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Abstract

La;Sr,Co,Fe;,05 (LSCF) and LSCF-gadolinia-doped ceria (LSCF-GDC) composites are used as solid oxide fuel cell (SOFC)
cathodes. In the present study, to maximize the LSCF/gas and LSCF/GDC interfacial area and thus enhance the performance, we
fabricated both single-phase LSCF and composite LSCF-GDC thin-film electrodes using a facile and cost-effective polymeric
precursor technique. This method involves molecular level mixing of cations in solution form and results in average particle sizes
of ca. 72 nm and 60 nm upon annealing at 700 °C, respectively. For LSCF, electrochemical impedance spectroscopy measurements
indicate very low electrode polarization resistances of ca. 0.6 €2 cm? per electrode at 600 °C. However, the addition of GDC results in
poorer electrochemical activity but better microstructural and electrochemical stability, all at 600 °C. Surface analysis revealed that Fe
surface segregation occurs in the single-phase LSCF, while predominantly Co segregation is observed at the LSCF-GDC composite

electrode surface.
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Introduction

The limited long-term performance and stability of solid oxide
fuel cells (SOFCs) at their conventional operating temperatures
of 700-800 °C hinders their viability as a viable energy conver-
sion technology. Thus, the goal is to reduce the operating tem-
peratures of these devices down to below 650 °C in order to
avoid microstructural and chemical degradation of their compo-
nents, such as microstructural coarsening in the electrodes [1, 2],
surface segregation in the perovskite cathode electrocatalyst [2,
3], and oxidation of the stainless steel interconnects [4, 5].
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Since oxygen reduction, fuel oxidation, and ionic transport
processes that occur at the cathode, anode, and electrolyte ma-
terials, respectively, are all thermally activated processes, a de-
crease of the operating temperatures brings about a loss in the
overall cell performance. It is now well established that, at tem-
peratures below 650 °C, oxygen reduction at the cathode is the
main contributor to the total cell resistance [6—8]. Therefore,
efforts to lower the SOFC operating temperature has largely
concentrated on the development of cathodes that would exhibit
acceptable performance at these lowered temperatures [9—13].

The majority of the studies aiming at the development of
such cathodes have been based on enhancing the
electrocatalyst/gas and electrocatalyst/ionic conductor interfacial
areas while using perovskite oxygen reduction electrocatalysts
with mixed ionic electronic conductivity (MIEC), such as La,.
Sr,Co,Fe;, 03 (LSCF) [2, 6, 8, 11]. For this purpose, LSCF has
been fabricated both as a porous, single-phase layer and in the
form of a composite mixed with a chemically compatible ionic
conductor, e.g., gadolinia-doped ceria (GDC) [8, 13].

The most straightforward approach to producing LSCF and
LSCF-GDC cathodes with high electrochemical activity at <
650 °C has been to sinter suspensions containing fine powders
of the corresponding phases at 850-1150 °C [14-19]. This
powder-based fabrication method, in general, yielded 5—
60-pum-thick cathode layers, characterized by microstructures
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with average particle sizes in the 0.7-3-pum range [14, 15]. In
general, sufficiently high electrochemical activities for low-
temperature operation have been achieved in the case of
LSCF-GDC composites prepared by the powder-based method,
while relatively poor performances were observed in the case of
single-phase LSCF prepared by the same route [14, 15, 18]. For
example, Murray et al. reported a polarization resistance of 0.17
Q cm? at 600 °C for LSCF-GDC composite cathodes, indicating
a high electrochemical activity, while obtaining 2 € cm? at the
same temperature in single-phase LSCF cathodes [14].
Similarly, Dusastre et al. also reported a decrease in the polari-
zation resistance of powder-derived LSCF cathodes from 4.0 to
0.6 © cm? at 590 °C upon mixing with GDC [15].

To further enhance the LSCF/gas and LSCF/ceria interfacial
area and thus facilitate oxygen adsorption and oxide ion transfer,
respectively, infiltration of liquid solutions containing the cat-
ions of LSCF into previously formed porous ceria scaffolds has
been studied [13, 20-25]. Upon heating the solution infiltrated
porous ceria scaffold, nanoparticles of LSCF form, yielding
porous LSCF-ceria composites with enhanced LSCF/air and
LSCF/ceria interfacial areas [21, 26, 27]. Burye et al. reported
that LSCF-GDC composites, prepared by LSCF infiltration into
porous GDC scaffolds, had a microstructure consisting of LSCF
particles that were ca. 48 nm in diameter with a very low polar-
ization resistance of 0.2 2 cm? at 600 °C [26]. Nie et al. reversed
the process, i.e., infiltrated samarium-doped ceria (SDC) into
porous LSCEF scaffolds, thus lowering the polarization resistance
from 1.09 to 0.44  cm? at 600 °C [28].

