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a b s t r a c t

Polycrystalline samples of La0.6Ca0.4Fe1−xNixO3 (x = 0.1, 0.2, 0.3) (LCFN) are prepared by liquid mix method.
The structure of the polycrystalline powders is analyzed with X-ray powder diffraction data. The XRD
patterns are indexed as the orthoferrite similar to that of LaFeO3 having a single phase with orthorhom-
bic perovskite structure (Pnma). The morphological characterization is performed by scanning electron
microscopy (SEM) obtaining a mean particle size less than 300 nm.
eywords:
olid oxide fuel cell
athode
erovskite
lectrochemical impedance spectroscopy

Polarization resistance is studied using two different electrolytes: Y-stabilized zirconia (YSZ) and Sm-
doped ceria (SDC). Electrochemical impedance spectroscopy (EIS) measurements of LCFN/YSZ/LCFN and
LCFN/SDC/LCFN test cells are carried out. These electrochemical experiments are performed at equilib-
rium from 850 ◦C to room temperature, under both zero dc current intensity and air. The best value of
area specific resistance (ASR) obtained is 0.88 � cm2, corresponding to the La0.6Ca0.4Fe0.9Ni0.1O3 material
using SDC as electrolyte. The dc four-probe measurement indicates that La0.6Ca0.4Fe0.9Ni0.1O3 exhibits

uctiv −1 ◦
fairly high electrical cond

. Introduction

Solid oxide fuel cells (SOFCs) are considered promise devices
o convert energy that exhibit main advantages such as high effi-
iency and low environmental impact [1]. The energy conversion is
irect without any intermediate phase. The most common materi-
ls for the SOFC are oxide ion conducting yttria-stabilized zirconia
YSZ) for the electrolyte, strontium-doped lanthanum magnanite
LSM) for the cathode, nickel/YSZ cerment for the anode, and doped
anthanum chromite or refractory metals as interconnect materials
2].

Sr-doped LaMnO3 (LSM) has been widely studied for decades
s a cathode material, primarily due to its relatively high electro-
atalytic activity for O2 reduction and good thermal and chemical
ompatibility with Y2O3-stabilized ZrO2 electrolyte [3]. Chemical
eactivity at high temperatures between LSM and YSZ leads to the
ormation of the pyrochlore, La2Zr2O7 (LZO). The formation of LZO
educes cathode performance because it has significantly lower
onductivity than LSM or YSZ at fuel cell operating temperatures

4].

The traditional SOFC operated at high temperature up to 1000 ◦C
resents some problems related to the cost of the materials and

abrication. Therefore, an important research is to get lower cost

∗ Corresponding author. Tel.: +34 94 6012458; fax: +34 94 6013500.
E-mail address: teo.rojo@ehu.es (T. Rojo).

378-7753/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All ri
oi:10.1016/j.jpowsour.2008.12.009
ity, over 300 S cm at T > 500 C.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

components for operation temperatures under 800 ◦C [5]. So, new
materials exhibiting good performance at lower temperatures for
conductivity, chemical and mechanical compatibility should be
obtained.

Perovskite oxides have general formula ABO3 where A site may
be occupied by rare earth, alkaline-earth, alkali or other large
ions and B sites are usually filled with transition metal cations
[6]. They have attracted much attention because of their utility in
several electrochemical processes such as SOFCs, oxygen sensors
and membranes for oxygen separation. Cathode of SOFCs should
have high-electronic and ionic conductivities, adequate porosity,
thermal and chemical compatibilities with the electrolyte, and
long-term stability [7]. In this way, mixed ionic and electronic con-
ductors (MIECs) exhibit main advantages [8].

In the Ln1−xAxFeO3 (Ln = lanthanides and A = alkaline-earth)
system when Fe is substituted by other transition metal ions, inter-
esting transport properties have been observed. In this way, when
the Fe fraction is higher than 0.5 the materials exhibit a high elec-
tronic conductivity as was observed for the La0.6Sr0.4Fe0.8Ni0.2O3
phase in which a conductivity of 435 S cm−1 at 800 ◦C was obtained
[9,10]. Otherwise, it is known that LaNiO3 has a very high elec-
tronic conductivity at room temperature. Calcium is another

effective doping-element at the A-site of ABO3, with lower cost
[11]. Moreover, calcium could be a good candidate because of
the similarity of its ionic radius with La3+ which could give
rise to higher stability than that of strontium substituted phases
[6].

