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Abstract

PrysSrp,FeosNig,03_5 (PN22) films have been deposited at different temperatures on yttria-stabilized zirconia (YSZ) substrates by pulsed
laser deposition (PLD) for application to thin film solid oxide fuel cell cathodes. The structure of the films was analysed by X-ray diffraction
(XRD) and atomic force microscopy (AFM). A marked influence in the structural properties of the substrate temperature has been found but not
of the composition. Samples deposited at temperatures below 700 °C are amorphous, with granular aspect, and with decreasing roughness with
the temperature. Meanwhile, the films at 700 °C are polycrystalline and exhibit a needle-shaped surface, with the highest roughness observed.
Additionally, the conducting behaviour of the films has been studied by electrochemical impedance spectroscopy (EIS) and their cathodic area
specific resistance (ASR) was determined. The main part of the impedance of the testing cells is due to the electrode. The ASR values of the films
of PN22 are lower than those of PryoStg ;FegsNig,03_5 (PN12), being the lowest 0.5 Q2 cm? at 850°C for the sample PN22 deposited at room

temperature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) are regarded as a feasible tech-
nology for generating electricity from hydrogen or hydrocarbon
fuels. The most common materials for the SOFC are oxide ion
conducting yttria-stabilized zirconia (YSZ) for the electrolyte,
strontium-doped lanthanum manganite (LSM) for the cathode,
nickel/YSZ for the anode and doped lanthanum chromite or
refractory metals for the interconnect. Perovskite ferrites exhibit
a variety of magnetic and electronic properties. Some of them
display good performance as cathode materials in high temper-
ature solid oxide fuel cells, because of their mixed, electronic
and ionic conductivity. In particular, PrggSrg2FepgNig203_g
samples (PN22 in the following) present low electrical resistiv-
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ity and they are also oxygen ion conductors [1]. On the other
hand, pulsed laser deposition (PLD) has been recently used
to fabricate La—Sr—Co-O thin films for application to SOFC
[2-9], as using integrated oxide thin films for fuel cell design
can reduce the size and cost of cells. Due to its high chemi-
cal reactivity with yttria-stabilized zirconia at high temperature
[10], doped lanthanum cobaltite cannot be used as a cathode in
high temperature SOFCs. Another important factor is the poros-
ity 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 PrggSrg2FensNip203 (PN22) thin films by PLD and
studied the influence of the substrate temperature on the crys-
tallinity and porosity of the samples, looking for thin films
with high crystallinity and porosity. X-ray diffraction (XRD),
atomic force microscopy (AFM) and electrical conductivity
measurements have been performed so as to characterise them;
results will be compare to those obtained with thin films of
the Prg 9Srg.1 Fep.gNip203_5, PN12, phase, previously prepared
[13].
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2. Experimental

Powders of PrygSrg2FeosNig203_gs were prepared accord-
ing to combustion synthesis route using glycine as fuel.
Appropriate amounts of the nitrate salts [Pr(NOs3)3-5H;0;
Sr(NO3);; Fe(NO3)3-9H,0; Ni(NO3),-6H,0] salts were dis-
solved in distilled water and glycine was later added to the
solution. A concentrated gel was formed when the solution was
dried and the nitrate-glycine-mixture-gel turns to a vigorous fire,
which lasted until the combustion process was completed. The
resulting powders were calcined first at 600 °C for 10h in air,
then pressed into pellets and calcined again at 1200 °C for 10 h.

Using these sintered pellets as targets, PSFNO films have
been deposited on single crystal (100) 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 15Hz. The target was placed in a rotating tar-
get holder in a vacuum chamber with an initial pressure of
2 x 1079 mbar. The substrates were mounted on a heater and
three films were deposited at different substrate temperatures:
20°C (room temperature), 500 and 700 °C taking into account
the existing literature [2-5] and our previous experience in PLD
[11]. Oxygen gas was flowed into the chamber in a constant
flux during deposition, keeping a pressure of 0.3 mbar. Deposi-
tion time was 120 min. An additional thin film was deposited at
room temperature and annealed ex situ at 700 °C for 2 h in order
to check whether an ex situ annealing was more adequate than
growing the film at high temperature or not.

The powders and films were characterised by X-ray pow-
der diffraction data, collected using a Philips PW1710 and
Philips X’Pert-MPD (Bragg-Brentano geometry) diffractome-
ters, with Cu Ka radiation, and fitted using the FULLPROF
program [12]. The atomic force microscopy (AFM) measure-
ments were performed using a commercial scanning probe
microscope (Nanotec DSP classic).

Testing cells of PN22/YSZ/PN22 were made by deposition
of Pro gSrg 2Feq.gNig203_5 on the two (polished) 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 PN12/YSZ/PN12
[13]. The thickness of the substrate was ¢ ~ 0.50 mm, whereas
that of the films was about 3 wm, and the surface area, S roughly
0.55 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.
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Fig. 1. Schematic drawing of the symmetrical testing cell.