The very low polarization resistances of LSCF-GDC cath-
odes prepared by powder sintering and infiltration methods,
obtained at < 650 °C, are only meaningful when they are
employed in a SOFC design that, as a whole, is designed to
exhibit acceptable performances at these temperatures.
SOFC:s consisting of thin-film electrodes and electrolytes with
total thicknesses of only a few microns, i.e., micro-SOFCs, are
designs that ensure short oxide ion diffusion distances both in
the electrolyte and the electrodes, thus decreasing the ohmic
resistances to a minimum [2, 3, 19, 29-31]. However, powder
sintering and infiltration-derived LSCF-GDC cathodes are not
suitable for use in micro-SOFCs, due to the high heat treat-
ment temperatures (850—1000 °C) required in at least one of
their processing steps [8]. Cathode layers in the form of thin
films, on the other hand, can be fabricated by pulsed laser
deposition (PLD) [32], radiofrequency (RF) magnetron
sputtering [33], spray pyrolysis [34, 35], and electrostatic
spray deposition (ESD) methods [36-38]. Among these stud-
ies, high polarization resistances of 8 2 cm? at 750 °C and 122
Q cm? at 600 °C were obtained in LSCF thin-film cathodes
prepared by PLD [32] and RF magnetron sputtering [33],
respectively. The main reason behind these large polarization
resistances is that PLD and RF magnetron sputtering derived
LSCEF thin films are usually dense and thus more suitable for
use in mechanistic studies as model electrodes [32, 33]. In
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addition, the high equipment costs associated with the PLD
and RF magnetron sputtering methods are undesirable for
SOFC fabrication purposes [32, 33, 39, 40].

Spray pyrolysis and ESD, on the other hand, have yielded
LSCF and LSCF-GDC thin-film cathodes with nanoporous
and nanoparticulate microstructures and thus lower polariza-
tion resistances [34—36]. Polarization resistances as low as 1 €2
cm?® at 575 °C were obtained for spray pyrolysis-derived
LSCF-GDC thin films [35], while the ESD process resulted
in even lower polarization resistances of 0.13 € cm?” at 600 °C
[36]. The spray pyrolysis technique yielded LSCF-based elec-
trode microstructures that consisted of particles with an aver-
age diameter of 124 nm [34], while the ESD-derived elec-
trodes had a smaller average particle size of 25-50 nm [36].

In this work, as an alternative to the previously discussed
methods, our goal was to fabricate single-phase LSCF and
LSCF-GDC composite thin-film cathodes for SOFCs operating
at < 650 °C by a facile and cost-effective polymeric precursor
method. Our recent efforts showed that nanoscale Ni-YSZ com-
posite anodes fabricated by this method yielded very low polar-
ization resistances (0.6 © cm?® at 550 °C), and thus, a similar
positive effect on the performance of the cathode was anticipat-
ed [30]. In this approach, polymeric precursors deposited onto
dense GDC substrates by simple spin-on deposition undergo
gelation instead of precipitation upon heat treatment, which re-
sults in good attachment to the substrate without the need for
high-temperature annealing. In addition, this approach yields
nanoscale composites as a result of the molecular level mixing,
low-temperature annealing, and concurrent formation of the
LSCF and GDC phases in the case of LSCF-GDC thin films.

Experimental methods
Fabrication of electrolyte substrates

Gadolinium-doped ceria powder (Ceg 9Gdy 03 (GDC),
PRAXAIR, >99.9%) (10 mol %) was used for the preparation
of the dense ceramic electrolyte discs. The specific surface
area of the powder was 6.6 m?/ g, while the d, dso, and dos
values were 0.4 um, 0.6 um, and 0.9 pum, respectively. The
powder was compacted at 180 MPa pressure by uniaxial
pressing (Carver Hydraulic Press, Wabash, IN, USA) in a
cylindrical stainless steel die, producing pellets 15 mm in di-
ameter and 1 mm thick. The pellets were then fired to densify
in an electrically heated laboratory kiln (Nabertherm LHT 02/
17, Germany) at 1400 °C for 4 h at a heating rate of 3 °C/min.

Polymeric precursor solution preparation and coating
process

To deposit the LSCF thin films on the GDC electrolytes, a
polymeric precursor solution that contained the stoichiometric
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amounts of the constituent cations was prepared.
Lanthanum(III) nitrate hexahydrate (ALFA-AESAR, >
99.99%), strontium chloride hexahydrate (ALFA-AESAR, >
99%), cobalt(Il) nitrate hexahydrate (ALFA-AESAR, >
97.7% min), and iron(IIl) nitrate nonahydrate (ALFA-
AESAR, > 99.99%) salts were dissolved in deionized water
at a molar ratio that would produce the desired
Lag 6S19 4Coq gFep,05.5 (LSCF) stoichiometry. In the second
step, the salt solution was mixed with ethylene glycol (ethylene
glycol/cation molar ratio of 1:0.04) and stirred at 70 °C until all
of the water had evaporated and polymerization took place. To
lower the surface tension of the polymeric LSCF precursor and
ensure good wetting of the GDC substrate upon deposition, the
solution was diluted with 2-butoxyethanol (1:1 weight ratio).

