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a b s t r a c t

Sample of nominal composition La0.6Ca0.4Fe0.8Ni0.2O3 (LCFN) was prepared by liquid mix method. The
structure of the polycrystalline powder was analyzed with X-ray powder diffraction data. This com-
pound shows orthorhombic perovskite structure with a space group Pnma. In order to improve the
electrochemical performance, Sm-doped ceria (SDC) powder was added to prepare the LCFN–SDC com-
posite cathodes. Electrochemical characteristics of the composites have been investigated for possible
eywords:
olid oxide fuel cell
omposite cathodes
erovskite
lectrochemical impedance spectroscopy

application as cathode material for an intermediate-temperature-operating solid oxide fuel cell (IT-SOFC).
The polarization resistance was studied using Sm-doped ceria (SDC). Electrochemical impedance spec-
troscopy measurements of LCFN–SDC/SDC/LCFN–SDC test cell were carried out. These electrochemical
experiments were performed at equilibrium from 850 ◦C to room temperature, under both zero dc current
intensity and air. The best value of area-specific resistance (ASR) was for LCFN cathode doped with 10%
of SDC (LCFN–SDC9010), 0.13 � cm2 at 850 ◦C. The dc four-probe measurement exhibits a total electrical
conductivity over 100 S cm−1 at T ≥ 600 ◦C for LCFN–SDC9010 composite cathode.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Solid oxide fuel cells (SOFCs) are considered one of the most
romising energy conversion devices because of their high effi-
iency, flexibility with respect to fuel and low environmental
mpact [1,2]. SOFC exploits the high mobility of oxygen ions,

2−, in certain oxides at temperatures higher than 600 ◦C [3].
lthough high temperature SOFCs (HT-SOFCs) have been studied

or decades because of their advantages [4], the development of
ntermediate-temperature SOFCs (IT-SOFCs) is considered to be a
ealistic approach to accelerate their commercialisation [5]. They
re good candidates for stationary power installations and aux-
liary power units in trucks [6,7]. Furthermore, lower operating
emperatures enable the use of cheaper steels as interconnects
8]. The degradation of stack materials is also reduced and there-
ore leads to improved reliability and long-term stability. The

ost common materials for the SOFC are oxide ion conducting

ttria-stabilized zirconia (YSZ) for the electrolyte, strontium-doped
anthanum manganite (LSM) for the cathode, nickel/YSZ cerment
or the anode, and doped lanthanum chromite or refractory metals
s interconnect materials.

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

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.08.066
One of the main barriers for low-temperature operation is
the polarization resistance of cathode [9,10]. Cathodes for SOFC
are usually composite cathodes because the requirements are so
comprehensive that no single material is able to fulfil them [11].
Creation of composite cathodes is a good way to enhance the
cathodic performance. They are composed of a solid electrolyte
and an electronic conducting electro-catalytic material. It is widely
accepted that composite cathodes, for example Sm0.5Sr0.5CoO3 –
Samaria-doped ceria composite cathode (SSC-SDC), can extend
the electrochemically active reaction zone from the triple phase
boundaries at the two dimensional interface between the elec-
trolyte and the cathode to the three-dimensional bulk of the
electrode, and thus improved the cathode performance [12,13].
Furthermore, it is reported that composite cathodes as SSC-
SDC, La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)-SDC, and Ba0.5Sr0.5Co0.2Fe0.8O3
(BSCF)-SDC, exhibited rather low interfacial polarization resistance
at 600 ◦C [14,15]. Generally, the composite cathode performance is
governed by triple phase boundary (TPB) kinetics, mass transport
and ohmic drop [16].

