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(La0.8Sr0.2)(Mn1−yFey)O3±δ oxides for ITSOFC cathode materials?
Electrical and ionic transport properties
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Abstract

The oxygen transport properties in (La0.8Sr0.2)(Mn1−yFey)O3±δ (LSMF) with various iron contentsy= 0, 0.2, 0.5, 0.8 and 1 were determined
by the IEDP technique. Both oxygen diffusion and surface exchange coefficients were found to be greater fory= 0.8 and 1 than those of
LSM (y= 0). Moreover, fory≤ 0.5, grain boundary diffusion was the rate limiting step especially at lower temperatures. Thus, in the LSMF
perovskite materials, the oxygen diffusion via oxygen vacancies is enhanced by Fe. The LSMF electrical performances were measured by
i ty:
F n. For
L
c
©

K

1

c
f
t
i
I
(
w
o
i
i
a
b
c
M

ated
k
Fe
pic
ance

ine-
d and
F
onto
ted
led
for

0
d

mpedance spectroscopy. Compared to LSM and LSF (y= 1), porous LSMF cathodes withy= 0.2–0.8 exhibit poor electronic conductivi
e, by reducing the number of couples Mn3+/Mn4+, decreases the amount of available hopping sites, limiting the electrical conductio
SF, the charge disproportionation Fe3+/Fe5+ improves the electrical properties. In conclusion, only the LSMF compounds withy∼ 1 or 0
an be considered as good cathode materials for SOFC applications.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

In order to improve the properties of solid oxide fuel
ells (SOFCs) at 700◦C, it is needed to better understand the
actors limiting the cathodic performances and to optimize
he cathode materials. One solution consists in using a mixed
onic electronic conductor to lower the cathode polarization.
n this view, the electrical and ionic conductivities of the
La0.8Sr0.2)(Mn1−yFey)O3±δ perovskites (denoted LSMF)
ere investigated.1 It can be expected that the substitution
f Fe for Mn leads to the formation of high valence B-cation

n the perovskite stucture ABO3, i.e. Mn4+ and Fe4+, and
nduces important modifications in its magnetic, transport
nd electrocatalytic properties. It is well known that various
ulk and surface properties like metal–insulator transition,
olossal magneto-resistance or catalytic activity of both
n- and Co-based perovskites are due to the formation of
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B4+ cation.2 For instance, the presence of Mn3+ O Mn4+

units gives rise to semiconductor–metal transition rel
to the double-exchange mechanism3. The present wor
aims at evaluating the prevailing role of Mn and
cations in the transport properties of LSMF by isoto
exchange depth profile (IEDP) technique and imped
spectroscopy.

2. Preparation and preliminary characterization of
the LSMF compounds

The LSMF samples were synthesized by the glyc
nitrate process. Part of the samples was dry presse
sintered at 1400◦C for 4 h and finally polished. LSM
films of few hundred nanometers thick were deposited
polycristalline zirconia (YSZ) by dip-coating associa
with sol–gel process. The M̈ossbauer spectroscopy revea
that, for y= 1 (LSF), the complete substitution of Fe
Mn induces the formation of Fe5+. The Fe3+/Fe5+ charge
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.117
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Table 1
Chemical formula and oxygen non-stoechiometryδ of (La0.8Sr0.2)-
(Mn1−yFey)O3±δ determined by M̈ossbauer spectroscopy, ICP-AES anal-
ysis and chemical titration at low temperature (150 K or RT)

LSMF Chemical formula δ

22 La3+
0.800Sr2+

0.182Mn3+
0.518Mn4+

0.305Fe3+
0.195O3.084 +0.084

25 La3+
0.802Sr2+

0.190Mn3+
0.364Mn4+

0.141Fe3+
0.503O3.04 +0.04

28 La3+
0.797Sr2+

0.189Mn3+
0.161Mn4+

0.045Fe3+
0.808O2.992 −0.008

210 La3+
0.796Sr2+

0.187Fe3+
0.936Fe5+

0.081O2.94 −0.06

The powders were treated at 800◦C under air during 60 h. The S.D. of
cationic composition is± 1%.

disproportionation is about 8%, as already reported.4,5 How-
ever, for LSMF withy= 0.2–0.8, no tetravalent iron cation
was identified in air involving that only the Mn3+/Mn4+

couples were electronically active in the bulk.5 This
study, supplemented by ICP-AES analysis and chemical
titration, showed the existence of vacancies, cationic for
the iron-poor compounds or anionic for the iron-rich ones
(Table 1).