For the preparation of the LSCF-GDC composite thin
films, a polymeric precursor of GDC was prepared in a similar
way, i.e., by adding ethylene glycol to an aqueous solution of
Gd(NO3);-6H,0 (Sigma-Aldrich, > 99.9%) and Ce(NO3)s-
6H,O (ALFA-AESAR, > 99.5%) salts and stirring at 70 °C
until all of the water had evaporated and polymerization took
place. Then, the polymeric precursors of LSCF and GDC were
mixed in appropriate ratios to yield a volumetric LSCF/GDC
ratio of 60:40. 2-Butoxyethanol was again added to the resul-
tant solution to achieve good wetting of the GDC substrate
upon deposition. Further details of the process are given else-
where [30, 41, 42].

To produce the LSCF and LSCF-GDC thin films on
the GDC electrolytes, the polymeric LSCF and LSCF-
GDC precursors were deposited onto the 1-mm-thick
GDC substrates by spin coating at a rotation speed of
3000 rpm (SCS G3 Spin Coater, Indianapolis, USA).
The samples were then placed on a hot plate and grad-
ually heated to 400 °C until the solvents had evaporated
and the other organic constituents had decomposed, pro-
ducing uniform LSCF or LSCF-GDC layers. The spin
coating/decomposition cycles were repeated 30 times in
order to obtain a thin film approximately 2 pm thick on
the dense GDC substrates. If required, the number of
spin coating/decomposition cycles to achieve the same
coating thickness may be reduced simply by increasing
the viscosity of the polymeric precursor of decreasing
the speed of spinning. This coating process was applied
on both sides of the GDC pellets to prepare symmetrical
half-cells for electrochemical characterization. GDC pel-
lets successfully coated with LSCF or LSCF-GDC were
then annealed in air at 400-700 °C for various times for
microstructural and structural characterization.

Figure 1 shows the temperature profile used during the elec-
trochemical impedance spectroscopy (EIS) characterization of
the thin-film electrodes. This heating/cooling protocol is divided
into five stages (I-V) in order to clearly describe the thermal
history of the symmetrical cells at the time of the EIS
measurements.

Structural and microstructural characterization

The ability of the polymeric precursor method to form the
LSCF and LSCF-GDC thin films with the desired crystal
structures was determined by X-ray diffraction (XRD,
Panalytical X-Pert Pro). The grazing incidence mode at an
angle of 8 = 1° was utilized to obtain more signal from the
thin films and less from the GDC substrate. Cu K« radiation
was selected as the X-ray source.

The microstructure and thickness of the LSCF and LSCF-
GDC thin films were determined by scanning electron micros-
copy (SEM, Philips XL 30S FEG) utilizing secondary elec-
tron (SE) imaging. More detailed microstructural/
morphological analysis was carried out by atomic force mi-
croscopy (AFM, Digital Instruments-MMSPM Nanoscope
IV) using the non-contact mode.

Electrochemical performance analysis

Symmetrical half-cells were prepared for electrochemical per-
formance analysis. Au paste (Electroscience, King of Prussia,
PA) was applied on top of the electrodes as the current collec-
tors, which were contacted to Au wires connected to a
Solatron ECS Modulab electrochemical analysis instrument.
The electrochemical performance of the thin-film electrodes
was determined by electrochemical impedance spectroscopy
measurements performed at 400-700 °C, in stagnant air, using
an AC excitation voltage of 20 mV. ZView software was
employed to perform the fitting of the impedance data.

Surface analysis

To determine the elemental composition of the surface of the
LSCF and LSCF-GDC thin-film electrodes, X-ray photoelec-
tron spectroscopy (XPS) analyses were carried out. The analysis
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Fig. 1 Graph showing the durations for which the LSCF and LSCF-GDC
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chamber had a base pressure of 1 x 107'” mbar and was
equipped with a conventional X-ray source (Al-K«) and
Phoibos 150 Specs charged particle analyzer. The survey scan
of all samples showed that each sample contained only La, Sr,
Co, Fe, C, and O on the surface. In addition, the LSCF-GDC
sample contained Ce and Gd. The elemental ratios of La, Sr, Co,
and Fe were calculated after a detailed scan of the main peak for
each element. The background signal was subtracted using a
six-degree polynomial background function, while the La 3d,
Sr 3d, Co 2p, and Fe 2p peaks were fitted with a Voight function.

Results and discussion
Phase analysis

In order to determine the crystal structure of the coatings,
XRD studies were carried out. Glancing angle XRD patterns
of the LSCF and LSCF-GDC films that were annealed either
at 500 °C or at 700 °C for 2 h in air are shown in Fig. 2. A
major disadvantage of the XRD analysis of LSCF thin films
deposited on GDC electrolytes is that the peaks belonging to
the rhombohedral LSCF (PDF:00-049-0283) and the cubic
GDC (PDF:01-075-0161) overlap at 20 = 33° 48° 58° 69°
and 78°. Only the low-intensity peaks of rhombohedral
LSCF at 20 = 23°, 40.7° do not overlap with those of cubic
GDC. The fact that these peaks are present in the XRD pat-
terns of the LSCF peaks annealed at 500 and 700 °C suggests
that rhombohedral LSCF is present.

The XRD patterns obtained for the LSCF thin film
annealed at 500 °C show small amounts of residual phase
peaks, identified as SrCO3 and an unidentified peak at 36°.
The presence of SrCOj; during the phase evolution of LSCF
has also been observed by other research groups [19, 43—46].