This paper presents a study of the influence on the transport

properties of different composite materials La0.6Ca0.4Fe0.8Ni0.2O3
(LCFN) and Samaria-doped ceria (SDC). The electrochemical
properties of LCFN/SDC composite cathodes were studied on sym-
metrical cells employing SDC as electrolyte by varying the relative
contents of SDC.

dx.doi.org/10.1016/j.jpowsour.2010.08.066
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:teo.rojo@ehu.es
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. Experimental

.1. Synthesis of electrode

Sample of nominal composition La0.6Ca0.4Fe0.8Ni0.2O3 was
repared by the liquid mix process [17]. Lanthanum nitrate
La(NO3)3), calcium nitrate (Ca(NO3)2), iron nitrate (Fe(NO3)3)
nd nickel nitrate (Ni(NO3)2) were used for cathode synthesis
La0.6Ca0.4Fe0.8Ni0.2O3). Stoichiometric amounts of these powders
nd citric acid were dissolved in distilled water and later a suit-
ble volume of ethylene glycol was added. The resulting solution
as agitated and heated in a heating plate until the formation of
gel. After that the gel, which was already treated in a sand bath,
as calcined at 600 ◦C in an oven for 12 h with a 1◦/min rate. The

ample La0.6Ca0.4Fe0.8Ni0.2O3 is hereafter labelled as LCFN.
In order to improve the electrochemical properties of LCFN

athode, LCFN–SDC composites have been prepared. The ceramic
omposites LCFN–SDC were obtained from powders synthesized
y chemical methods for the cathode, and from commercial
owder (Nextech materials) for the electrolyte. The obtained
omposites with different mass content of SDC: 5, 10, 20,
0, 40, 50 and 60% are named LCFN–SDC9505, LCFN–SDC9010,
CFN–SDC8020, LCFN–SDC7030, LCFN–SDC60-40, LCFN–SDC5050
nd LCFN–SDC4060, respectively.

.2. X-ray characterization

X-ray diffraction (XRD) measurement was carried on a Philips
W1710 and Philips X’Pert-MPD (Bragg-Brentano geometry)
iffractometers, with CuK� radiation. XRD pattern was collected
ith a scanning step 0.001◦ over the angular range 20–100◦ with a

ollection time of 1 h. Structure refinements were fitted using the
ullProf software [18]. Graphical representations of XRD patterns
ere performed using WinPlotr program [19].

.3. Chemical compatibility

The pairing of oxide ion conducting electrolytes with chemically
ompatible electrode materials is very important to the perfor-
ance of SOFCs. In this way, chemical compatibility tests were

erformed to determinate the interaction between the cathode
nd the electrolyte. For this purpose, the cathode material and the
lectrolyte powders were intimately mixed together (weight ratio
f 1:1) and isopressed to form a pellet. These pellets were fired
t different temperatures for 1 week. Quartz was used as stan-
ard material. Then, it was characterized by XRD to investigate the
ppearance of any reaction products.

.4. Conductivity measurements of the electrodes

The electrical conductivity of sintered bars of approximate
imensions 1 mm × 3 mm × 7 mm was measured in air from 600
o 850 ◦C at 50 ◦C intervals by the Van der Pauw’s four-probe tech-
ique. Electrical contacts were made using Pt wires and Pt paste
laced over whole end faces ensuring a homogeneous current flow.
he conductivity (�) was determined from a set of V–I values by tak-
ng � = 1/� = L/A × dI/dV, where L is the distance between voltage
ontacts and A is the sample cross section.

.5. Area-specific resistance (ASR) from symmetrical
easurements
The measurements of electrochemical properties and ASR of
he cathodes were performed using a Solartron 1260 Impedance
nalyzer. The frequency range was 10−2 to 106 Hz with signal
mplitude of 50 mV. All these electrochemical experiments were
Fig. 1. XRD pattern of La0.6Ca0.4Fe0.8Ni0.2O3 powder obtained by liquid mix method.

performed at equilibrium from 850 ◦C to room temperature, under
zero dc current intensity and under air over a cycle of heating and
cooling. Impedance diagrams were analyzed and fitted using the
Zview software. Resistance, capacitance and values of relaxation
frequencies were thus obtained by least square refinement.

3. Results and discussion

3.1. Structural characterization

La0.6Ca0.4Fe0.8Ni0.2O3 was obtained as a pure, well-crystallized
single phase, presenting orthorhombic perovskite structure (space
group Pnma), similar to those of LaFeO3 [20] and Ln0.6Ca0.4FeO3
[21]. XRD pattern at room temperature for the LCFN sample pre-
pared by liquid mix method is shown in Fig. 1. Calculated cell
parameters from XRD data were: a = 5.5771(6) Å, b = 7.7947(2) Å
and c = 5.5027(9) Å.

