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Abstract

Polycrystalline samples of Lag ¢Cag 4Feg gNig,03 (LCFN) were prepared by the liquid mix process at 600 °C. The structure of the polycrystalline
powders was analyzed with X-ray powder diffraction data. The XRD patterns were indexed as the orthoferrite similar to that of PrFeO; having a
single phase orthorhombic perovskite structure (Pbnm).

LCFN films have been deposited on yttria-stabilized zirconia (YSZ) single crystal and polycrystalline substrates at 700 °C by pulsed laser
deposition (PLD) for application to thin film solid oxide fuel cell cathodes. The structure of the films was analyzed by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Both films are polycrystalline with a marked texture and present
pyramidal grains in the surface with different size distribution. Electrochemical impedance spectroscopy (EIS) measurements of LCFN/Y SZ single
crystal/LCFN and LCFN/polycrystalline YSZ/LCFN test cells were conducted. The obtained ASR values at 850 °C for the single crystal and

polycrystalline YSZ cell tests were 1.84 and 1.59 Q cm?, respectively.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) are considered a promise device
to convert energy that exhibits main advantages such as high
efficiency and low environmental impact. The energy conversion
is direct without any intermediate phase. The most common
materials 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 lanthanum chromite or refractory metals as
interconnect materials.

The traditional SOFC operated at high temperature up to
1000 °C presents some problems related to the cost of the mate-
rials and fabrication. Therefore, an important research is to get
lower cost components for operation temperatures under 800 °C.
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Accordingly, intermediate temperature solid oxide fuel cells (IT-
SOFC), operating in that range of temperatures, have attracted
much attention in recent years [1].

One of the vital SOFC components is the cathode. In par-
ticular, perovskite materials are well known for their more
than adequate characteristics as solid oxide fuel cell (SOFC)
cathode materials. Sr-doped LaMnO3; (LSM) has been widely
studied for decades as a cathode material, primarily due to its
relatively high electrocatalytic activity for O, reduction and
good thermal and chemical compatibility with Y,Oz3-stabilized
ZrO;, (YSZ) electrolyte [2]. Chemical reactivity between LSM
and YSZ leads to the formation of the pyrochlore, La;Zr,O7
(LZO). The formation of LZO reduces cathode performance
because it has significantly lower conductivity than LSM or
YSZ at fuel cell operating temperatures [3]. An additional prob-
lem of LSM is its high thermal expansion coefficient, which
could be solved by substituting some of the Mn ions by Ni or
Fe ions. It is also known that LaNiO3 has a very high elec-
tronic conductivity at room temperature. However, LaNiO3 is
unstable above 850 °C, where it decomposes to La;NiO4 and
NiO. When Fe is used as substitution, it was shown that this
material is stable at high temperature. When the Fe fraction is
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higher than 0.5, the material has a high electronic conductivity
(e.g., Lag Srp4NigoFepgO3 435S cm~! at 800°C) [4,5]. Cal-
cium is another effective doping-element at the A-site of ABOs,
with lower cost. Moreover, calcium could be a good candidate
because of the similarity of its ionic radius with La3* which
could give a higher stability than the strontium substitution [6].
Hence, Lag ¢Cag 4Fe( gNip 203 (LCFN in the following) seems
a very well-suited material as cathode for these SOFC.

