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Abstract In this work, anode-supported solid oxide fuel cells
(SOFC) were tested with a yttria-stabilized zirconia (YSZ)
(8 mol% Y,03-ZrO,)/gadolinium-doped ceria (GDC)
(Ceg.oGd (.10 95) bilayer electrolyte and two lanthanum
strontium cobalt ferrite (LSCF) composition as functional
cathode layer: Laj ¢Sry4Co¢ gFey»05.5s (LSCF 1) and
Lag 60St0 40C00 2Fe0.805.5 (LSCF 2). The functional cathode
layers were made of 50 % (w/w) LSCF and 50 % (w/w) GDC.
Microstructural characterization was performed by scanning
electron microscopy and X-ray diffraction. Electrochemical
impedance spectroscopy (EIS) and power measurements were
performed under oxygen and hydrogen atmospheres. The mi-
croscopy studies showed that the LSCF 2 functional layer is
more uniform and adherent to the electrolyte and the cathode
collector than the LSCF 1 functional layer, which has cracks,
chips, and lower adhesion. The use of the LSCF 2 layer
allowed an approximately 25-fold reduction in ohmic resis-
tance (0.06 Q cm %) compared with the LSCF 1 layer
(1.5 Q cm 2). The power measurements showed a consider-
able increase in the power cell using LSCF 2 (approximately
420 mW cm ?) compared with the power cell using LSCF 1
(approximately 180 mW cm 2).
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Introduction

Solid oxide fuel cells (SOFC) are devices that transform the
chemical energy of a fuel directly into electricity, typically
with a good energy efficiency of around 75 % [1-4]. The
use of hydrogen as a fuel implies the absence of CO, emis-
sions and other pollutants, and fuel cells are therefore consid-
ered a clean energy technology [1-4]. SOFCs are typically
composed of solid anode and cathode electrodes separated
by a dense electrolyte layer composed commonly by an ion
conductive ceramic oxide such as Y,Oj stabilized with ZrO,
(YSZ) or Ce and Ga oxide GDC [4]. The use of these mate-
rials requires operating temperatures above 800 °C in order to
provide the desired cell power. Reducing this operating tem-
perature is important in enabling the use of lower cost mate-
rials, to reduce occurrence of undesired reactions, to reduce
the time required for device initialization, and to decrease the
thermal stress between fuel cell components [2]. However, the
operation of SOFCs at lower temperatures increases the role
of electrode polarization in relation to ionic transport, which is
a great limiting factor for overall cell performance. Moreover,
the decrease in operating temperature increases the activation
energy for O, reducing in cathode, making this process the
reaction determinant step for SOFC operation. [3, 4]. Thus, to
minimize the ohmic loss in SOFC operation, many papers are
devoted to research new cathode materials that operate effi-
ciently at lower temperatures [6, 7]. The cathode must have an
appropriate chemical composition to obtain the ideal micro-
structure, particularly in the cathode-electrolyte interface
[8—11]. The cobalt-containing oxide phases with ABO; perov-
skite structure have great electrochemical activity under the
SOFC cathodic conditions [4]. In this sense, the perovskite
oxide La;.y)Sr,Co(;Fe O3.5s (LSCF) have attracted great at-
tention due to their high mixed electronic—ionic conduction,
becoming a promising candidate to cathode for
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Fig. 1 Schematization of fuel cell layout used in this work
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Fig. 2 X-ray diffraction patterns of LSCF 1 (a) and LSCF 2 (b) powders
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intermediate temperature solid oxide fuel cells (IT-
SOFC) [5]. Moreover, it is reported that the electrical
conductivity of the Lagy Srg4Co¢,Feg gO3 reaches
300 Sem ' at 600 °C in O, atmosphere [5]. One alter-
native that has been widely used to improve LSCF per-
formance is the inclusion of a functional layer between
the cathode and electrolyte with reduced thickness and a
different microstructure compared to the cathode current
collector [12, 13]. The deposition of a functional layer
can be achieved using various techniques, which are
selected according to the desired layer thickness [14,
15]. In the literature, we find work by Hildenbrand
and coworkers describing the improvement obtained in
a La,NiO4.s cathode after adding a
Lag ¢Srg4Co¢2Fe( 035 functional layer deposited by
pulsed laser [16, 17]. Dumaisnil and coworkers recently
conducted a study on a thin layer (700 nm thick) of
LSCF deposited between a CeoGdy 10,5 electrolyte
and LSCF cathode [18]. Compared with the La;.
Sr,MnO3_s (LSM), the most commonly used material
for cathodes, the La(.)Sr,Co(,.y\Fe, O35 presents itself
as a potential candidate for use as a collector and func-
tional cathode because it has both electronic and ionic
conductivity [19]. Generally, ionic and electronic con-
ductivity and catalytic activity increase when x increases
and y decreases, whereas chemical compatibility with
the electrolyte and the thermal expansion coefficient
have the opposite trend [20, 21]. Although the electron-
ic LSCF conductivity is high, the conductivity of oxy-
gen ions is very low (approximately 0.01 S cm ' at
700 °C) [22]. Conversely, the ionic conductivity of the
most common electrolyte (8YSZ) is approximately
0.02 S cm™ ' [23]. This difference becomes more signif-
icant at lower temperatures. Thus, if LSCF is used as
cathode material, the electrochemical reaction is limited
to the region of the cathode/electrolyte interface, which
leads to an increase in the cathode polarization resis-
tance. To increase the ionic conductivity of the cathode,
an interesting alternative would be to add a conductor
of oxygen ions, such as ceria doped with gadolinium
(GDC), into the functional layer and change the LSCF
composition used in this layer [24, 25].