ghts reserved.
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samples is practically similar but smaller for the 20% nickel phase.
A requirement for the successful operation of SOFC is the

mechanical stability of the cathode with respect to the elec-
trolyte [7]. In this way, the chemical reactivity between the

Table 1
Unit cell parameters, volume and tolerance factors (�) of the La0.6Ca0.4Fe1−xNixO3

samples.

x = 0.1 x = 0.2 x = 0.3
4 N. Ortiz-Vitoriano et al. / Journa

This paper reports the influence on the electrochemical prop-
rties of the Ni content in the B-site of the La0.6Ca0.4Fe1−xNixO3
erovskite and the effect of iron substitution by nickel on the elec-
ronic and ionic conduction. This material was synthesized, and
haracterized by powder X-ray diffraction and scanning electron
icroscopy (SEM). The electrochemical impedance spectroscopy

EIS) measurements performed in symmetrical cells with two dif-
erent electrolytes (Y-stabilized zirconia and Sm-doped ceria, SDC)
nd dc four-probe measurements on sintered bars are described.

. Experimental

Powders of La0.6Ca0.4Fe1−xNixO3 (x = 0.1, 0.2, 0.3) (LCFN in
he following) with perovskite structure were prepared by the
iquid mix process. Appropriate amounts of the nitrate salts
La(NO3)3·6H2O; Ca(NO3)2·H2O; Fe(NO3)3·9H2O; Ni(NO3)2·6H2O]
nd citric acid were dissolved in distilled water and later a suitable
olume of ethylene glycol was added. The resulting solution was
gitated and heated in a heating plate until the formation of a gel.
fter that the gel, which was already treated in a sand bath, was
alcined at 600 ◦C in an oven for 12 h with a 1◦ min−1 rate.

The powders were characterized by X ray powder diffraction
ata, collected using a Philips PW1710 and Philips X’Pert-MPD
Bragg-Brentano geometry) diffractometers, with Cu K� radiation,
nd fitted using the FULLPROF program [12]. The microstructure of
he samples was observed by SEM using a JEOL JSM-6400 micro-
cope at 20 kV accelerating voltage. The chemical compatibility of
he proposed materials as cathode electrode was studied with two
ifferent electrolytes: YSZ and SDC.

EIS measurements of LCFN/YSZ/LCFN and LCFN/SDC/LCFN test
ells were conducted using a Solartron 1260 Impedance Analyzer.
he frequency range was 10−2 to 106 Hz with a signal amplitude of
0 mV. All these electrochemical experiments were performed at
quilibrium from 850 ◦C to room temperature, under zero dc cur-
ent intensity and under air over a cycle of heating and cooling.
mpedance diagrams were analysed and fitted using the Zview soft-
are. Resistance, capacitance and self-values of equivalent circuits
ere thus obtained by least square refinement.

The electrical conductivity of sintered bars was measured in air
rom 500 to 800 ◦C at 100 ◦C intervals by a dc four-probe technique.
lectrical contacts were made using Pt wires and Pt paste placed
ver whole end faces ensuring a homogeneous current flow.

. Results and discussion

The powder XRD patterns for the La0.6Ca0.4Fe1−xNixO3 (x = 0.1,
.2, 0.3) samples are plotted in Fig. 1, and the lattice parameters
re summarized in Table 1. The analysis of these data revealed that
he samples are single phases, presenting orthorhombic perovskite
tructure (space group Pnma), similar to those of LaFeO3 [13] and
n0.6Ca0.4FeO3 [11]. The effect of doping with calcium and nickel
nduces a distortion of the structure, but structural transitions are
ot observed in these phases which are usually found in this type
f systems [14].

The tolerance factors (�) for these samples (calculated using
hannon ionic radii [15]) are also shown in Table 1. Although for
n ideal perovskite the value of the tolerance factor is unity, with
ower � values the perovskite structure is found to be distorted to
etragonal, rhombohedral, orthorhombic or monoclinic symmetry
16,17]. On having doped with calcium the lanthanum site and with
ickel the iron one, an improvement of the value of the tolerance
actor respect to that of LaFeO3 phase (� = 0.9605) is obtained. It
s well known that the perovskite structure becomes more stable

hen the amount of Fe is higher than Ni [9]. This means that the
ubstitution of Fe by Ni increases the thermodynamic stability of
his material and the thermal expansion coefficient is close to that
Fig. 1. XRD patterns of La0.6Ca0.4Fe1−xNixO3 powders: (a) x = 0.1, (b) x = 0.2 and (c)
x = 0.3 (experimental, squares; fitted, line; and difference between them, lower line).

of the zirconia and ceria electrolytes [18]. Furthermore, Hrovat et
al. [19] showed that LaNiO3 was stable at high temperatures when
some of the Ni ions are substituted. In this work, the perovskite
structure is more stable for the 30% nickel phase.