Complex impedance spectroscopy measurements were car-
ried out using an Autolab PGSTAT 30 Frequency Response
Analyzer. The frequency range was 102 to 10° Hz with a sig-
nal amplitude of 50 mV. All these electrochemical experiments
were performed at equilibrium from 800 °C down to 400 °C,
i.e. under zero dc current intensity and under air over a cycle
of heating and cooling. Impedance diagrams were analysed and
fitted using the Zview software. Resistance, capacitance and self-
values of equivalent circuits were thus obtained by least square
refinement.

3. Results and discussion

The XRD diffractograms of the as-deposited thin films are
shown in Fig. 2 whereas in Fig. 3 are shown the diffraction
profile of the target and the fitted profiles of the thin film
deposited at 700 °C (where the reflections due to the substrate
have been eliminated) and of the film deposited at room
temperature and then annealed at 700 °C. Very strong peaks due
to the single crystal YSZ substrate are found in the as-deposited
samples, as, e.g. the intense peak appearing at about 35 °C,
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 K3 reflection is observed (despite the
existence of a monochromator). No reflection due to the PN22
phase is found for the films deposited at temperatures lower than
700 °C, indicating their amorphous state. This is reasonable,
given the complicated stoichiometry of the phase and the low
temperatures of deposition, not allowing enough mobility to
the atoms arriving at the substrate from the plume, so they
become immobilised where they land (ballistic deposition).
However, depositing at 700 °C, the atoms have enough mobility
to reach the positions corresponding to the crystalline structure
of the target and, therefore, the reflections corresponding to
the PN22 crystalline phase are observed. It is noteworthy that,
although the deposition conditions are adequate for an epitaxial
growth, what we have is a polycrystalline film, due to the
large discrepancy between the structures of YSZ (fluorite-type,
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Fig. 2. XRD patterns of PrggSrp2FepgNip203_3 films obtained at room tem-
perature, 500 and 700 °C.
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Fig. 3. Diffraction profiles of the PN22 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 (middle side) and deposited at room
temperature and annealed at 700 °C (lower side).

Fm3m S.G.) and that of the target (perovskite-type Pbnm S.G.)
[14]. Hence, we have a certain texture but not an epitaxial
film (Fig. 2). Additionally, the partial oxygen pressure cannot
only affect the oxygen stoichiometry but also the texture and
orientation of this kind of films [4]. The peaks of the film are
quite wider than those of the bulk, 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.

Meanwhile, the sample deposited at room temperature and
annealed 2 h in air at 700 °C also exhibits the reflections corre-
sponding to the PN22 crystalline phase but lacking the texture
observed in the film deposited at 700 °C (see Fig. 3), which can
be easily understood given the different conditions of growth
(ballistic deposition in one case, almost adequate for epitaxial
growth in the other one).

The AFM micrographs of the films are shown in Fig. 4. It is
observed that the topography changes strongly with the substrate
temperature (in a similar way to the behaviour found in the PN12
phase [13]). In particular, the sample deposited at room temper-
ature is quite rough, with a RMS roughness of 12.4nm and a
granular aspect, showing with clusters of about half a micron

(Fig. 4a). This, together with the observed lack of crystallinity,
agrees within a frame of a ballistic deposition.

The sample deposited at 500 °C exhibits a similar aspect but
with a smoother surface (Fig. 4b). Hence, its RMS roughness is
about 3 nm and the size of the clusters is smaller than in the previ-
ous sample. This can be understood given the higher mobility of
the atoms and ions at the surface due to the higher temperature.
However, the XRD measurements evidence the amorphousness
of the sample, pinpointing that this increased mobility is not
enough for reaching the crystalline state.

Meanwhile, the sample deposited at 700 °C shows a com-
pletely different aspect (Fig. 4c). Not only a sharp increase of
the roughness is observed (RMS roughness of 35 nm) but also
the topography changes drastically from that observed in the
other films. In particular, the grains found are elongated, needle-
shaped (with along axis of about 0.8 p.m and a short one of about
0.2 wm). These grains form clusters of a few grains with the same
orientation as can be observed in the image. Noteworthily, at this
temperature, the crystalline order also appears, so it seems that
the topographic change is linked to the appearance of the ordered
phase, likely due to the so different structures of the substrate
and the film. However, it should be underlined that neither such
a dramatic change in the topography with the temperature nor
the needle-shaped topography are typical for these kinds of films
[3.7].

In the case of the sample deposited at room temperature and
annealed ex situ at 700 °C (Fig. 4d), it shows a granular aspect,
as the original film, but with bigger agglomerates and with pores
and cracks of increased size, which agrees well with the results
found by Chen et al. for the La—Sr—Co-O system [3]. Its RMS
roughness, of about 32 nm, is fairly similar to that of the sample
deposited at 700 °C but, however, no needle-shaped structures
are found. According to the XRD measurements, the sample
shows the same crystalline phase as the target but lacking the
texture observed in the film deposited at 700 °C. Therefore, these
needle-shaped structures are linked to the deposition conditions
and not only to the crystalline order.