3. Impedance spectroscopy measurements

Complex impedance measurements were carried out in
air between 400 and 1100 K. Symmetrical cells composed
of porous LSMF electrodes deposited on both surfaces of
a dense YSZ pellet were tested. These films had high sur-
face area and complex microstructure, features close to
those of the cathode material in the operating SOFC con-
ditions. The samples were pressed between two platinum
grids and the impedance diagrams were analyzed using the
Z view software.Fig. 1 shows a typical impedance dia-
gram recorded for LSMF withy= 0.5. The low-frequency
contribution was attributed to the cathode phenomena.6

The chord of the low-frequency circle, namelyRLF, char-
acterizes the polarization resistance under zero dc current
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Fig. 2. Arrhenius plots of the polarization resistance of LSMF in air.

4. Oxygen diffusion and surface exchange processes

The oxygen diffusion coefficients were determined by
SIMS depth profiling of the18O tracer after isotopic ex-
change. Densified and polished pellets, preannealed in16O
were treated in18O (98%) between 973 and 1173 K. Two
kinds of analyses were carried out according to the pene-
tration depth of18O in LSMF: profilometry mode from the
surface to the heart of the sample for penetration smaller than
5�m or mapping of16O− and18O− ions over the cross sec-
tion of the sample. Tracer diffusivities were determined by
using the Crank equation:

C′(x, t) = C(x, t) − C0

CS − C0
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whereC′(x, t) is the18O isotopic concentration at the depthx,
t is the exchange time (s),CS is the18O concentration at the
surface (98%),C0 is the natural isotopic background level of
18O (0.2%),D∗ is the bulk18O diffusion coefficient,k is the
18O surface exchange coefficient.Agb andZgb are specific
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Fig. 2shows the Arrhenius plot of the normalized polar

ion resistanceRpol =RLFS/2, whereSis the electrode surfac
rea. It can be observed thatRpol increases with iron conte
p toy= 0.8 and then decreases.

ig. 1. Impedance diagram recorded on porous LSMF (y= 0.5) at 600◦C
n air. Numbers indicate the logarithm of the ac measuring frequency
SZ resistance has been subtracted.
onstants characterizing the grain boundary diffusion.
In Fig. 3a are represented the variations ofD∗ for the

erovskite compound LSMF (this study), LSM [7] and
a0.8Sr0.2CoO3±δ [8]. From these Arrhenius plots, it can
bserved that the Fe substitution for Mn improves the
en diffusion coefficients,D∗. TheD∗ values recorded fo
SF are similar to those determined for La0.8Sr0.2CoO3, a
ell known mixed conductor8 (Fig. 3a). Moreover, the su

ace exchange coefficient of LSF is at least 150 times h
han for low iron contents (Fig. 4). The activation enthalp
or oxygen bulk diffusion as a function of the iron cont
Fig. 3b) is related to the defect chemistry in the LSMF co
ounds. Fory= 1, the low value of�HD* reveals the facility
f both formation of oxygen vacancies and incorporatio
xygen in this material.
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Fig. 3. (a) Arrhenius diagram of the bulk oxygen tracer diffusion for LSMF and La0.8Sr0.2CoO3±δ. The experimental error is lower than 10% (estimated from
several profiles obtained on the same sample). (b) Activation enthalpy for oxygen tracer diffusion in the bulk as a function of iron content.

Fig. 4. Arrhenius diagram of the surface exchange coefficients for LSMF and La0.8Sr0.2CoO3±δ.

From the extended tails of the oxygen depth profiles and
using the Le Claire’s equation,9,10the role of the grain bound-
ary diffusion can be characterized. TheD∗

gb coefficients of
LSMF with y= 0.2 and 0.5 are reported inFig. 5 in compar-
ison withD∗, showing that, for iron-poor compositions, the

Fig. 5. Arrhenius diagram of oxygen diffusion coefficient in bulk (D∗) and
grain boundaries (D∗

gb) for LSMF with y= 0.2 (full markers) and 0.5 (empty
markers).

grain boundary diffusion coefficient is three orders of mag-
nitude higher than the bulk diffusion one.

5. Conclusion

Doping with Fe decreases the Mn3+ O Mn4+ units, and
therefore the available hopping sites. The double exchange is
reduced, limiting metallic conduction. Thus, when the bulk
properties are considered, the LSMF compounds withy �= 1
do not seem to be good materials as SOFC electrodes. For
y= 1, the charge disproportionation Fe3+/Fe5+ improves the
electrical properties. Furthermore, comparison with ionic
transport properties, shows that iron plays a key role in both
oxygen diffusion and surface exchange processes. With iron
content increasing (y= 0.8–1), the concentration in oxygen
vacancies increases, facilitating the oxygen diffusion via
anionic vacancies. Thus, compared to (ferro)manganite
perovskites, LSF (y= 1) electrodes exhibit promising elec-
trocatalytic properties in agreement with the values of the
surface exchange coefficient,k. Consequently, a comparative
study in working conditions of ITSOFCs after optimization of
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the cathode microstructure for the compositionsy= 1 (LSF)
and 0 (LSM) is in progress in order to test both electrical
properties and reactivity with YSZ commonly used as solid
electrolyte.
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