3.2. Chemical compatibility

The reactivity of perovskite materials with most electrolytes
which leads to the formation of secondary phases that can affect the
electrical conductivity along the cathode/electrolyte interface is an
important problem in the use of these materials for SOFC applica-
tions [22,23]. Generally, elevated temperatures during processing
and fixation of the cell components can lead to chemical reactions
between them. An important requirement in SOFCs is the chem-
ical compatibility between cathode material and ionic conductor
electrolyte in the composite [24]. For this reason, LCFN sample and
SDC electrolyte were mixed together to form a pellet which was
sintered at 700, 800 and 900 ◦C during a week. XRD patterns of
the chemical reactivity test are shown in Fig. 2. After calcination at
different temperatures, there are no extra diffraction peaks, which
may indicate that no significant chemical reaction occur between
both materials.

3.3. Electrical conductivity

The electrical conductivities at 600 ◦C for the LCFN sample with
different SDC content in air are shown in Fig. 3. It can be seen
that the electrical conductivity remains constant up to 20% SDC
content. Then, a further increase in the SDC content leads to a

further lowering of the conductivity. The electrical conductivity
for LCFN–SDC9010 measured at different temperatures is shown
in Fig. 4. The electrical conductivity first increases, reaching a
maximum at 750 ◦C and after that it decreases with increasing tem-
perature. At temperatures lower than 750 ◦C, where the electrical
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Fig. 2. X-ray diffraction patterns of equimolecular LCFN/SDC mixtures after anneal-
ing in air at different temperatures for 1 week.
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ig. 3. Arrhenius plot of electronic conductivity of LCFN–SDC composites at 600 ◦C.

onductivity maximum is observed, a small-polaron semiconduct-
ng behaviour is found. The decrease in conductivity after 750 ◦C

ould be assigned to the loss of oxygen form the lattice at high
emperatures. This result agrees with those described in the litera-
ure for other related compounds [25–27]. At low temperatures, the
onduction is primarily electronic and is produced by the charge

ig. 4. Arrhenius plot of electronic conductivity of LCFN–SDC9010 composite at
ifferent temperatures.
Fig. 5. Impedance pot of LCFN–SDC9010 composite on SDC electrolyte at 700 ◦C.
The numbers in this plot correspond to logarithm of frequency. The impedance data
are plotted after electrolyte ohmic drop correction.

compensation, where some Fe cations change from trivalent to
tetravalent oxidation state. At higher temperatures, ionic compen-
sation becomes significant as the oxygen content of the material
decreases. The LCFN–SDC9010 sample exhibits a conductivity of
215 S cm−1 at 600 ◦C and 225 S cm−1 at 750 ◦C, similar to those
reported in the literature [28]. Furthermore, on having doped the
LCFN sample with SDC, a drop in the electrical conductivity respect
to that La0.6Ca0.4Fe0.8Ni0.2O3 (219 S cm−1) is obtained. This fact can
be explained by the introduction of an ionic conductor (SDC) in
LCFN sample.

3.4. Area-specific resistance (ASR) from symmetrical
measurements

Several strategies have provided promising results in the
performance of these devices, but the knowledge of the pro-
cesses taking part in SOFC electrodes is partially understood,
which makes more difficult the optimization of materials that
present degradation problems at short and long term. Its opera-
tion varies strongly with many variables that are still unknown
and their understanding is limited as to how material properties
and microstructure are related to the operation and long-term
stability. Electrochemical impedance spectroscopy is a useful tech-
nique to clarify the different processes that take place in these
devices.
The impedance spectra of LCFN–SDC9010 on SDC electrolyte
pellet at 700 ◦C is shown in Fig. 5. Fig. 6 shows the variation
in impedance spectra of LCFN sample and LCFN–SDC9010 com-
posite at 800 ◦C. In both cases, the impedance response at high