Typical electrochemical impedance spectra for PN12/YSZ/
PN12 cells are reported in the Nyquist plan at 335 °C (Fig. 5)
and at 800°C (Fig. 6). Meanwhile, in Fig. 7, Nyquist plots
of PN22/YSZ/PN22 cell measured at various temperatures, in
air, are shown. In all cases, no grain boundary contribution of
the electrolyte is found as it is a single crystal. At low tem-
peratures, the semicircles due to the electrolyte are observed
whereas at high temperature the phenomena characterising the
cathode (interface processes, electrode reactions, . . .) are found.
The oxygen reduction mechanism on porous MIEC (mixed ionic
and electronic conductors) electrodes may involve several pro-
cesses, 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.

At 335 °C, the impedance spectrum is characterised by two
depressed semicircles at high and low frequencies (HF and LF,
respectively). Concerning the HF contribution, the mean value
of the capacitive effect is around 5 x 10! F, value which is
usually found for the YSZ bulk response according to literature
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Fig. 4. AFM micrographs of the films deposited at different temperatures: (a) room temperature, (b) 500 °C and (c) 700 °C; (d) deposited at room temperature and

then annealed at 700 °C for 2 h. The frame size of the images is 3.5 pm x 3.5 pm.

[15-16]. The second semicircle, corresponding to the LF con-
tribution, is assigned to the air electrode processes. At higher
temperatures, the electrode impedance becomes more important
than bulk contribution (see Figs. 6 and 7). The high frequency
part represents the bulk impedance (Rysz) associated to the
inductive contribution of the platinum wires used as current
collectors. Low frequency contributions can also be associated
to the electrode processes. According to this identification, the
electrode resistance Rejectrode 18 Obtained by the difference of the
intercepts of the LF asymmetric arc with the real axis [17].

—_— : : :
-60000| T = 335 °C i
-50000 . y

| ]
-40000 -

£ ) : -

£

£ 300004 A, . 4

Y HF | LF
-20000 " E

-
5 . ‘
1000046 __ 430.; -
- "%2
0 ' T T T
0 20000 40000 60000 80000 100000
Z' (ohm)

Fig. 5. Typical impedance diagrams obtained with PN12/YSZ half cells, under
air, at 335 °C. The numbers indicate the frequency logarithm.

Then, the cathodic area specific resistance (ASR) is deduced
from the relation: ASR = Rejectrode X surface/2. The Arrhenius
plots of the ASRs for PN12/YSZ and PN22/YSZ half cells are
given in Fig. 8.

Concerning the PN12 series, at 850 °C, the ASRs remain
higher than 1  cm? for all the samples, whatever the deposition
process, the lowest one being that of the RT deposit. For the
PN22 series, the sample deposited at room temperature again
shows the lowest ASR value (0.5 Q2cm? at 850 °C). This is
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Fig. 6. Typical impedance diagrams obtained with PN12/YSZ half cells, under
air, at 800 °C. The numbers indicate the frequency logarithm.
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Fig. 7. Typical Nyquist plots of PN22/YSZ/PN22 cell measured at various tem-
peratures, in air. The impedance data are plotted after electrolyte ohmic drop
correction. The numbers by data points are frequency logarithms. Inset: Detail
of the plots obtained at high temperatures.
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Fig. 8. Arrhenius plots of the ASRs for PN12/YSZ and PN22/YSZ, deposited
at room temperature.

likely assigned to the high porosity of the samples deposited in
such a way. Furthermore, from the Arrhenius plots, the value
of the ASR activation energy is Ea =1.3eV, which is a value
usually observed for electrode polarisation.

4. Conclusions

Polycrystalline thin films of PrggSrg.FepgNip203 have
been deposited on YSZ substrates at different temperatures.
The samples deposited at room temperature and at 500 °C
are amorphous and with a granular aspect whereas the film

deposited at 700°C is a polycrystalline thin film, with cer-
tain texture, with needle-shaped topography which increased
strongly the porosity, making them well suited for applica-
tion to solid oxide fuel cell electrodes. Meanwhile, the sample
deposited at room temperature and annealed at 700 °C is poly-
crystalline, without texture, and shows a granular aspect but
with big agglomerates and with abundant pores and cracks,
and without the needle-shaped structures, which is hence linked
to the growth conditions. The main part of the impedance of
the testing cells is due to the electrode. The ASR values of
the films of PrygSrg,FeggNig203_g are lower than those of
Pro 9Srg 1 Fep gNig203_g, the lowest one being 0.5 Qcm?, at
850 °C, for the film deposited at room temperature.
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