In order to get the particle size of the samples, SEM measure-
ments were carried out. It is well known that the particle size
influences on conductive properties of the sample. Therefore, parti-
cle size must be reduced in order to obtain a better behaviour of the
material as cathode. The SEM micrographs of the LCFN samples are
shown in Fig. 2. The grain size is heterogeneous, from agglomerates
(10 �m) to free particles less than 300 nm. The particle size in the
a (Å) 5.509 (2) 5.513 (2) 5.491 (2)
b (Å) 7.778 (2) 7.779 (2) 7.752 (2)
c (Å) 5.501 (2) 5.505 (2) 5.482 (1)
V (Å3) 235.8 (1) 236.1 (1) 233.3 (1)
� 0.9714 0.9738 0.9760
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Fig. 2. SEM micrographs of La0.6Ca0.4Fe1−xNixO3 samples: (a) x = 0.1, (b) x = 0.2 and (c) x = 0.3.

Fig. 3. X-ray diffraction patterns of equimolecular La0.6Ca0.4Fe0.8Ni0.2O3/electrolyte material mixtures after annealing in air at different temperatures for 1 week: (a) YSZ and
(b) SDC.
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a0.6Ca0.4Fe1−xNixO3 (x = 0.1, 0.2, 0.3) materials and two elec-
rolytes, YSZ and SDC, has been studied. Cathode materials and
lectrolyte powders were intimately mixed together (1/1 mass
atio) and isopressed to form a pellet. These pellets were sintered
t different temperatures for 1 week. Quartz was used as standard
aterial. XRD patterns of the chemical reactivity test are shown

n Fig. 3. No main reaction products were formed between the
erovskite oxide materials and SDC electrolyte after all annealing
emperatures. On the other hand, for the YSZ electrolyte at 900 ◦C
ome small peaks were found but it was not possible to assign them
o any reaction product.

The study of the conducting properties was carried out using a
wo-electrode cell, being necessary to obtain the impedance spectra
or symmetrical cells. In this way, the cells were made of electrolyte
ellets onto which were deposited symmetrical electrodes. Two
ifferent commercial electrolytes (SDC and YSZ) have been used.
latinum was utilized as current collector.

The SDC and YSZ pellets were made using Nextech materials as
hey were received. The powder of each material was pressed under
0-T uniaxial force to form green pellets. The pellets were sintered
t 1500 ◦C for 2 h. The density of the obtained pellets is higher than
3% opposite to the theoretical value. The surface of the pellets was
olished with grit paper and then cleaned with ethanol and acetone
olutions.

In order to prepare the electrodes, the obtained powders were
rinded. After that, the powder was dispersed in a vehicle ink in
1:1 weight proportion forming a paste. This paste was painted
ith a paintbrush in both faces of the pellets forming symmetrical

ells. These cells were sintered at 1050 ◦C for 1 h with a 10 ◦C min−1

ate to form porous electrodes well adhered to the surface of the
lectrolytes.

Nyquist plot of LCFN/YSZ/LCFN cell measured at 300 ◦C, in air, is
hown in Fig. 4. In this figure, the different processes observed at
ow temperatures are described. The semicircle at high frequen-
ies corresponding to the bulk of the compound shows a value
f capacitance of 1.37 × 10−12 F which is in good agreement with
hose described in the literature [20]. The following semicircle
hat is observed at middle frequencies is due to the grain bound-
ry contribution of the electrolyte, with a value of capacitance of

.03 × 10−7 F. This value can be assigned to the contribution of the

nterface between sample and electrode, which is important due
o the impedance response can give information on the nature of
he conducting species (ions or electrons). Later, at medium and

ig. 4. Typical impedance diagram obtained with LCFN/YSZ half-cells, under air, at
00 ◦C for the sample La0.6Ca0.4Fe0.7Ni0.3O3.
wer Sources 192 (2009) 63–69

lower frequencies the semicircles due to the different processes
taking place in the electrode (interface processes, electrode reac-
tions, etc.) appear; however, this contribution is better observed at
high temperatures.

