix while material with x = 0.5 is single phase. 

Specific resistivities ofLat  _ xCaxFeOy at room temperature 
and at 920 *(2 are summarised in Table 2. 

The room temperature resistivities o f  Lat_~Ca~FeOy 
decrease with increasing values o f  x to x = 0 . 5  and then 
increase with further increase in x. The resistivity o f  the 
Lao.sCa0.sFeO s is more than four orders o f  magnitude lower 
than the resistivity o f  LaFeO3, and at temperatures over 
100 °C (specific resistivity around 0.05 ,qm) is practically 
independent o f  the temperature. The independence o f  resis- 
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X-ray spectra. The sintered materials are porous and average 
grain diameters decrease with increasing AI2Oa content. 

In the La  t ~Ca~,FeO3 system a new single phase, iso-struc- 
tural with LaFeO3, was observed for x = 0 . 5 .  The  room 
temperature resistivities o f  La~ _~Ca~FeO r decrease with 
increasing values o f  x up to x =  0.5.  The  resistivity o f  

Lao.sCao.sFeO s is more than four orders o f  magnitude lower 
than the resistivity o f  LaFeO3 and at temperatures over  
100 °C is practically independent o f  temperature. 

Fig. 8. The microstructure of material with nominal composition 
La~ .,fee ~:eO,. 

Table 2 
Specific resistivities of materials wilh nominal compositions La L ~Ca,FeO, 
at room temperature and at 920 *C 

La t _ ~Ca~FeO> Specific resistivity at Specific resislivily 
room temperature at 920 °C 
( t im)  (Flm) 

x~o 6700 0.029 
x=O.l 16.6 0.074 
x=0.3 3.50 0.026 
x=0.5 0.26 0.038 
x=0.75 7.75 0.125 
x = I 110000 1.085 

fivity versus temperature,  i.e. the low resistivi:y over  the 
entire temperature range,  could be important for the next 

generation o f  SOFCs  a iming at lower working temperatures 
around or under 850  °C. 

4. Conclusions  

AI203- and CaO-modif ied LaFeO 3 were tested as possible 
solid oxide fuel cell  ( S O F C )  cathode materials. Materials  
with nominal  composit ions La(Fem_~Al~)O3 ( x = 0  to 
x ~ 0 . 9 4 )  and Lal  _xCaxFeO3_y ( x = 0  to x = l )  were  syn- 
thesised. The  materials  were  studied by XRD analysis, SEM 
and EDS microanalysts.  D.c. resistivifies were measured as 
a function o f  temperature. 

In the La(Fel_~Al~)O3 system, specific resisfivities 
increase with increasing concentration o f  AI203. Resistivities 
o f  samples with x = 0,2 and 0.4 are relatively close together 
while  for higher  concentrations of  alumina the increase in 
resistivity is more pronounced. This  is presumably due to the 
solid solution l imit  o f  AI203 in LaFeO3, as shown also by the 
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