In this work, anode-supported solid oxide fuel cells con-
taining a cathode functional layer of LSCF will be tested using
two different compositions, Lag S1p 4C0g gFe 2035 (LSCF 1)
and Lag ¢Sr 40C0g2Feq.g05.5 (LSCF 2). The cathode func-
tional layers were made of 50 % (w/w) LSCF and 50 % (w/
w) GDC. The functional layers were deposited by screen
printing and reached an average thickness of 10 um. A screen
printing method was chosen because it has a relatively low
cost, is easy to operate, is highly reproducible, and can be used
on a large scale. To investigate the influence of LSCF compo-
sition, we used button cells supported by a nickel oxide-
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Fig. 3 Scanning electron microscopy of interface between GDC and the
LSCF 1 functional layer (a) and LSCF 2 functional layer (b)

Yttria-stabilized zirconia (NiO-YSZ) anode covered with a
10-pum layer of YSZ electrolyte and 10-pm layer of GDC
electrolyte to prevent a reaction between zirconia YSZ and
lanthanum strontium or LSCF [25].

Methodology

For this study, NiO-YSZ anode-supported fuel cells were pre-
pared, and two electrolyte layers were deposited on the sup-
port, one with YSZ (with a thickness of 10 um) and the other
with CGD (with a thickness of 10 pm). Functional and col-
lector cathodes were then deposited. Figure 1 shows the de-
tails of the different layers forming the fuel cell.

Anode and electrolyte preparations

The anode was prepared using a tape casting technique [26].
Pellets were produced with a 2.0-cm diameter and were
1.0 mm thick. These pellets were sintered at 1200 °C. The
electrolyte YSZ was deposited by spray coating using a sus-
pension prepared from synthetic powder Tosoh (Japan); 12
overlapping layers were used to obtain the desired thickness.
The deposited film was then sintered at 1500 °C [27]. After
sintering, a 10-um GDC layer was deposited using the same
deposition and sintering procedures and parameters as for the
first electrolyte. The GDC suspension used was also prepared
from commercial powders (Fuel Cell Materials). To ensure a
better densification, 1.0 % of Zn powder was added to GDC.
The procedure used in this addition is detailed in the literature.
[28].