On the other hand, pulsed laser deposition (PLD) has been
recently used to fabricate La—Sr—Co-O thin films for applica-
tion to SOFC [7-14], as using integrated oxide thin films for
fuel cell design can reduce the size and cost of cells. Due to its
high chemical reactivity with yttria-stabilized zirconia at high
temperature [15], doped lanthanum cobaltite cannot be used as
a cathode in high temperature SOFCs. Another important factor
is the porosity in such a cathode, as it could help increase gas
transport to the reaction sites at the surface of the electrolyte
(usually yttria-stabilized zirconia—YSZ). Therefore, we have
obtained several Lag ¢Cag4Fe gNig203 (LCFN) thin films by
PLD and studied the influence of the substrate on the crystallinity
and porosity of the samples, looking for thin films with high
crystallinity and porosity. LCFN films have been deposited on
single crystal and polycrystalline YSZ substrates by PLD. X-ray
diffraction (XRD), atomic force microscopy (AFM), scanning
electron microscopy (SEM) and electrical conductivity measure-
ments have been performed. The electrical conductivity data
have also been compared with those of LSM thin films obtained
by PLD and with test cells made painting LCFN material on
both sides of a YSZ single crystal.

2. Experimental
2.1. Sample preparation

Powders of LaggCagaFepgNig203_s perovskite were
prepared by the liquid mix process. Appropriate amounts
of the nitrate salts [La(NOs3)3-6H,O; Ca(NO3),-H,O;
Fe(NO3)3-9H,0O; Ni(NO3),-6H,O] and citric acid were
dissolved in distilled water and later the suitable volume of
ethylene glycol was added. The resulting solution was shaked
and heated in a heating plate until the formation of a gel. After
that, the gel which was already treated in a sand bath, was
calcined at 600 °C in a oven for 12 h with a 1° min~! rate. The
resulting powders were pressed into pellets and calcined again
at 1200 °C for 10h.

Using these sintered pellets as targets, LCFN films have
been deposited on single crystal (100) and polycrystalline
YSZ substrates by PLD. The samples were deposited using a
LAMBDA PHYSIC Compex 102 KrF excimer laser (248 nm,
150 mJ pulse!) at a frequency of 15 Hz. The target was placed
in a rotating target holder in a vacuum chamber with an initial
pressure of 2 x 1079 mbar. Y-doped zirconia (YSZ), in single
crystal and polycrystalline form, was used as substrate. The sub-
strates were mounted on a heater and the films were deposited
at a substrate temperature of 700 °C, taking into account the
existing literature [7—10] and our previous experience in PLD
in similar samples [16]. The temperature of the substrate is one

of the main parameter affecting atomic surface mobility during
the deposition process. Oxygen gas was flowed into the cham-
ber in a constant flux during deposition, keeping a pressure of
0.3 mbar. Deposition time was 120 min. LSM thin films have
been prepared using a commercial powder (Praxair) in the same
deposition conditions so as to compare their transport properties
with the LCFN samples.

2.2. Characterization of the thin films

The powders and films were characterized by X-ray pow-
der diffraction data, collected using a Philips PW1710 and
Philips X’Pert-MPD (Bragg-Brentano geometry) diffractome-
ters, with Cu K, radiation, and fitted using the FULLPROF
program [17]. The atomic force microscopy (AFM) measure-
ments were performed using a commercial scanning probe
microscope (Nanotec DSP classic). The microstructure of the
obtained films was observed by scanning electron microscopy
(SEM) using a JEOL JSM-6400 microscope at 20 kV accelerat-
ing voltage.

2.3. Electrochemical measurements

Testing cells of LCFN/YSZ/LCFN were made by deposi-
tion of LaggCag4FeqgNig203_s on the two sides of a YSZ
wafer, in order to measure their transport properties by electro-
chemical impedance spectroscopy (EIS) and to compare their
properties with the already prepared cells of LCFN/YSZ/LCFN
made by painting both sides of the electrolyte with a LCFN
paste. The thickness of the substrates was e ~ 0.50 mm, whereas
that of the films was about 3 wm, and the surface area about
1 cm?. Electrical contacts were platinum grids pressed on both
sides of the sample in order to obtain a symmetrical cell. In
Fig. 1, a schematic drawing of the symmetrical testing cell is
shown.