Fig. 6. Impedance pot of LCFN–SDC9010 composite and LCFN phase on SDC elec-
trolyte at 800 ◦C. The impedance data are plotted after electrolyte ohmic drop
correction.
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[22] H. Taimatsu, K. Wada, H. Kaneko, H. Yamamura, J. Am. Ceram. Soc. 75 (2) (1992)
ig. 7. Arrhenius plots of ASR LCFN–SDC electrodes with SDC electrolyte at 850 ◦C.

emperatures consists of overlapped semicircles. To carry out the
tudy of the different processes that occur at the electrode, it is
mportant to take into account the different semicircles involved. At
igh frequencies, a smaller semicircle attributed to charge transfer

ollowed by the ion incorporation into the electrolyte is observed.
his contribution is related to the interface and not to the electrode
urface. The charge transfer models describe interfacial resistance
s a function of the electronic and ionic transport within the two
omponents and the morphology of these components [29]. Other
odels have been used to describe the interfacial resistance pri-
arily in terms of the internal porosity and the kinetics of oxygen

iffusion and surface exchange in the composite material [30].
oth models provide insights into the parameters that influence
he performance of composite electrodes. At lower frequencies, a
igher semicircle attributed to the oxygen diffusion through the
lectrode is observed. As can be seen, this semicircle is larger
nd provides a greater contribution to the total resistance of the
lectrode. It is possible to compare the obtained impedance spec-
ra for the composites and LCFN sample (Fig. 6) [31]. At high
requencies, the semicircle hardly varies. In contrast, the semicir-
le at low frequencies is considerably reduced by introducing a
0% of SDC in LCFN sample (LCFN–SDC9010). This result confirms
hat the diffusion of oxide ions generated in the material surface
ccurs more easily when SDC is introduced as an ionic conductor
ixed with LCFN phase. Another way to confirm these processes

s associating capacitance values to each semicircle. Conducting
his study has been observed that semicircles at high frequen-
ies present capacitance values of 10−6 F while those observed
t low frequencies present capacitance values of 10−3 F. These
esults are in good agreement with those described in the literature
32].

The EIS data were used to derive the area-specific resistance
ASR) for LCFN–SDC electrodes. The cathodic area-specific resis-
ance (ASR) is deduced from the relation: ASR = Relectrode·surface/2.
ig. 7 shows the ASR values at 850 ◦C as a function of SDC content.
ith increasing SDC content, a drop of the ASR value is observed

p to 10% SDC. Then, the ASR values increase up to 60% SDC.
s can be observed, as SDC is introduced, the ionic conductivity
rovided by the SDC itself adds to the electronic conductivity pro-
ided by LCFN. From 20% the resistance value begins to increase,
ecreasing the electronic conductivity from 210 to 160 S cm−1,

pproximately. At this point, the contact between the gas and
he electrode surface is limited, which difficulties the reactions of
dsorption and dissociation of oxygen. Therefore, oxide ions are
ormed in smaller quantities. Although increasing the amount of

[
[
[
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ionic conductor if the regions of 2 PB (gas/electrode) are reduced,
this will be the limiting factor of conductivity, thus increasing the
ASR values.

Therefore, LCFN–SDC9010 cathode presents the better perfor-
mance in electrochemical measurements, showing an ASR value of
0.13 � cm2 at 850 ◦C. The original cathode, with an ASR value of
0.44 � cm2, has been improved significantly.

4. Conclusions

La0.6Ca0.4Fe0.8Ni0.2O3 was successfully synthesized by liquid
mixed method after calcination at temperature of 600 ◦C. The
crystalline analysis showed that LCFN sample had orthorhombic
symmetry with Pnma space group. In order to improve the electro-
chemical properties of LCFN cathode, LCFN–SDC composites have
been prepared. The electrochemical properties of composites cath-
odes are reported. The best electrochemical performance is for
LCFN–SDC9010, exhibiting an ASR value of 0.13 � cm2 at 850 ◦C.
The electrical conductivity of LCFN–SDC9010 composite at tem-
peratures above 600 ◦C is over 100 S cm−1. These results suggest
that the LCFN and SDC composites are promising cathode materi-
als for intermediate-temperature-operation solid oxide fuel cells
(IT-SOFC) applications.
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