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Abstract

The chemical compatibility of a La1�ySryFe1�xAlxO3-� cathode and an yttria-stabilised ZrO2 electrolyte (YSZ) was studied for

solid-oxide fuel cell (SOFC) applications. The Al addition to the LaFe1�xAlxO3 reduces the reactivity with the YSZ associated with
increasing tolerance factor. The Sr addition to the LaFe1�xAlxO3 leads to Fe4+ and anion-vacancy formation. The Sr addition
hinders the formation of La2Zr2O7, but at y50.2 promotes the formation of SrZrO3 at the La1�ySryFe1�xAlxO3��/YSZ interface. At
low p(O2) the formation of secondary phases is pronounced what could be related to the formation of anion vacancy. # 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

In solid-oxide fuel cells (SOFCs) LaMnO3��-based
perovskites are currently used as the cathodes, and ZrO2

containing 8 mol% Y2O3 (YSZ) as the solid electrolyte.
The main disadvantage of a LaMnO3��-based cathode
is its incompatibility with the solid electrolyte. At the
operating temperature of �1000�C, high-impedance
layers (La2Zr2O7 and SrZrO3) are formed at the cath-
ode/electrolyte interface, lowering the fuel-cell effi-
ciency. As a result, other conductive oxides are being
investigated as possible SOFC cathodes.
Yokokawa et al.1 studied the chemical stability of

perovskite compounds in terms of stabilisation energy,
which is strongly related to the Goldschmidt tolerance
factor t. This factor describes the geometrical matching
between ions in a perovskite lattice and reaches the
value of 1 when the matching is ideal. Simultaneously,
the compounds with t �1 exhibit a large stabilisation
energy. On the basis of the stabilisation energy it was
theoretically shown that LaFeO3 and YSZ would not
form La2Zr2O7.

1

LaFeO3 is stable in the oxygen partial pressure p(O2)
range from 1 to 10�13�63 bar at 1200�C.2 At room
temperature in air LaFeO3 has an orthorhombic struc-
ture and up to 845�C no phase transition has been
observed.3 In air up to 1200�C, LaFeO3 has no anion
vacancies in its structure and all iron ions are in the
valence state 3+.4 At low oxygen partial pressures, the
Fe2+ and anion vacancies are formed. LaFeO3 is a
hopping-type conductor with a conductivity of 0.5 S/
cm at 900�C in air.5 At the SOFCs’ operating tem-
perature a conductivity of at least 100 S/cm is required
for the cathode materials. The lack of conductivity
limits the use of LaFeO3 as a cathode in a SOFC. The
conductivity of LaFeO3 is increased with addition of Sr
and results in the formation of Fe4+ and anion vacan-
cies.4

This paper is focused on the correlation between the
defect structure and conductivity of LaFeO3-based per-
ovskites. The chemical compatibility of La1�ySryFe1�x
AlxO3�� and YSZ is discussed in relation to the defect
structure.

2. Experimental

La1�ySryFe1�xAlxO3�� (04x41, 04y41) solid solu-
tions were synthesised by a solid-state reaction from
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La(OH)3 (Ventron, 99.9%), Fe2O3 (Alfa, 99.9%), Al2O3

(Alcoa, A — 16, +99%) and SrCO3 (Ventron, 99.9%)
materials. The powders were homogenised, pressed into
pellets and fired at 1300�C for up to 100 h in air.
The single-phase materials were characterised at room

temperature by X-ray powder diffraction analysis (XRD)
using a Philips PW 1710 diffractometer with Cu–Ka

radiation. Cell parameters were calculated by the least-
squares method.
The amount of Fe4+ ions in La1�ySryFe1�xAlxO3��

was determined by Mössbauer spectroscopy. All mea-
surements were conducted using standard transmission
geometry. A constant acceleration spectrometer with a
57Co/Rh source was used for the experiment. The spectra
were fitted to the sum of the Lorentzians by a least-
squares-refinement method.
The conductivity of sintered pellets with diameter 6

mm and thickness 4 mm was measured using the four-
point method with a Keithley 196 multimeter and a
Keithley 580 Micro-ohmmeter in the temperature range
from 20 to 900�C in air and in nitrogen. Unfritted Pt
electrodes (Demetron M 8014) were used as contacts.
For the compatibility study a 1:1 mass ratio of the