Electrochemical impedance spectroscopy (EIS) measure-
ments of LCFN/YSZ/LCFN test cells were conducted using a
Solartron 1260 Impedance Analyzer. The frequency range was
1072 to 10° Hz with a signal amplitude of 50 mV. All these elec-
trochemical experiments were performed at equilibrium from
room temperature up to 850 °C, 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 the values from the fitting of each
semicircle in the EIS measurements were obtained by least-
square refinement.

4—— Platinum wire

P 4 Platinum grid
4—— YSZ substrate
e L206C0.4F¢0 gNig 205

Fig. 1. Schematic drawing of the symmetrical testing cell.
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Fig. 2. XRD patterns of Lag¢Cag 4FegNip203_s films obtained at 700 °C on

both substrates: (a) (100) YSZ single crystal and (b) YSZ polycrystalline (*,
substrate reflections; @, Cu Kp).

3. Results and discussion
3.1. Characterization of the thin films

The XRD diffractograms of the as-deposited thin films are
shown in Fig. 2 whereas in Fig. 3 are shown the diffraction pro-
file of the target and the fitted profiles of the thin film deposited at
700 °C on both substrates. The reflections corresponding to the
LCFN crystalline phase are observed in the as-deposited sam-
ples, together with very strong peaks due to the single crystal and
polycrystalline YSZ substrates (e.g., the intense peak appearing
at about 35 °(#) appearing in the film deposited on the single
crystal substrate, corresponding to the (2 00) reflection of the
substrate). In fact, this peak is so intense given the crystallinity
of the substrate that even its corresponding Cu Kg reflection is
observed, despite the existence of a monochromator). A poly-
crystalline growth is found in both films. This was expected
for the deposition on the polycrystalline substrate but the con-
ditions in which the deposit has been performed on the single
crystal substrate are well suited for an epitaxial growth (single
crystal substrate, high temperature, etc.). However, due to the
great difference between the structures of the substrate (fluorite-
type, Fm3m S.G.) and the target (perovskite-type Pbnm S.G.), a
polycrystalline growth is also found.

It can be appreciated in Fig. 3 that in both cases an important
texture is observed. In particular, this texture is in the preferen-
tial direction of the substrate (hence, the preferential direction
is (200) in the film deposited on the single crystal substrate,
whereas in the sample deposited on the polycrystalline substrate
the preferential direction is (2 2 0)). This trend was also observed
in Pro g Srp 2Feg gNig 203_; films deposited on YSZ single crys-
tal substrates [16]. In addition of the role of the substrate, the
partial oxygen pressure cannot only affect the oxygen stoichiom-
etry but also the texture and orientation of this kind of films [9].
The peaks of the film are quite wider than those of the target,
pointing out a smaller particle size and likely a certain stress in
the film due to the commented structural difference between the
substrate and the film.
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Fig. 3. Diffraction profiles of the Lag ¢Cag4Fe gNip203_s phase: of the target
(upper side) and experimental (squares), fitted (line) and difference between
them (lower line) profiles of the thin film deposited at 700 °C on the single
crystal (middle side) and on the polycrystalline YSZ (lower side) substrates.

The AFM micrographs of the films are shown in Fig. 4
whereas Fig. 5 shows SEM images taken on the surface and
on the cross-section of the films. In both AFM and SEM
micrographs pyramidal grains are found, which have been also
observed by other groups in PLD thin films of perovskite oxides
[18,19]. In both samples there is a size distribution of the grains
but in the case of the one deposited on a polycrystalline substrate,
there are more small grains than in the other one. The cross-
section images show a columnar growth of the films, although
the thin film deposited on the polycrystalline substrate exhibit
narrower columns, which agrees well with the bigger quantity of
small grain observed in its corresponding surface micrograph.
Therefore, given its narrower columns and its corresponding size
distribution, the film deposited on polycrystalline YSZ is more
dense (with higher specific surface area), which could greatly
affect its conductive properties of the sample, as it will be shown.

