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a b s t r a c t

A family of iron perovskites with the general formula AFeO3−ı (A = Ln1−xMx; Ln = La, Nd and/or Pr; M = Sr
or/and Ca) has been prepared keeping fixed the A cation radius 〈rA〉 and cation size mismatch to isolate the
effect of divalent dopant concentration from the A-cation steric effects. The electrochemical behaviour
of these compounds for their application as SOFC cathodes was evaluated by using I–V curve measure-
vailable online 31 December 2008

eywords:
SF
erovskite
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ments and ac impedance spectroscopy over three electrodes electrolyte supported cells processed under
identical conditions. In contrast with the bulk behaviour, trends are more difficult to observe due to
microstructural effects, but results seem to indicate that the doping level, x, does not influence in a
significant way the electrochemical performance of iron perovskites with identical 〈rA〉 and �2(rA).

© 2009 Elsevier B.V. All rights reserved.

lectrochemical performance
-site

. Introduction

Classical LSM (La1−xSrxMnO3) compounds have shown good and
table performance as cathode materials in Solid Oxide Fuel Cells
SOFCs) operating at temperatures above 800 ◦C, however their
erformance decreases rapidly as the temperature decreases [1].
obalt containing perovskite oxides usually exhibit higher ionic
onductivities than LSM due to a greater concentration of oxy-
en vacancies. Nevertheless, their thermal expansion coefficients
TECs) are much larger than those corresponding to the electrolytes
2,3]. Iron perovskites such as LSF (La1−xSrxFeO3) are also good can-
idates as SOFC cathodes [4] showing a better-matched TEC while
aintaining the high mixed conductivity and good catalytic activity

or oxygen reduction. In addition, LSF perovskites tend to react more
lowly with the typical yttrium-stabilized zirconia (YSZ) electrolyte
han LSM and LSC compounds at the operating temperature. Then,
he LSF cathodes give promising high power outputs and long-term

tability.

The present (Ln1−xMx)FeO3−ı system has been chosen to study
he systematic effect on their properties of different parameters
hat control the A-site of the perovskite structure (A = Ln1−xMx).

∗ Corresponding author. Tel.: +34 946 015 801; fax: +34 946 013 500.
E-mail addresses: karmele.vidal@ehu.es (K. Vidal),

aribel.arriortua@ehu.es (M.I. Arriortua).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.12.034
The A-site is generally composed by combinations of trivalent lan-
thanide (Ln = La, Pr, Nd, Sm, Gd) and divalent alkaline-earth cations
(M = Ca, Sr, Ba) which produce different average sizes, 〈rA〉, and
charge of the A-site. This directly affects the oxidation state and
average size of the B-site cation (Fe for this case), given by the dop-
ing level x. Apart from the average A size and doping, there is a
third factor that affects the properties of perovskite materials: the
variance of the A-cation radius distribution, �2(rA), that arises from
the size mismatch of the cations occupying the A-site. The effects
of the size mismatch and disorder have been studied in AMnO3
perovskites [5] and extended to other systems such as A2CuO4
superconductors [6], and ATiO3, [7] and ACoO3 [8] perovskites.
These studies have shown interesting trends with the A-site param-
eters in several properties such as the magnetoresistive response,
superconducting critical temperatures, and ferromagnetic Tc, for
example.

Following these studies it has been considered interesting to
carry out similar studies for iron perovskites that have properties of
potential use as SOFC cathodes. In this sense, we aim to study sep-
arately the effects of doping x, average size 〈rA〉, and disorder �2(rA)
over the structure and properties of a series of (Ln1−xMx)FeO3−ı
perovskite oxides. In a previous work we observed that when dop-
ing level x is isolated from the other two parameters several trends
in the structure, microstructure, and conductivity of the samples
in bulk could be clearly distinguished [9]. To our knowledge, that
has been the first time that the effect of the parameter x has been

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:karmele.vidal@ehu.es
mailto:maribel.arriortua@ehu.es
dx.doi.org/10.1016/j.jpowsour.2008.12.034
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Table 1
Particle size distribution analysis of the prepared Ln1−xMxFeO3−ı iron oxide perovskites.