LSCF preparation

The two LSCF powder compositions were synthesized
through a citrate route using nitrates of the metals as starting

components in molar proportions according to each composi-
tion. The suspensions of LSCF 1 and LSCF 2 used for the
production of the functional layer were prepared from a mix-
ture of 50 % by mass of LSCF powder and 20 % of commer-
cial GDC powder homogenized with ethyl cellulose, alpha
terpineol, and isopropanol using a ball mill for 5 h. The func-
tional cathode films were then deposited by screen printing on
the Ni-YSZ anode support containing YSZ and GDC layers

oo ‘ffr" :

Flg. 4 (a) Scannmg electron microscopy of the optimized fuel cell (b)
EDS image of the LSCF 2 functional layer (CF) and the LSCF 1 collector
layer (CC)
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using a pressure of 2.0 bar and squeegee speed of
70 mm sec . Four layers were deposited to obtain the desired
film thickness. In all of the studied fuel cells, LSCF 1 powder
was used to produce the cathode collector. The suspension
used for the LSCF 1 layer collector was produced from
60 % LSCF 1 by mass homogenized with ethyl cellulose,
alpha terpineol, and isopropanol using a ball mill for 4 h.
The cathode collector films were deposited by screen printing
using the same parameters as for the functional layer except
that the desired thickness was obtained with the deposition of
20 layers. The area of the cathodes was 0.75 cm®.

Scanning electron microscopy

The cathode surface films, the interface between cathode and
electrolyte layers, and the cathode porosity films were ana-
lyzed by scanning electron microscopy (SEM) images collect-
ed using a QUANTA Microscope Model 200 RL. Energy
dispersive scanning (EDS) images were used to verify the
densification efficiency of the GDC electrolyte and thus pre-
cluded the migration of strontium into the YSZ electrolyte.

Electrochemical measurements

All electrical tests were made using a NorECs® cell electrical
measurement. The impedance and electrical measurements
were performed using a PGSTAT AUTOLAB 302 with a
FRA impedance module and FRA and GPES software. The
electrochemical impedance spectroscopy measurements were
performed in the frequency range from 10° to 10~ Hz with an
AC amplitude of 10 mV. All experimental measurements were
performed between 650 and 850 °C at a flow rate of
85 ml min! for H, at the anode and 120 ml min! for O, at
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Fig. 5 Nyquist plot for LSCF 1 and LSCF 2 functional layers
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Fig. 6 Power density at 850 °C of fuel cells with LSCF 1 and LSCF 2
functional layers

the cathode. N, at a flow rate of 50 ml min ' was used as the
H, carrier.

Result and discussion
LSCF 1 and LSCF 2 powders characterization

LSCF powders were characterized by X-ray diffraction.
Diffraction patterns, shown in Fig. 2, show that both LSCF
powders were satisfactorily obtained and that the route chosen
is suitable for synthesis. Both starting powders (LSCF 1 and
2) are not single-phase. The phase impurities may substantial-
ly affect electrochemical properties and stability. Thus, the
Rietveld refinement was made using the Fullprof® software.
The LSCF 1 has 94 % of Lag ¢Sty 4Cog sFeg 2035 and 6 % of
Co0504. By the other hand, the LSCF 2 has around 99 % of
Lao'ésro_4C00'2Feo'803_5 and 1 % of LaFeO3.

Figure 3 shows the interface between GDC and the
LSCF 1 and LSCF 2 functional layer. The LSCF 1 layer
has few pores, which creates a barrier to oxygen diffusion.
It is also possible to see that the adhesion of this layer to
the electrolyte is unsatisfactory, causing detachment of the
functional layer and thus increasing the cell polarization
resistance. The distinct microstructure and adhesion can
be explained by thermal expansion coefficient (TEC) in
each LSCF composition [29]. The partial substitution of
Co by Fe promotes a decrease in the TEC value. For
Lag ¢Srg 4Coq gFep 2035 (LSCF 1), the value of TEC is
15.97 x 107 K" and for Lag Sro4Cog sFeg 055 (LSCF
2) the TEC is 13.19 15.97 x 10°® K' [30]. Considering
that the TEC for CGD is around ~12 x 10°® K'!, the
composition LSCF 2 is more compatible, which results
in a better adhesion [31].