The peaks belonging to SrCOs; are observed to disappear upon
annealing at 700 °C, eventually resulting in the development
of the pattern for only LSCF and GDC phases, but with only
one unidentified peak remaining (Fig. 2).

The challenges associated with the overlap of the LSCF
and GDC peaks are seen again and in an even more pro-
nounced fashion in the case of LSCF-GDC composite thin
films annealed at 500 and 700 °C in air (Fig. 2). This is be-
cause the LSCF content is now lower, being 60 vol% within
the thin film, as opposed to the single-phase LSCF (100 vol%
LSCF content), lowering the intensities of the 26 = 23° and
40.7° peaks even further down to below the detection limit of
the XRD. Angoua et al. also prepared LSCF-GDC thin films,
but using spray pyrolysis of the aqueous solutions on GDC
electrolytes, and reported that distinct LSCF peaks can only be
seen upon heat treatment at temperatures above 800 °C [47].
They also reported that LSCF was detectable as a shoulder on
the GDC peaks at 20 = 47° upon annealing. The same shoul-
ders are also observed in the present case of the LSCF-GDC
thin films annealed at 700 °C (Fig. 2), suggesting the presence
of the rhombohedral perovskite phase.

Microstructural analysis

Electrode material coated electrolyte discs were fractured
down the middle to examine the cross sections and determine
coating thickness, uniformity, porosity, the presence of cracks,
and the degree of bonding to the substrate, using scanning
electron microscopy (SEM). A representative SEM image of
the LSCF-GDC nanocomposite coating, annealed at 700 °C,
is shown in Fig. 3. A uniform film, adhering well to the dense
substrate and with an approximate thickness of 2 pum, is ob-
served. Some unexpectedly large pores, possibly related to the
fast evaporation of organics, are also evident.
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LSCF-GDC electrode
—————
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Fig. 3 A representative scanning electron microscopy image of the cross
section of LSCF-GDC nanocomposite thin film deposited onto GDC
electrolyte, annealed in air at 700 °C for 2 h

In order to determine the grain size and the presence
of small pores, a more detailed microstructural study was
performed using non-contact mode AFM. Figure 4 a—c
show the AFM images of LSCF thin films annealed at
500 °C for 2 h (stage II in Fig. 1), 700 °C for 2 h (stage
II in Fig. 1), and 500 °C then 600 °C for another 100 h
(stage V in Fig. 1). A uniform grain size of ca. 45 nm is
observed in the LSCF thin films annealed at 500 °C for
2 h (Fig. 4a). Upon annealing at 700 °C for 2 h, the
grain size is seen to have increased to ca. 72 nm, with
same nanoporosity of even smaller size becoming appar-
ent (Fig. 4b). This particle size is ca. 10% of that

Fig. 4 Atomic force microscopy
(AFM) images of single-phase
LSCF, annealed at a 500 °C, b
700 °C for 2 h, and ¢ at 600 °C for
80 h following the prior heat
treatments. The bottom row
shows the AFM images of LSCF-
GDC composite thin films, also
annealed atd 500 °C, e 700 °C for
2 h, and fat 600 °C for 80 h using
the same heat treatments

reported in the literature for LSCF-based air electrodes,
fabricated by the sintering of powders [15].

In order to assess the microstructural stability upon long-
term operation at intermediate operating temperatures, the thin
films were annealed at 600 °C for 100 h after being exposed to
700 °C for 2 h. In this case, further grain growth to ca. 83 nmis
observed by AFM analysis of the single-phase LSCF thin
films (Fig. 4c). On the other hand, the LSCF-GDC coated
samples showed almost no change in their average grain size,
remaining at ca. 60 nm after being exposed to the same heat
treatment conditions (Fig. 4d—f). The addition of GDC, with
its high sintering temperature, to the LSCF phase appears to
impede grain growth, resulting in very promising morpholog-
ical stability. This feature, in turn, is expected to induce elec-
trochemical stability as well.

Electrochemical analysis

EIS analysis of the symmetrical LSCF/GDC/LSCF and
LSCF-GDC/GDC/LSCF-GDC cells was performed in air.
As-deposited thin films were exposed to the heating regime
shown in Fig. 1, and EIS measurements were obtained at each
step in stage IV and intermittently in stage V.

Representative EIS spectra, obtained from symmetrical
cells with single-phase LSCF and nanocomposite LSCF-
GDC thin-film electrodes at the open circuit potential
(OCP), all at 600 °C and in stagnant air, are shown in Fig. 5.
For the fitting and interpretation of the EIS data, a Gerischer
element, connected in series with a resistor, was used initially,
but good fittings could not be achieved. Therefore, an

250 nm
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Fig. 5 Impedance spectra obtained from a LSCF/GDC/LSCF and b LSCF-GDC/GDC/LSCF-GDC symmetrical half-cells at 600 °C, in air, ¢ the

equivalent circuit model used to fit the obtained impedance data

equivalent circuit model, consisting of a series resistance (R)
in series with two time constants (resistor in parallel to a con-
stant phase element), coded as (R;Q;) and (R,Q»), was used
for the EIS fitting. Since a symmetrical cell configuration was
used here, R;+R, corresponds to the total polarization resis-
tance of the two electrodes, with the area specific resistance
(ASR) of each electrode given by (R/2) x area.