x Composition 〈rA〉 (Å) �2 (Å2) d10 (�m)* d50 (�m)* d90 (�m)*

0.2 La0.50Pr0.30Sr0.20FeO3−ı 1.219 0.0026 0.54 1.56 6.16
0.3 La0.40Nd0.30Sr0.23Ca0.07FeO3−ı 1.219 0.0030 0.63 1.83 6.54
0.4 La0.20Pr0.40Sr0.26Ca0.14FeO3−ı 1.221 0.0030 0.56 1.56 4.46
0.5 La0.19Pr0.31Sr0.26Ca0.24FeO3−ı 1.220 0.0030 0.58 1.72 7.09
0.6 La0.19Pr0.21Sr0.26Ca0.34FeO3−ı 1.220 0.0030 0.57 1.53 5.03
0.7 La0.18Pr0.12Sr0.26Ca044FeO3−ı 1.220 0.0030 0.51 1.76 7.24
0 0.
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.8 La0.20Sr0.25Ca0.55FeO3−ı 1.220

ominal compositions, mean ionic radius, cation size disorder and doping level x ar
* di indicates that the i percent of the particles present a size smaller than the val

solated from the effects of the other chemical parameters. In
rder to continue that study, here we investigate the effect of the
ariation of the doping level x on the microstructure and electro-
hemical properties of the same perovskites applied as cathodes
n electrolyte supported SOFC cells. This has been achieved by
eeping the average size, 〈rA〉, and size mismatch, �2(rA), constant
hroughout the whole series of compositions prepared. In order to
llow for suitable combinations of A-cations over the whole doping
ange 0.2 ≤ x ≤ 0.8, the fixed values of 〈rA〉, and �2(rA) chosen were
.22 Å and 0.003 Å2, respectively.

. Experimental

Perovskites of general formula (Ln1−xMx)FeO3−ı (Ln = La, Nd,
r; M = Sr, Ca) with 0.2 ≤ x ≤ 0.8 have been synthesised by con-
entional ceramic solid state reaction under identical synthetic
onditions. These conditions and the room temperature X-ray pow-
er diffraction, compositional analysis, bulk microstructure, and dc
onductivity data on sintered rectangular bars of these compounds
n bulk have been reported elsewhere [9].

The previously characterised powders were ball milled under
dentical conditions for 24 h and measured using a Malvern Mas-
ersizer X particle size analyser. Each of these powders was then
eposited by colloidal spraying onto scandium stabilized zirco-
ium electrolyte disks (SSZ, Daiichi Kiganso Kagaku Kogyo Co.,
KKK, 150 �m thickness manufactured by tape casting by Kerafol).
samarium doped cerium oxide (SDC) (Praxair, Surface Technolo-

ies, Combustion Spray Pyrolysis, 99.9%, surface area 14.15 m2 g−1,
50 = 0.6 �m) barrier layer was sprayed and fired at 1100 ◦C between

he electrolyte and the cathode in order to prevent the formation
f phases that lead to electrode degradation [10,11]. Cathode was
ubsequently fired at 1100 ◦C for 2 h. A cermet anode of Ni–SSZ (pre-
ared from a 50:50 volume ratio mixture of NiO, Sigma–Aldrich
nd SSZ) was previously applied to SSZ discs and fired at 1250 ◦C. Pt

ig. 1. Scanning electron microscopy (SEM) images obtained at the same magnification
= 0.6.
0029 0.77 3.44 15.22

n.
en under di .

paste and mesh were used for the pseudoreference electrode and
for current collection.

Electrochemical impedance spectroscopy measurements were
performed using a Solartron 1260 Frequency Response Analyser
coupled to a 1286 Electrochemical Interface. The impedance spec-
tra of the three electrodes cells were recorded at OCP, 100 and
300 mA with a 10 mV ac signal amplitude over the frequency range
106–0.01 Hz at 700 and 800 ◦C. The cathode was exposed to ambi-
ent air and the anode to humidified hydrogen at a flow rate of
100 ml min−1. Current–voltage (IV) measurements have also been
performed between 700 and 800 ◦C.

Images of the microstructure and cross section of button cells
were taken after electrochemical testing using a JEOL JSM 6400
scanning electron microscope (SEM) at room temperature.