Typical electrochemical impedance spectra for LCFN/YSZ/LCFN
(La0.6Ca0.4Fe0.8Ni0.2O3 sample) and LCFN/SDC/LCFN (La0.6Ca0.4
Fe0.7Ni0.3O3 sample) cells are reported in the Nyquist plan at 800 ◦C
(Fig. 5). The equivalent circuit used to fit the measured impedance
spectra at low frequency is also shown. The Nyquist plots were
fitted on the basis of an equivalent circuit constituted of resistance-
constant phase elements (R-CPE) in parallel associated in series.
Each resistance or CPE can be assigned to the resistance or capaci-
tance associated with a specific electrochemical process. The Relyte
element was assigned to the electrochemical resistance due to the
different electrolytes. In case of the sample with SDC the resistance
is lower than that of YSZ. Likewise, using SDC as electrolyte, two
electrodic processes are distinguished. The high frequency arc could
be attributed to the oxygen ion transference from the electrode-
electrolyte interface into the electrolyte and the low frequency arc
could be assigned to the charge transfer process and oxygen dif-
fusion process. This process is overlapped with YSZ being more
complicated to distinguish the contribution of each one.

The Arrhenius plots of capacitances and relaxation frequencies
of the different contributions are shown in Figs. 6 and 7. A study
according to the methodology proposed by Schouler et al. [21] was
carried out. The thermal evolution of the relaxation frequencies, fr,
is independent of the geometric characteristics of the sample, being
able to associate the different contributions to their respective pro-
cesses.

Using this study, the different electrolyte contributions, which
are only detected at low temperatures, were observed at high fre-
quencies. The contributions at higher frequencies correspond to
that of the bulk, whereas those indicated as gb are associated
to the processes carried out in the grain boundary. The capaci-
tance values assigned to the electrolyte bulk and grain boundary
processes are 10−12 F cm−3 and 10−9 F cm−3, respectively. These
capacitance values and the associated relaxation frequencies are
in good agreement with those given in the literature for analogous
phases [21]. On the other hand, at low frequencies a big difference
between both electrolytes is appreciated. In the case of YSZ, only
the cathode process is observed. This fact can be attributed to the
several overlapped processes which were not possible to distin-
guish clearly and agree with those reported in the literature [22].
We perform in the study on the SDC a new contribution to inter-
mediate frequencies that is associated with the behaviour of MIEC
[23]. The oxygen reduction mechanism on porous MIEC electrodes
may involve several processes such as charge transfer at the current
collector/electrode interface and electrode/electrolyte interfaces,
oxygen exchange at the electrode surface, bulk and surface diffu-
sion of oxygen species and gas phase diffusion. To be able to assign
every contribution with its respective semicircle, measurements
in different oxygen partial pressures should be performed. So, a
clear identification of these contributions was not possible in this
work.

The cathodic area specific resistance (ASR) was deduced from
the relation: ASR = Relectrode·surface/2. The Arrhenius plots of the
ASR values for LCFN/SDC/LCFN and LCFN/YSZ/LCFN half-cells, using
the La0.6Ca0.4Fe0.9Ni0.1O3 sample, are given in Fig. 8. The electro-
chemical measurements showed a better performance for the SDC
electrolyte (with an ASR value at 850 ◦C of 0.88 � cm2) than that of
the YSZ (65.15 � cm2 at 850 ◦C).
The Arrhenius plots of the ASR values for La0.6Ca0.4Fe1−xNixO3
(x = 0.1, 0.2, 0.3) with SDC electrolyte are shown in Fig. 9. When
x = 0.2 and 0.3, ASR values remain over 1 � cm2. On the other
hand, the La0.6Ca0.4Fe0.9Ni0.1O3 sample presents the minor ASR
being this of 0.88 � cm2 at 850 ◦C. The values obtained for the
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Fig. 5. Typical impedance spectra measured at 800 ◦C (inset: equivalent circuit used for fitting data), under air: (a) YSZ (La0.6Ca0.4Fe0.8Ni0.2O3 sample) and (b) SDC
(La0.6Ca0.4Fe0.7Ni0.3O3 sample). The impedance data are plotted after electrolyte ohmic drop correction.