In the images of the cross-section is observed that both films
have a thickness of about 3 pm, being slightly lower in the case
of the sample deposited on a single crystal.
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b)

Fig.4. AFM micrographs of the films deposited at 700 °C on: (a) single crystal and (b) polycrystalline YSZ substrates. The frame size of the images is 3.5 pm X 3.5 pm.

3.2. Electrochemical measurements

In Fig. 6 Nyquist plot of LCFN/polycrystalline YSZ/LCFN
cell measured at 300 °C, in air, is shown. In this figure there
are detailed the different processes that can be seen at low
temperatures, appreciating the appearance of three depressed
semicircles. In both substrates, at high frequencies the semi-
circle appears due to the bulk of the compound, with a value
of capacitance of 4.61 x 107'% and 4.36 x 10~'2 F for the sin-
gle crystal and the polycrystalline substrates, respectively. These
values agree with the obtained ones of the bibliography [20]. The
following semicircle that is observed at not so high frequencies

§ o .
o abas v
19,8096 7w

ZIF3 16 28K\

is due to the grain boundary of the substrate, with a capacitance
of 3,36 x 107?F. In the case of the single crystal, this contri-
bution, obviously, is not observed. Later, at medium and lower
frequencies the semicircles due to the different processes that
take place in the electrode (interface processes, electrode reac-
tions, etc.) are found, but these contributions are better studied
at high temperatures.

Typical  electrochemical impedance  spectra  for
LCFN/YSZ/LCFN cells, using both different substrates,
are reported in the Nyquist plan at 450 °C (Fig. 7) and at 850 °C
(Fig. 8). At 450°C, a series of depressed semicircles can be
appreciated for both substrates. In the case of the single crystal,

>4

Gkl Rva, Bagel 2

1mm

Fig. 5. SEM images of the surface and cross-section of the films on: (a) single crystal and (b) polycrystalline YSZ substrates.
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Fig. 6. Typical impedance diagrams obtained with LCFN/YSZ (polycrystalline)
half cells, under air, at 300 °C.

the first semicircle (HF) is the correspondent to the bulk of the
electrolyte, whereas in case of the polycrystalline substrate the
correspondent to the grain boundary is also observed. At minor
frequencies (MF and LF), the appearance of the contribution
of the processes in the electrode is shown, being minor in
importance in the case of the polycrystalline substrate. At
850 °C only the processes of the cathode are distinguished. In
both cases the resistance associated with the above-mentioned
processes is very small, being slightly minor in the case of the
polycrystalline substrate. The polycrystalline YSZ is known
to show lower activation energies of the involved processes
than the single crystal, which favors hopping of the oxygen
vacancies, improving ionic conduction [21].
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Fig. 7. Typical impedance diagrams obtained with LCEN/YSZ half cells, under
air, at 450 °C (HF: high frequencies; MF: medium frequencies; LF: low frequen-
cies).
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Fig. 8. Typical impedance diagrams obtained with LCEN/Y SZ half cells, under
air, at 850 °C (inset: equivalent circuit used for fitting data). Circle indicates
the additional small arc. The impedance data are plotted after electrolyte ohmic
drop correction. The numbers by data points are frequency logarithms.

InFig. 8 the fit obtained for both substrates at 850 °C is shown.
The equivalent circuit that best fits the data is shown as inset in
this figure where R1, R2 and R3 are ohmic resistance, diffusion
in the perovskite, and dissociative adsorption on the electrode
surface, respectively [11]. The R2 and R3 have constant phase
elements (CPE) in parallel to simulate the distribution of relax-
ation time in the real system. Both semicircles are overlapped,
which difficulties the analysis of the results obtained for each
process. At high temperatures, an additional arc appeared (indi-
cated by a circle in Fig. 8) which, according to several authors,
is independent of temperature [22]. Zhu et al. found that the
low-frequency arc is therefore ascribed to gas diffusion.