3. Results and discussion

The results from particle size analysis after ball milling are
reported in Table 1, together with the compositions of the
(Ln1−xMx)FeO3−ı powders and their corresponding values of dop-
ing x, average size 〈rA〉, and size mismatch �2(rA). The particle size
distribution analysis of these powders prior to their application
onto cells indicates that powders between x = 0.2 and 0.7 present
comparable fractions and particle sizes, while sample x = 0.8 posses
significantly larger sizes, particularly at d50 and d90.

Typical scanning electron microscopy images of working and
counter electrodes deposited by colloidal spraying are shown in
Fig. 1. The SDC barrier layers are normally between 4 and 6 �m,
whereas the Ln1−xMxFeO3−ı cathode layers were between 20 and

30 �m (Fig. 1a). The anode layers deposited were between 30 and
40 �m, as shown in Fig. 1b. On the other hand, details of cath-
ode microstructures as a function of doping are summarised in
Fig. 2. On average, these cathodes show similar grain sizes, typi-
cally under 1 �m. This is consistent with the homogeneity of the

for (a) cathode side cross section, and (b) anode side cross section of sample with
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Fig. 2. Details of cathode microstructures for all Ln1−xMxFe

tarting powders. A slight increase of grain size as the doping level
increases can also be observed, which is consistent although less
ramatic than the increase observed by SEM analysis performed
n bulk surface polycrystalline bars [9]. This trend has been asso-
iated to a change in melting point of the samples with increase in
lkaline-earth cation content [12–14] as the end members CaFeO3
nd SrFeO3 have lower melting points than LaFeO3 and PrFeO3. This
ncrease is particularly evident in x = 0.8 phase, in agreement with
he bigger grain size of the raw powder (Table 1).

Electrochemical impedance spectroscopy measurements for all
◦
athodes at 700 and 800 C at open circuit voltage (OCP) and under

current of 100 and 300 mA were measured using an external pseu-
oreference electrode (Fig. 3). The ohmic contributions, which are
ainly attributed to the electrolyte, have been subtracted for clar-

ty. Hence, the evolution of cathode polarisation resistances (Rp) as

ig. 3. Nyquist plots of the electrode response at 700 and 800 ◦C for all compositions mea
larity.
ested cells obtained by SEM under the same magnification.

a function of doping can be observed at different current conditions
and for both sets of temperatures.

In most cases, several arcs are present for each impedance spec-
trum, indicating the contributions from various processes towards
the electrode reaction. The high frequency arc is usually associ-
ated with the charge transfer processes [15,16]. The lower frequency
arc is usually attributed to oxygen adsorption and diffusion at the
cathode surface. The existence of additional arcs can be due to gas
diffusion, activated processes due to impurities, phase segregation,
etc.
In any case, there is a clear dependence of cathode polarisation
resistance upon current load in most cases at both temperatures.
This dependence is manifested as a sharp reduction of Rp as the
applied current is increased. In general, this is usually associ-
ated to effects such as an improvement in grain adherence at the

sured at OCP, 100 and 300 mA. Serial resistance was subtracted from all spectra for
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athode–electrolyte interface, and sintering effects due to current
ow or formation of mixed conducting zones due to partial cathode
eduction at high polarisation [17]. Once current is applied, most
athodes behave in a similar way, with differences amongst them
eing more significant when measured at open circuit potential.
enerally, higher resistances correspond to compounds with low-
st and highest doping levels, which might be related to their lower
ulk conductivity as shown in the previous study [9]. In that study it
as clearly observed that samples with intermediate doping levels

howed higher conductivities. In the present case those differences
re less marked all being within comparable Rp values. The half-cell
orresponding to the highly doped sample x = 0.8 shows compara-
ively very high polarisation resistances under all the experimental
onditions considered. This may be due to the anomalously large
article sizes for this sample and the increased grain growth
bserved for this sample as reported in Table 1 and Fig. 3. This is
clear indication that both particle sizes and microstructure are

rucial parameters that affect cathode performance.
Current–voltage measurements at 700 and 800 ◦C for cathode

verpotentials are summarised in Fig. 4. The trends upon doping
re in good agreement with those observed by impedance mea-
urements. In both temperature regimes the best performance
orresponds to sample with x = 0.6 whereas the least interest-
ng performance clearly corresponds to sample with x = 0.8. All
he remaining compositions show similar behaviour, values lying

ithin a narrow range.