La1�ySryFe1�xAlxO3-� and YSZ (ZrO2 8 mol% Y2O3,
Tosoh, >99%) powders were homogenised, pressed
into pellets and fired at 1200�C for 30 h in air or in
nitrogen [p(O2)=50 Pa]. After heat treatment the pellets
were analysed by X-ray powder diffraction analysis.
Diffusion couples were prepared from presintered

La1�ySryFe1�xAlxO3�� and YSZ pellets, which were hot
pressed at 1300�C for 15 h in air. A scanning electron
microscope (SEM) Jeol-JXA 840 equipped with a Tracor-
Northern energy dispersive system (EDS) was used for
overall microstructural and compositional analysis.

3. Results and discussion

The chemical compatibility of cathode materials and
YSZ was evaluated in terms of a tolerance factor. The
calculated tolerance factor (t) for LaFeO3 is 0.957. A
higher tolerance factor should lower the reactivity with
YSZ,1 therefore, materials with a higher tolerance factor
than LaFeO3 were estimated. LaAlO3 is a suitable
material not only because its calculated tolerance factor
(t) is 1.02 but also because LaAlO3 and LaFeO3 form
solid solutions of LaFe1�xAlxO3 across the whole com-
position range 04x41 at 1300�C.6

In the LaFe1�xAlxO3 perovskite structure Al ions are
incorporated onto Fe sites according to Shannon’s radii
size [r(Al3+)=0.053 nm, r(Fe3+)=0.064 nm].7 Möss-
bauer spectroscopy showed that all the iron ions in
LaFe1�xAlxO3 are in the 3+ valence state and no anion
vacancies are observed in the structure in air up to
1200�C. As a consequence, the total conductivity of
LaFe1�xAlxO3 decreases with increasing Al content.8

The X-ray powder diffraction analysis shows that
LaFeO3 and YSZ do not form any reaction products in
air at 1200�C after 30 h. However, La2Zr2O7 formation
was observed in the LaFeO3/YSZ mixture fired in
nitrogen [p(O2)=50 Pa] at 1200�C after 30 h (Fig. 1).
The X-ray powder diffraction analysis showed no

reaction products formed between LaAlO3 (t=1.0) and
YSZ nor between a LaFe0.7Al0.3O3 (t=0.97) and YSZ
mixture, both fired in air at 1200�C for 30 h. After firing
in nitrogen, La2Zr2O7 was formed from LaFe0.7Al0.3O3

and YSZ, whereas no reaction products were observed
with the LaAlO3 and YSZ mixture (Fig. 2). From the
results it appears that the formation of secondary phase
is pronounced at low oxygen partial pressure (e.g. in
nitrogen) and that LaAlO3 hinders La2Zr2O7 formation,

Fig. 2. LaFe0.7Al0.3O3/YSZ (a) and LaAlO3/YSZ (b) mixture fired at

1200�C for 30 h in nitrogen. The La2Zr2O7 was detected in LaFe0.7
Al0.3O3. LAF— LaFe0.7Al0.3O3, LA— LaAlO3, LZ— La2Zr2O7.

Fig. 1. LaFeO3/YSZ mixture fired at 1200�C for 30 h in (a) air (b)

nitrogen. The formation of La2Zr2O7 was observed in nitrogen. LF —

LaFeO3, LZ — La2Zr2O7.
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which is in agreement with the thermodynamic predic-
tions reported by Yokokawa.1

In order to understand the diffusion processes
between cathode and YSZ, the unit-cell parameters of
LaFe1�xAlxO3 were calculated after the firing of the
LaFe1�xAlxO3/YSZ mixtures. It has been reported that
the unit-cell volume of LaFeO3 changes if the structure
is modified with other ions, i.e. Co3+.9 The unit-cell
volume of LaFeO3 fired in air and in nitrogen is
0.2430(2) nm3 and 0.2433(2) nm3, respectively, and is
within experimental error practically the same. The
unit-cell volume of LaFeO3 fired with YSZ in air is
0.2436(7) nm3 and in nitrogen, where the La2Zr2O7 for-
mation was the most evident, 0.2444(5) nm3. The slight
unit-cell expansion is attributed to the diffusion of Zr
and/or Y ions into LaFeO3.
This is in agreement with the results obtained by