For both the LSCF and LSCF-GDC thin filims, a very good fit
to this equivalent circuit was achieved (x> ~ 10™%), allowing the
accurate determination of the ASR for each electrode. However,
because the two time constants are very similar, it was not pos-
sible to accurately determine the R; and R, values separately. In
previous work by Molero-Sanchez et al., the EIS responses of the
mixed conductor, Lag 3(Sr or Ca)gsFey7Crg305.5 (LSFCr or
LCFCr), have been studied in detail to elucidate the oxygen
reduction/evolution mechanisms [48, 49]. In agreement with
the present results, the EIS spectra consisted of two semicircles,
but with time constants that were further apart from each other,
which facilitated the determination of the respective resistance
and capacitance values for the LMFCr case (M=Sr, Ca) [48, 49].
In their work, the high-frequency semicircle of the EIS response
was ascribed to oxide ion transfer at the mixed conductor/ionic
conductor interface, while the low-frequency semicircle was re-
lated to oxygen adsorption/desorption, combined with electron
transfer, at the mixed conductor/air interface [48, 49]. Although
not clearly distinguishable in the Nyquist and Bode plots shown
in Fig. 5, it is likely that the EIS responses of the LSCF and
LSCF-GDC thin-film electrodes, prepared here by the polymeric
precursor method, also consists of these two processes.

At 600 °C, the R, values (Fig. 5) are 4.8 and 5.4 Q) cm? for
the LSCF and LSCF-GDC thin-film electrodes, respectively.
These values are in the range of what is expected for a ca. 1-
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mm-thick GDC electrolyte (the electrical conductivity of
GDC is ca. 0.025 S/cm at 600 °C [50]), with the slight differ-
ences likely due to small variations in the GDC pellet thick-
ness. Interestingly, the single-phase LSCF shows a lower ASR
value of 0.72  cm? at 600 °C than that exhibited by LSCF-
GDC (2.8 2 cm?) at the same temperature (Fig. 5).

In order to determine whether this trend persists over a wider
temperature range and to obtain more information about the
ORR/OER mechanism, EIS measurements were performed at
400-700 °C and the ASR values for each electrode were plot-
ted versus 1000/T (Fig. 6). Figure 6 also provides a comparison
with data from the literature for thick and thin LSCF and
LSCF-GDC films fabricated by other methods [14, 16, 28,
32-36]. The activation energies associated with the
ASRjecroge Of the electrode materials under investigation here
(Fig. 6) were determined from the Arrhenius equation (Eq. 1):

ASRelecrmde =A eXp (%) (1)
where A is the pre-exponential factor, Ea is the activation en-
ergy, k is the Boltzman constant, and 7 is the absolute
temperature.

In general, the LSCF thin films prepared by the polymeric
precursor technique yield a very low ASR¢jecirode Value and an
Ea of 1.40 eV, which is within the generally observed range of
1.19-1.63 eV (Fig. 6). In comparison to the single-phase
LSCF electrodes, which have thicknesses varying between
20 and 60 wm and were fabricated by powder sintering
methods, those prepared here in the form of ca. 2-um-thick
films using the polymeric precursor method gave much lower
ASRiectrode Values (Fig. 6). For example, the lowest
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Fig. 6 Impedance spectra
obtained from the temperature
dependence of the polarization
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ASRectroge Value reported for the sintered LSCF electrodes is
ca. 1.5 Q cm? at 600 °C, corresponding to ca. five times that
obtained in the present work (Fig. 6). This difference is likely
due to the nanoscale electrode morphology reported here, as
opposed to the micron-sized features of the electrodes pro-
duced by powder sintering methods [32-35].

The LSCF thin films fabricated by the polymeric precursor
method in this work also significantly outperform those prepared
by PLD and RF magnetron sputtered methods, due to the lack of
porosity reported in those studies [32, 33], as opposed to the
microscale (Fig. 3) and nanoscale porosity (Fig. 4) observed here.
Angoua et al. [35] and Beckel et al. [34] fabricated LSCF films
with thicknesses of 0.27 and 0.5 um, respectively, both by spray
pyrolysis. Similar microstructures, having grain sizes of the order
of ca. 70 nm, were obtained for the spray pyrolysis derived
cathodes [34, 35] and those reported here, prepared by the poly-
meric precursor technique. However, the electrode polarization
resistances of the polymeric precursor derived LSCF thin films
are somewhat lower at temperatures above 500 °C.

The lowest ASR jeciroqe Values reported for the single-
phase LSCF electrodes are those fabricated by ESD with a
thickness of ca. 4 um (Fig. 6) [36]. These electrodes are
also the only ones that exceed the electrochemical activity
of the LSCF thin films reported here (Fig. 6). These prom-
ising performances were achieved as a result of optimized
microstructures (e.g., pore size distribution) and electrode
thicknesses for the given morphology. For example, an ear-
lier report by the same group [37] indicates an ASR¢jectrode
of 1.2  cm? in the case of 13-pm-thick LSCF before
achieving the maximum performances given in Fig. 6.
Considering this, it is suggested that there is potential for
improvement in the initial electrode performance of the
LSCF thin films prepared by the polymeric precursor tech-
nique, reported for the first time here.