In Fig. 9, the Arrhenius plot of capacitances of the different
contributions is shown for both used substrates. A study was car-
ried out according to the methodology proposed by Schouler et
al. [20], where the thermal evolution of the relaxation frequen-
cies, f;, is independent from the geometric characteristics of the
sample, which enabled us to associate the different contributions
to their respective processes.

At high frequencies (HF) the different electrolyte contribu-
tions are appreciated, being observable only at low temperatures.
The contributions at higher frequencies are due to the contribu-
tion of the bulk, whereas the processes produced in the grain
boundary are indicated as g.b. The capacitances values assigned
to the YSZ polycrystalline electrolyte bulk and grain bound-
ary processes are 10712 and 1072 Fem ™3, respectively. On the
other hand, at lower frequencies two different contributions can
be seen for the electrodic processes which are associated with
mixed ionic and electronic conductors (MIEC) behavior [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 diffusion of oxygen species and gas phase diffusion. To
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Fig. 9. Arrhenius plots of capacitances (C) for the LCFN/YSZ/LCFN cells under
air and zero dc conditions (PC: polycrystalline YSZ; SC: single crystal YSZ;
MF: medium frequencies; LF: low frequencies).

be able to assign every contribution with its respective semi-
circle, it will be necessary to realize measurements in different
oxygen partial pressures, so that study will be carried out in
further works under way.

The area-specific resistance (ASR) is deduced from the
relation: ASR = Rejectrode X SurfaceArea/2. The Arrhenius plots
of the ASR values for LCFN/YSZ single crystal/LCFN and
LCFN/polycrystalline YSZ/LCFN half cells are given in Fig. 10.

In both cases, ASR values remain over 1 cm?. The sam-
ple deposited on polycrystalline YSZ presents a lower ASR
value, 1.59 © cm? at 850 °C, than the one obtained for the phase
deposited onto YSZ single crystal, 1.84 Q cm?. These values
are fairly smaller than the obtained ones on having painted the
material LCFN on YSZ’s pellet, where an ASR of 85.87 Q cm?
is obtained [24]. The obtained values for LCFEN thin films are
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Fig. 10. Arrhenius plots of ASR for LCEN electrode with two different sub-
strates.

quite lower than those corresponding to LSM thin films fab-
ricated by PLD (ASR=32.10Q2 cm? at 850 °C), which agrees
well with the literature [25]. Greater resistance values are found
for the test cells obtained by painting the LCFN material on
the single crystal (ASR =5.33 Q cm? at 850 °C). However, we
should take into account that the conduction processes involved
are different in both cases: the painted films are porous, giving
place to three phase boundary (TPB) conduction, where the reac-
tive gas meets the electrode and the electrolyte phases, whereas
for the PLD thin films, being dense, there is no direct contact
between the cathode, electrolyte and gas (hence no TPB conduc-
tion exists). Therefore, in this case the oxygen reduction reaction
occurs anywhere on the cathode surface, forming oxide anions
which the diffuse into the bulk of the electrode material towards
the electrolyte.

4. Conclusions

Polycrystalline thin films of Lag¢CagaFeqsNig203 have
been deposited on two different substrates: (100) YSZ sin-
gle crystal and polycrystalline YSZ, at 700 °C. Both films are
polycrystalline with a marked texture, favoring the preferential
direction of the substrate. The examination of the cross-section
structure of the films by SEM revealed a dense ordered colum-
nar structure, with narrower columns for the sample deposited on
the polycrystalline substrate. On the surface pyramidal grains,
with a certain size distribution, are visible. The film thickness is
about 3 wm, being slightly lower in the case of the single crys-
tal substrate. The electrochemical performance of the LCFN
material on (1 00) YSZ single crystal and polycrystalline YSZ
substrates as electrolyte was made. This electrochemical mea-
surements showed a better performance for the polycrystalline
electrolyte with an ASR value at 850 °C of 1.59 © cm” measured
in a two-electrode configuration using symmetrical cells.
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