The LSCF 2 layer has a porosity greater than the LSCF 1
layer, favoring the diffusion of oxygen, and the change in the
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Fig.7 Power density measurements versus temperature of fuel cells with
LSCF 1 and LSCF 2 functional layers

composition leads to better adhesion of the functional layer,
decreasing the resistance polarization (Fig. 3).

Figure 4a shows a fuel cell produced with a functional
LSCF 2 cathode 2 and a collector LSCF 1 cathode (optimized
cell). The picture clearly shows all layers constituting the fuel
cell. All layers exhibit good adhesion at the interfaces, and
there is a considerable difference in porosity between the func-
tional layers and the cathode collector without any deficiency
in the adhesion between them. Figure 4b shows the chemical
map (EDS image) of an entire fuel cell, demonstrating that
there is no migration of elements from the cathode toward
the YSZ electrolyte, which could result in the formation of
insulating layers. This fact proves the effectiveness of the zinc
presence to the CGG densification.

Electrochemical measurements

The electrochemical performance of the fuel cells was tested
and compared. From electrochemical impedance spectrosco-
py (EIS) measurements, it was possible to evaluate the polar-
ization resistance alteration due to the change in composition
of the cathode functional layer. Figure 5 shows EIS measure-
ments at 850 °C carried out in the open circuit potential of the
fuel cell produced with LSCF 1 and LSFC 2 functional layers.
In both cases, the best electrical circuit adjusted for experi-
mental result was LR.(R,Q), where L is the inductor element,
Q is the constant phase element, R, is the ohmic resistance of
electrolyte, and R,, is the polarization resistance of anode and
cathode reactions [32—34]. The ohmic resistance associated
with the electrolyte ionic conductivity is of the same order
(approximately 0.72 Q cm %) for both samples. For the
LSCF 1 and LSCF 2 functional layers, the polarization resis-
tance was approximately 1.5 and 0.06 Q.cm ™2, respectively.
The same conditions were adopted in two experiments, vary-
ing only the composition of the functional layer. Thus, even
that the R, comprises the anode, cathode, and electrolyte

contributions, any change in the resistance polarization is
mainly related to the charge transfer of O, reduction because
only cathode composition was changed. The greatest R;, ob-
tained for LSCF 1 must be related to their low adhesion to
electrolyte (Fig. 3a).

The improved performance after the change in the compo-
sition of the functional cathode is quite clear. The polarization
resistance was reduced by a factor of 25, which proves that
this configuration leads to a functional layer microstructure
that allows for better diffusion of oxygen and increased grip
on the electrolyte, favoring an increase of three phase bound-
ary regions (TPB).

Figure 6 shows the power density measurement diagram
obtained at 850 °C for the studied fuel cells. The cell produced
with the LSCF 2 functional layer has a maximum power den-
sity of approximately 410 mW c¢m 2 whereas the maximum
power density of the other fuel cell was approximately
180 mW cm 2

Figure 7 shows power density measurements versus tem-
perature of the fuel cells. At all temperatures, measurement of
the fuel cell with LSCF 2 functional cathode layer clearly
confirms that it has the best performance. The LSCF 1 fuel
cell had a maximum output power density of approximately
180 mW.cm 2 at 850 °C whereas the other fuel cell at this
same temperature had a maximum output power density of
approximately 420 mW cm 2.

Conclusions

The influence of the change in the composition of the material
used as a functional cathode of a SOFC in their electrochem-
ical and microstructural properties was investigated. The
change in LSCF powder composition modifies the porosity
of the functional layer and improves its adhesion to the CGD
electrolyte. The electrochemical cell performance improved
significantly, with a decrease by a factor of approximately
25 in the cell polarization resistance, which can be attributed
to the fact that the modified cell microstructure in the func-
tional layer allows for better diffusion of oxygen and increases
the grip of the electrolyte favoring an increase in the regions of
TPB. An improvement in power density performance of the
fuel cell was observed over the whole temperature range
studied.
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