The LSCF-GDC thin films, prepared by the polymeric pre-
cursor technique, yield higher ASR¢iccrode Values than the
single-phase LSCF, prepared by the same method over the
500-700 °C range (Fig. 6). These ASRgjectroge Values are in

the range of those reported by Beckel et al. for spray pyrolysis
derived LSCF-GDC thin films [34].

This decrease in performance upon the addition of the GDC
phase is accompanied by a decrease in the Ea from 1.40 to
1.10 eV (Fig. 6). The general trend in the literature, as seen in
Fig. 6, is a decrease in the activation energy, concomitant with a
decrease in the ASR jccroqe Values. The reason for the decrease in
Ea accompanied by an increase in ASRgjecmoge 18 €xplained
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Fig. 7 Schematic representation of the proposed oxygen pathways for a
single-phase LSCF and b LSCF-GDC nanocomposite cathode
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schematically in Fig. 7, which shows what are likely the main
steps during oxygen reduction (ORR) and vice versa (in the
reverse direction) during oxygen evolution (OER), with both
processes being relevant during EIS measurements carried out
at the OCP. It is generally accepted that, during the ORR at LSCF
electrodes, oxygen is initially adsorbed on the LSCF surface (step
1), followed by its reduction to 0%, While this reduction reaction
likely consists of many individual steps, these are not generally
apparent as separate time constants in EIS studies at LSCF. The
O” ions are then transported (step IT) through the LSCF lattice
due to its mixed ionic-electronic conducting properties (MIEC)
(step IT0). Finally, the O%" ion transfer from the electrode into the
electrolyte (step IV) (Fig. 7a).

In Fig. 7b, the addition of GDC to LSCF is shown to pro-
vide multiple other pathways during the ORR. Specifically,
instead of the sluggish transport through the LSCF phase,
which is known to be an order of magnitude lower in its ionic
conductivity compared to the electrolyte material (GDC) [14,
15], O ions likely prefer to diffuse through the GDC phase,
which offers much less resistance to diffusion and thus would
require a smaller activation energy (Fig. 7) than does O*~
transport through LSCF [14, 15]. Hence, the overall activation
energy is lowered in the case of the composite catalyst.

In this scheme, if the rate limiting step is oxygen exchange
at the surface rather than oxygen ion transport in the LSCF
lattice, although the addition of GDC may induce some reduc-
tion in Ea, it may also cause an increase in ASRjeciroqe due to
the LSCF/gas interfacial area lost as a result of the partial

@ Springer

replacement of LSCF by GDC (Fig. 7). Due to their relatively
small thickness (ca. 2 um) and their Co-rich compositions
providing high ionic conductivity, the rate limiting step is
oxygen exchange at the surface of the LSCF films fabricated
here and thus the scenario mentioned above holds. Celikbilek
etal. [36] also observed a decrease in Ea without a decrease in
the ASR.jectrode Value, but attributed this to a change in poros-
ity of the electrode layer induced by GDC addition. Here, we
observe no such effect (Fig. 4).

Long-term stability tests

The long-term stability of the polymeric precursor-derived
LSCF and LSCF-GDC thin films was evaluated by intermit-
tently collecting EIS data at 600 °C in stagnant air. The long-
term stability test corresponds to stage V in the heating regime
given in Fig. 1. This means that, prior to these tests, the sam-
ples were heated to 400 °C (stage I), then stepwise up to 700
°C (stage II), annealed at this temperature for 2 h (stage III),
and finally cooled down to 400 °C (stage IV) stepwise. A
comparison of the changes in the impedance spectra of the
LSCF and LSCF-GDC thin-film catalysts with time at 600
°C is given in Fig. 8 a and b. The total polarization resistance
increased from ca. 2 t0 2.7 © cm” in 42 h at 600 °C in stagnant
air in the case of the single phase LSCF thin film (Fig. 8a). On
the other hand, a much smaller increase is observed in the case
of the LSCF-GDC nanocomposite thin films under the same
conditions (increasing from 6.3 to only 6.7 Q cm? in 91 h in
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air). For a clearer comparison, the polarization resistances of
both of these electrodes were normalized to their values at the
beginning of the long-term measurement and are plotted
against time in Fig. 8c. The ASR value of the single-phase
LSCF thin film increased by 54% in 42 h in air, while the
LSCF-GDC nanocomposite thin film exhibited a much more
stable electrochemical performance, showing an increase of
only 7% in the ASR value over the same time period.

An important parameter that can be detrimental in terms of
the long-term performance of thin-film electrodes for SOFC
applications is their microstructural stability. As discussed ear-
lier, the single-phase LSCF thin film exhibits a noticeable
microstructural coarsening upon long-term annealing at ele-
vated temperatures (Fig. 4a—c), likely causing the electro-
chemically active surface area to diminish. On the other hand,
the LSCF-GDC composite thin films exhibit a stable micro-
structure upon annealing (Fig. 4d—f), correlated with the re-
tention of its electrochemically active surface area, and thus its
ASR value.