Fig. 6. Arrhenius plots of (a) capacitances and (b) relaxation frequencies for the LCFN/YSZ/LCFN cells under air and zero dc conditions for La0.6Ca0.4Fe0.7Ni0.3O3 sample.

Fig. 7. Arrhenius plots of (a) capacitances and (b) relaxation frequencies for the LCFN/SDC/LCFN cells under air and zero dc conditions for La0.6Ca0.4Fe0.9Ni0.1O3 sample.
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ig. 8. Arrhenius plots of ASR for La0.6Ca0.4Fe0.9Ni0.1O3 electrode with two different
lectrolytes.

a0.6Ca0.4Fe0.8Ni0.2O3 and La0.6Ca0.4Fe0.7Ni0.3O3 phases at 850 ◦C
re 5.73 and 10.12 � cm2, respectively. As the Ni content is
ecreased, the resistance associated to the material is lower. The
esistance of all the materials increased linearly with decreasing
emperature, showing similar activation energy for the conduction
rocess as was observed for the La0.6Ca0.4Mn1−yNiyO3 system [24].
hese results agree with a hopping of small polarons as dominating
echanism for the electrical conduction.
Alternatively, the SrCo0.8Fe0.2O3 (SCF) mixed conductor has

een reported in the literature as a competitive cathode [25],
aving the highest ionic conductivity of the La1−xSrxCo1−yFeyO3
ystem [26]. Using SCF with La0.45Ce0.55O2−� (LDC) as electrolyte
he obtained ASR values are slightly lower than those presented
n this paper [27]. However, cobalt is an expensive element
nd perovskite cathodes containing Sr might be unstable on
epeated thermal cycling [28]. Taking into account these considera-

ions, although La0.6Ca0.4Fe0.9Ni0.1O3 presents a resistance slightly
igher, its great stability and low chemical interaction turn it into
n interesting option as cathode for intermediate temperature
OFC.

ig. 9. Arrhenius plots of ASR for La0.6Ca0.4Fe1−xNixO3 (x = 0.1, 0.2, 0.3) electrodes
ith SDC electrolyte.
Fig. 10. Conductivity dependence upon the temperature for La0.6Ca0.4Fe1−xNixO3

(x = 0.1, 0.2, 0.3) samples.

The total electrical conductivity as a function of temperature
measured by the four-point method is shown in Fig. 10. As it
can be seen in this figure, the best obtained value corresponds
to the La0.6Ca0.4Fe0.9Ni0.1O3 phase. It is worth mentioning that
the electrical conductivities of the La0.6Ca0.4Fe1−xNixO3 (x = 0.1,
0.2, 0.3) samples are 390.15, 321.57 and 286.16 S cm−1 at 800 ◦C,
respectively. These values are well over 100 S cm−1 including
when T ≥ 500 ◦C, the general requirement for electrode materi-
als in intermediate temperature SOFC. This result is comparable
to that of La1−xSrxFe1−yNiyO3 (x = 0.3, y = 0.1) which exhibits the
highest conductivity [29]. Normally, the Fe and Ni-based per-
ovskites [30,31] exhibit structural defects as oxygen vacancies
and elevated electronic conductivity, showing mixed oxygen ionic
and electrical conductivities. This is due to the formation of
anionic vacancies. These vacancies appear easier than the oxida-
tion of Ni3+ to Ni4+, since the ionic radius of oxidised species
does not fit to the perovskite structure. This is the reason for
what the electrical conductivity diminishes as the Ni content
increases.

4. Conclusions

The La0.6Ca0.4Fe1−xNixO3 (x = 0.1, 0.2, 0.3) phases were char-
acterized by powder X-ray diffraction with an orthorhombic
perovskite-type structure. The particle size was studied by scan-
ning electron microscopy obtaining an inhomogeneous particle
size and agglomerates. The electrochemical measurements showed
a better performance for both the SDC electrolyte and the sam-
ple with 10% of nickel exhibiting an ASR value of 0.88 � cm2

at 800◦C which was measured in a two-electrode configura-
tion using symmetrical cells. The electrical conductivities of the
La0.6Ca0.4Fe1−xNixO3 (x = 0.1, 0.2, 0.3) phases at T ≥ 500 ◦C are well
over 100 S cm−1, indicating that these materials are of interest
to be considered as electrodes in intermediate temperature SOFC
devices.
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