electron microscopy for the LaFe1�xAlxO3/YSZ diffu-
sion couple fired at 1300�C in air. The temperature of
1300�C is sufficient for a 2 mm layer of La2Zr2O7 to be
formed at the LaFeO3/YSZ interface, whereas no reac-
tion products were detected in the LaFe0.7Al0.3O3/YSZ
mixture.10 Fig. 3 shows the quantitative distribution of
the elements in the LaFeO3/YSZ diffusion couple indi-
cating considerable interdiffusion between LaFeO3 and
YSZ in air at 1300�C. Zr ions diffuse up to 5 mm into
LaFeO3, whereas La and Fe ions are detected at the
distance of up to 10 mm in the YSZ. In La2Zr2O7, Fe
ions are detected. The Y distribution was not deter-
mined by EDS analysis because the characteristic lines
of Y and Zr overlap. There is no data concerning the
solubility of ZrO2 in LaFe1�xAlxO3, but it is known that
at 1300�C in air the solubility of La2O3 in ZrO2 is up to
2% and for Fe3O4 in ZrO2 up to 5%.11,12 The solubility
of Al2O3 in ZrO2 was shown to be negligible.13 Accord-
ing to results obtained by EDS analysis it seems that the

expansion of the unit-cell volume of LaFeO3 is a con-
sequence of the diffusivity of Zr ions into LaFeO3. The
ionic radius of Zr4+ [r=0.072 nm] is bigger than Fe3+

[r=0.064 nm]7 and consequently it is expected that the
lattice parameters of LaFeO3 would expand.
Mizusaki et al.4 reported that in La1�ySryFeO3-� the

concentration of anion vacancies increases and the Fe4+

concentration decreases with increasing Sr content and
with increasing temperature. The results obtained by
Mössbauer spectroscopy show that the incorporation of
Sr into La1�ySryFe1�xAlxO3�� causes a charge imbalance
leading to Fe4+ and anion-vacancy formation. The
total conductivity depends on Fe4+/Fe3+ ratio in La1�y
SryFe1�xAlxO3��. For La1�ySryFe0.7Al0.3O3�� perovskites
the total conductivity exhibits maximum at y=0.2 in air
in temperature range from 20 to 900�C.6

For the compatibility study the powder mixture of
La0.8Sr0.2Fe0.7Al0.3O3�� and YSZ was fired at 1200�C
for 30 h in air and in nitrogen. The results obtained by
X-ray powder diffraction analysis show that SrZrO3 was
formed in air as well as in nitrogen. The La2Zr2O7 phase
was not detected. Similar results were obtained for the
La0.8Sr0.2Fe0.7Al0.3O3��/YSZ diffusion couple fired in
air at 1300�C. The quantitative distribution of the ele-
ments for the La0.8Sr0.2Fe0.7Al0.3O3��/YSZ is shown in
Fig. 4. EDS analysis indicates considerable interdiffu-
sion between La0.8Sr0.2Fe0.7Al0.3O3�� and YSZ. La, Fe
and Sr ions diffuse into the YSZ and the Zr ions diffuse
into the La0.8Sr0.2Fe0.7Al0.3O3�� perovskite phase what
coincides with the literature data concerning solubility.
The solid-solubility limits of La2O3, SrO, Fe2O3 and
Al2O3 into ZrO2 is up to 2,11 2.5,14 512 and 013 mol% at
1300�C in air, respectively. There is no data concerning
the solubility of ZrO2 and Y2O3 in La1�ySryFe1�x
AlxO3��. In SrZrO3, La and Fe ions are detected. Al
ions were detected neither in the YSZ nor in the SrZrO3.

Fig. 3. Quantitative distribution of the elements in the LaFeO3/YSZ

diffusion couple, fired at 1300�C for 15 h in air.