Despite the clear correlation observed here between the
microstructural and electrochemical stability of the LSCF
and LSCF-GDC electrodes, we cannot rule out changes in
surface chemistry and their effect on the electrochemical per-
formance. It has been asserted in recent reports that the segre-
gation of various species at the surface of oxide electrodes
upon long-term operation in air could have detrimental effects
on the stability of their electrochemical performance [15, 51,
52].

In order to determine if there were any changes in the
surface chemistry of the LSCF and LSCF-GDC thin-film elec-
trodes upon long-term operation at 600 °C, XPS analyses
were performed. The analyses were carried out before and
after operation at 600 °C, i.e., at the beginning and end of
stage V of the heating protocol shown earlier in Fig. 1. The
corresponding survey scans provided in Fig. 9 indicate the

presence of La, Sr, Co, Fe, and O, as well as some carbon at
the surface of the LSCF thin films prior to and after long-term
annealing at 600 °C. In the case of LSCF-GDC thin films,
peaks corresponding to Ce are also apparent. The survey scans
also show that the signal intensities from both the LSCF and
LSCF-GDC thin films decrease after long term annealing.
Therefore, the detailed analysis for each element was per-
formed using a low scan rate (0.1 eV steps) to increase the
resolution.

The relative amounts of the cations at the LSCF perovskite
surface were calculated from the areas of the relevant XPS
peaks of the cations. Table 1 provides a summary of the sur-
face composition of the LSCF and LSCF-GDC thin-film ma-
terials before and after long-term exposure to 600 °C. The
polymeric precursors used for the preparation of the LSCF
phases in both the single phase and composite thin films had
a cation ratio of La:Sr:Fe:Co = 30:20:10:40, which should
equate to the cation ratios in the bulk of the films. Before
annealing in air at 600 °C (at the beginning of stage V),
Table 1 shows that the surface of the LSCF thin films appears
to contain much more Fe and much less Co than in the bulk.
Upon annealing at 600 °C for 100 h in air, the surface of the
LSCF becomes even richer in Fe and slightly poorer in Co,
i.e., the Fe content increases from 28 to 44%, while the Co
content decreases from 21 to 17% (Table 1). In addition, prior
to long-term annealing, the La content at the LSCF surface is
35%, which is slightly higher than in the bulk. Upon long-
term annealing at 600 °C, the La content decreases to ca. 20%
at the surface. On the other hand, the Sr content is close to that
expected for the bulk of the material, both before and after
long-term annealing.

In the case of the LSCF-GDC nanocomposite thin films,
the surface is observed to contain 33% Sr and 27% Fe at short
times, while in the bulk of the LSCF-GDC film, the LSCF
phase should consist of 20% Sr and 10% Fe (Table 1). This
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Table 1  Surface cation % of LSCF and LSCF-GDC thin films,
annealed at 700 °C for 2 h, before and after long-term annealing at 600
°C, obtained from X-ray photoelectron spectroscopy analyses

Atomic % of each
element present
according to XPS
results

La Sr Fe Co

Bulk 30 20 10 40

LSCF before long-term annealing at 600 °C 35.1 162 27.6 21.0

LSCF after long-term annealing at 600 °C 19.6 19.4 439 17.1

LSCF-GDC before long-term annealing 269 32.8 27.2 13.1
at 600 °C

LSCF-GDC after long-term annealing at 600 °C  18.6 9.3  20.6 51.6

points to the preferential segregation of these elements at the
surface. Long-term annealing at 600 °C causes a decrease in
the relative amounts of La (from 26.9 to 18.6%), Sr (from 32.8
10 9.3%), and Fe (from 27.2 to 20.6 %), but an increase (from
13.1t0 51.6 %) in Co at the LSCF/air interface, pointing to Co
enrichment at the surface.

A-site segregation is commonly observed at the surface of
oxide perovskites, where Sr is the A-site dopant and La is the
A-site host. For example, Lee et al. observed that the surface of
Lag gSrp ,MnO;3 (LSM) thin films, fabricated by PLD, became
rich in SrO particles upon being annealed at 800 °C for 1 h in
air [53]. Very similar results were also obtained for PLD-
derived Lag ¢Sro4Co0O5 thin films upon annealing at 650 °C
in air [54]. The reason for the segregation phenomenon is due
to two driving forces, the first being the elastic strain generated
by the size mismatch between the larger Sr (dopant) and the La
(host), causing Sr to be expelled from the lattice. A second
driver is the electrostatic interactions between the negatively
charged Sr/Lu and the positively charged oxygen vacancies V,
that are mostly concentrated at the perovskite surface [55].

It should be noted that detailed investigations of surface
segregation on oxide perovskite surfaces has been performed
on thin films fabricated by pulsed laser deposition [53-55],
while several studies have also examined perovskites prepared
by liquid precursor based methods [23, 56]. In this case, con-
trary to what has been reported for PLD-derived thin-film
perovskites, B-site surface segregation takes place at the elec-
trode surface, instead of A-site segregation [23]. For example,
Dieterle et al. observed the formation of Co;0, precipitates in
Lag ¢Sy 4Co0s5 thin-film perovskites prepared by a propionic
acid-based precursor method upon long-term annealing in air
at 700 and 800 °C [57].