Available literature about the specific effects of the A-site substi-
ution on the electrochemical performance of perovskites as SOFC
athodes is scarce and inconclusive. While Sakaki et al. [18] con-
ider that the A-site substitution does not affect these properties

Fig. 4. IV measurements of Ln1−xMxFeO3 cathodes at (a) 700, and (b) 800 ◦C.
Fig. 5. Bulk 4-probe corrected conductivity measurements on sintered polycrys-
talline bars as a function of doping level at 700 and 800 ◦C (see also Ref. [9]).

some authors have found a decrease in resistance upon doping
up to x = 0.5 and a subsequent increase for higher doping values
[19,20]. This latter trend is in good agreement with the results from
bulk conductivity measurements (corrected for porosity [21]) for
our Ln1−xMxFeO3−ı polycrystalline bars, which are shown in Fig. 5.

Systematic studies focused on B-site transition metal sub-
stitution show a significant effect of the B-site cation in their
electrochemical performance [22,23].

From the results reported in this study, the isolated effect of
doping provides lowest polarisation resistances at intermediate
doping levels, although the effect is less marked than expected
from bulk measurements, probably due to microstructural effects
which dominate performance over compositional effects. However,
we consider that the observed trends with doping are real, as simi-
lar comparative studies have been carried out in our group isolating
the effect of A-cation size, 〈rA〉, and cation size mismatch, �2(rA)
[24]. In this sense we have observed that when used as cathodes
under identical synthesis, processing and experimental conditions,
systematic trends can be easily seen with 〈rA〉 and �2(rA), while
doping in the A-site has a lesser influence. We understand that the
particle size distribution of starting powders, as shown in Table 1,
are not ideal for their use as SOFC cathodes. The limitations come
from the fact that all the basic characterisations in bulk and their
application in electrolyte supported cells have been performed with
powders prepared in one batch. The shortage of these powders
made it practically impossible to achieve the required particle size
reduction, but allowed us to obtain results from different samples
under identical experimental conditions.

Mizusaki et al. [25] showed that the reaction rate for coarse
particle sizes (1–3 �m) in La0.6Ca0.4MnO3 was practically inde-
pendent of cathode thickness but proportional to the TPB length.
Thus, Haart et al. [26] concluded that the cathode polarisation
for La0.85Sr0.15MnO3 prepared by dip coating did not vary sig-
nificantly either with the microstructure or cathode thickness.
However, Sasaki et al. [27] related the cathode performance of
La0.85Sr0.15MnO3 prepared by screen printing with the TPB length
and cathode thickness, giving an optimum value of 25 �m. They
also observed that cathodes with narrower particle size distribu-
tions yield lower Rp values, in agreement with results from van
Heuveln [28].

All this indicates that there exist multiple factors despite compo-
sitions that markedly affect cathode performance. In this study, the

synthesis, processing and firing conditions have been kept iden-
tical for all the compositions and we believe there are further
variables that affect the electrochemical study, such as the intrin-
sic microstructure of the cathode material, related to the different
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elting points of the A-site substituting cations, which affect the
rain growth. For this and other reasons, we believe the separate
ffect of doping in the performance of perovskites as SOFC cathodes
eeds further detailed investigation, through techniques capable of
eparating microstructural effects from compositional effects.

. Conclusions

The effect of doping level x in the electrochemical performance
f iron Ln1−xMxFeO3−ı perovskites with fixed values of 〈rA〉 (1.22 Å)
nd �2(rA) (0.003 Å2) has been studied on electrolyte supported
OFC cells. SEM analysis of the tested cathodes shows a slight
ncrease of grain growth as the doping level x increases, which
s consistent although less dramatic than the results observed
or bulk surface polycrystalline bars. Electrochemical impedance
pectroscopy measurements show a decrease in the polarization
esistance, Rp, as the applied current increases which indicates
he activation of the cathode materials. The highly doped sample
= 0.8 shows high polarisation resistances under all the experimen-

al conditions considered, that may be due to the anomalously large
article sizes for this sample.

Overall, best performing cathodes correspond to the interme-
iate doping levels but the variations in Rp are not significant over
he studied 0.2 ≤ x ≤ 0.8 range. Microstructural effects, intrinsic and
xtrinsic to composition, are key factors affecting cathode perfor-
ance that should carefully be considered to successfully isolate

he effect of composition.
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