Fig. 4. Quantitative distribution of the elements in the

La0.8Sr0.2Fe0.7Al0.3O3��/YSZ diffusion couple, fired at 1300�C for 15 h

in air. LSFA — La0.8Sr0.2Fe0.7Al0.3O3��.
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The distribution of Y was not shown, because the char-
acteristic lines of Y, Sr and Zr overlap.
The lattice parameters of La0.8Sr0.2Fe0.7Al0.3O3�� and

La0.8Sr0.2Fe0.7Al0.3O3�� fired with YSZ at 1200�C in air
and in nitrogen were calculated. The unit-cell volume of
La0.8Sr0.2Fe0.7Al0.3O3�� fired in air is 0.3450(9) nm3 and
it is expanded when it is fired with YSZ in air [0.3554(6)
nm3]. In nitrogen, the unit-cell volume of La0.8Sr0.2
Fe0.7Al0.3O3-� is 0.3516(4) nm

3 and the unit-cell volume
of La0.8Sr0.2Fe0.7Al0.3O3-� fired with YSZ in nitrogen is
0.3590(5) nm3. The unit-cell volume of La0.8Sr0.2
Fe0.7Al0.3O3�� fired in nitrogen is higher then that in air
[Vair=0.3450(9) nm3, Vnitrogen=0.3516(4) nm3]. Mizu-
saki et al.4 reported that the concentration of anion
vacancies in La1�ySryFeO3�� increases with decreasing
oxygen partial pressure. The increase in unit-cell volume
of La0.8Sr0.2Fe0.7Al0.3O3�� in nitrogen could be a con-
sequence of anion vacancy formation at low oxygen
partial pressure leading to increase in lattice parameters.
The considerable expansion of the unit-cell volume of

La0.8Sr0.2Fe0.7Al0.3O3�� fired with YSZ in air as well as
in nitrogen could originate from the dissolution of Zr
ions into the perovskite lattice, which agrees with the
EDS analysis performed on the La0.8Sr0.2Fe0.7Al0.3O3��/
YSZ diffusion couple. The ionic radius of Zr4+ is bigger
than that of iron ions [r(Zr4+)=0.72 nm, r(Fe3+)=
0.064 nm, r(Fe4+)=0.0585 nm]7 and therefore the
expansion of the lattice parameters is expected.
The addition of Sr into La1�ySryFe1�xAlxO3-� hinders

the formation of La2Zr2O7, but promotes the formation
of SrZrO3 at 1200�C in air as well as in nitrogen. It
seems that the concentration of secondary phase SrZrO3

in La0.8Sr0.2Fe0.7Al0.3O3��/YSZ mixture in air and in
nitrogen does not distinguish significantly. The influence
of oxygen partial pressure on reactivity between cathode
and YSZ is less prominent in La1�ySryFe1�xAlxO3��

than in LaFe1�xAlxO3.
The formation of secondary phases and considerable

interdiffusion between the perovskites: LaFeO3, LaFe0.7
Al0.3O3, La0.8Sr0.2Fe0.7Al0.3O3�� and YSZ, demonstrate
that they are not coexistent phases.

4. Conclusion

La1�ySryFe1�xAlxO3�� solid solutions were evaluated
as a possible cathode material for solid-oxide fuel cells.
The present investigation has revealed that the secondary
phases La2Zr2O7 and SrZrO3 should formed between
La1�ySryFe1�xAlxO3�� cathode and yttrium-stabilised
ZrO2 solid electrolyte what depends on Sr and Al con-
tent in La1�ySryFe1�xAlxO3��, on oxygen partial pres-
sure and temperature. At 1200�C in LaFe1�xAlxO3/YSZ
mixture no reaction products were observed in air and
in nitrogen in LaAlO3/YSZ mixture whereas La2Zr2O7

was formed in LaFeO3/YSZ and LaFe0.7Al0.3O3/YSZ

mixtures in nitrogen. SrZrO3 was formed between
La0.8Sr0.2Fe0.7Al0.3O3�� and YSZ at 1200�C in air and in
nitrogen.
The unit-cell volume of La0.8Sr0.2Fe0.7Al0.3O3��

expands when it is fired with YSZ at 1200�C in air and
in nitrogen. This coincides with EDS analysis which
shows considerable interdiffusion between La1�ySry
Fe1�xAlxO3�� and YSZ. The Al addition and firing at
high oxygen partial pressure hinders the reaction
between LaFe1�xAlxO3 and YSZ. The Sr addition in
La1�ySryFe1�xAlxO3�� promotes the SrZrO3 formation.
The influence of atmosphere on reactivity between
cathode and YSZ is less prominent in La1�ySryFe1�x
AlxO3�� than in LaFe1�xAlxO3.
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