B-site enrichment at the LSCF and LSCF-GDC nanocom-
posite thin-film surfaces observed here is similar to what has
been reported for liquid precursor derived perovskite materials
in the literature [56]. In the LSCF sample, Fig. 9 and Table 1
show that Fe enrichment is observed after long-term heat
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treatment. In the case of the LSCF-GDC thin films, although
the surface was rich in Sr and Fe initially, Co enrichment
occurs upon long-term annealing. It should also be noted that,
at the LSCF-GDC surface, the relative amount of Fe (20.6%)
is still higher than the expected bulk value (10%) after long-
term annealing, but much less pronounced in comparison to
the case of long-term annealed LSCF. The reason for the dif-
ferent B-site cation (Fe or Co) segregation in the absence and
presence of the GDC phase upon long-term annealing is likely
that Fe tends to dissolve in GDC [58, 59], which could have
prevented its segregation to the outer surface, allowing Co to
take its place.

Overall, these results show that the addition of GDC to
LSCF thin-film cathodes influences the evolution of both the
microstructure and the surface composition. The fact that the
stabilization of the electrochemical performance at 600 °C is
concomitant with the stabilization of the microstructural fea-
tures (e.g., grain size) upon GDC addition to LSCF points to a
strong correlation between these two parameters. Our XPS
analyses suggest that the surface composition is dynamic,
rather than stable, during exposure to air at 600 °C for both
the LSCF and LSCF-GDC thin films. This is because the
addition of GDC to the LSCF appears to suppress Fe segre-
gation at the LSCF/air interface. However, the fact that Co
segregates to the air/LSCF interface makes it difficult to rule
out the evolution of the surface chemistry as relevant to the
long-term stability of the LSCF and LSCF-GDC thin-film
electrodes under study here.

Summary

In this work, our goal was to fabricate single-phase La;_,Sr,Co,.
,Fe, O3 (LSCF) and composite LSCF-gadolinia-doped ceria
(GDCQ) thin-film electrodes for use as cathodes in intermediate
temperature solid oxide fuel cell (IT-SOFC) applications by using
a facile and cost-effective polymeric precursor method to obtain
nanoscale morphology and thus low polarization resistances in
air at 600 °C. The microstructure of the LSCF thin films annealed
at 700 °C consisted of particles of 72-nm average size, which
increased to 83 nm upon long-term annealing at 600 °C, thus
retaining their nanosizes. The LSCF-GDC composite electrodes
exhibited microstructures with average particle sizes of ca. 60
nm, which remained significantly more stable upon long-term
annealing at 600 °C.

The electrochemical performance of the LSCF and LSCF-
GDC thin-film electrodes was evaluated by electrochemical
impedance spectroscopy (EIS) measurements carried out at
the open circuit potential in air using symmetrical half-cells.
Electrode polarization resistances of 0.72 € cm” and 2.75 Q
cm? (per electrode) were achieved in single-phase LSCF and
LSCF-GDC composite at 600 °C in stagnant air, respectively.
This contradicts with most of the previous results in the
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literature, which have reported an increase in the electrochem-
ical activity upon the addition of an ionic conductor to the
LSCF perovskite.

This contradiction was explained here by the fact that the
Co-rich composition of the LSCF studied in the present case
exhibits high enough ionic conductivity that the introduction
of another ionically conductive (but electrocatalytically inac-
tive) phase is not necessary. Therefore, the partial replacement
of the electrocatalytic LSCF that also exhibits ionic conduc-
tivity results primarily in a loss of electrocatalytically active
LSCF surface area.

The longevity tests revealed that, at 600 °C, the single-
phase LSCF thin film exhibited a ca. 50% increase in polari-
zation resistance in 40 h, whereas the LSCF-GDC thin film
remained very stable, showing only a ca. 3% increase. This
difference between the long-term performances of the single
phase and composite electrode materials was found to be re-
lated to the differences in the evolution of their microstructure
and possibly also their surface chemistry. X-ray photoelectron
spectroscopy analyses showed that Fe and Fe/Co enrichment
occurs at the outer surface of the single-phase LSCF and com-
posite LSCF-GDC thin films, respectively, upon prolonged
exposure to 600 °C in air, which may also have some impact
on the long-term stability of these two types of electrodes. The
B-site segregation observed here, as opposed to the findings in
the literature that suggested the occurrence of Sr surface en-
richment in similar materials, is likely due to differences in the
thin film fabrication techniques used.

In conclusion, the fact that the polymeric precursor derived
LSCF exhibits similar (and at certain temperatures, still lower)
polarization resistances to those reported by others for spray
pyrolysis derived LSCF thin-film electrodes suggests that this
cost-effective and facile technique can be adopted for thin film
SOFC electrode fabrication. However, the addition of GDC,
while useful for microstructural stabilization, must be kept to a
minimum in order to ensure that not too much of the catalyt-
ically active LSCF surface is sacrificed.
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