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Abstract

Lanthanum-based iron- and cobalt-containing perovskite has a high potential as a cathode material because of its high electro-catalytic activity
at a relatively low operating temperature in solid oxide fuel cells (SOFCs) (600-800). To enhance the electro-catalytic reduction of oxidants on
Lag ¢St 4CopoFep 03 _s (LSCF), Ga doped ceria (Ce9Gdg 10195, GDC) supported LSCF (15LSCF/GDC) is successfully fabricated using an
impregnation method with a ratio of 15 wt% LSCF and 85 wt% GDC. The cathodic polarization resistances of 15SLSCF/GDC are 0.015 ) cm?,
0.03 Q cm?, 0.11 Q cm?, and 0.37 Q cm? at 800 °C, 750 °C, 700 °C, and 650 °C, respectively. The simply mixed composite cathode with LSCF
and GDC of the same compositions shows 0.05 2 cm®, 0.2 Q cm?, 0.56 Q cm®, and 1.20 Q cm” at 800 °C, 750 °C, 700 °C, and 650 °C,
respectively. The fuel cell performance of the SOFC with 15LSCF/GDC shows maximum power densities of 1.45 W cm™2, 1.2 W cm™2, and
0.8 W cm ™2 at 780 °C, 730 °C, and 680 °C, respectively. GDC supported LSCF (15LSCF/GDC) shows a higher fuel cell performance with small

compositions of LSCF due to the extension of triple phase boundaries and effective building of an electronic path.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are believed to be the most
promising future component of energy generation for power
plants and distributed power systems. To operate at inter-
mediate temperatures (600-800 °C), perovskite-based com-
pounds having the general formula of Lag ¢Sty 4Cog 2Feq 303 _5
(LSCF) have been reported to be very effective owing to their
high catalytic activity with a Gd-doped ceria (GDC)-based
interlayer [1-6]. However, with a high activation enthalpy for
oxygen self-diffusion in LSCF [7], the ionic conductivity of a
LSCEF cathode drops rapidly as the temperature decreases. To
enhance the ionic conductivity of the cathode electrode and
prevent the coarsening of the cathode, the addition of a second
phase such as GDC has been reported [8—14]. It has been
confirmed that the formation of a composite cathode
can beneficially reduce the polarization resistance of a pure
LSCF cathode; this performance is related to the sintering
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temperature, microstructure (such as the grain size and
porosity), and the composition of the LSCF and the GDC
[3,7,15,16]. Electrochemical reactions in composite cathodes
of LSCF and GDC occur at the triple phase boundary (LSCF,
GDC, and oxygen gas) as well as at the surface of LSCF. The
electrochemical performance of a LSCF-type cathode can also
be varied by processing and micro-structural parameters of the
cathode materials [15-18]. Small-particle-size and high-
surface area in nanocrystalline materials are favored for the
cathode electrode for SOFCs, which results in enhancement of
an electro-catalytic reduction of oxidant along with a higher
catalytic activity [15-22]. The composite cathodes can be
prepared by a simple micro-scale mixture of LSCF and GDC.
To extend the triple phase boundary, nano-scaled hetero-
geneous powders in the form of either a surface coated or core—
shell structure have been also reported for a composite cathode
in SOFCs for better long-term stability and high-performance
[23-26].

In this study, GDC supported LSCF was prepared with a
LSCF complex solution and GDC particles. The surface of the
GDC was coated and dried several times with LSCF complex
solutions for impregnations of 15 wt% LSCF on GDC. Paste
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with GDC supported LSCF was printed and sintered onto Ni—
YSZ support/Ni—-YSZ functional layer/YSZ electrolyte/GDC
interlayer anode-supported SOFCs. The cathode with GDC
supported LSCF and the simply mixed composite cathode of
GDC and LSCF were characterized in terms of cathode
polarization and fuel cell performances as a function of
temperatures and compositions.

2. Experimental procedure

The LSCF complex solution was prepared with nitrate salts
of La**, Sr**, Co®*, and Fe’*. The complex method with
chelating agent is described below. Lanthanum nitrate,
strontium nitrate, cobalt nitrate, and ferric nitrate were
dissolved at a molar ratio of 3:2:1:4 in deionized water to
prepare a homogeneous metal nitrate solution. The solid citric
acid and ethylenediaminetetraacetic acid (EDTA) powder as
chelating agents were added to the mixed metal nitrate solution
and then the solution was heated in a water bath at 70 °C.
Nitrate forms of metal precursors, all in analytical grades, were
used as metal sources. EDTA powder and crystallized citric
acid were used as the raw materials for chelation, which both
have purities higher than 99.5%.

GDC of 5m” g~ ' was purchased from ANNA Kasei as a
support for GDC supported LSCF. The surfaces of GDC
powders were impregnated with a concentrated LSCF complex
solution, 0.6 M of metal nitrate, and dried at 150 °C.
Impregnation and drying step was repeated 3—4 times. After
impregnation of a ratio 15 wt% LSCF to GDC, GDC supported
LSCF (15LSCF/GDC) was calcined at 700 °C for 3 h. The
simply mixed composite cathodes (SMC) of GDC and LSCF
were prepared with LSCF and GDC with a ratio of 15:85 wt%,
30:70 wt%, 40:70 wt%, 50:50 wt%, 60:40 wt%, 70:30 wt%,
and 100:0 wt% by using a three roll mill. The SMCs are coded
with the composition of LSCF. LSCF powder for simply mixed
composite cathodes was prepared from complex solutions. The
LSCF complex solution was heated to evaporate water and
dried in a vacuum oven of 120 °C. After drying, the powder was
calcined at 700 °C for 3 h. The synthesized powders were
characterized with X-ray diffractometer (XRD) and scanning
electron microscopy (SEM).

simply mixed composite cathocle

The GDC supported LSCF cathode and simply mixed
composite cathodes were characterized with -electrolyte-
supported symmetric cathode | YSZ| cathode cells. The cathode
paste was prepared by mixing cathode materials with organic
binder (ethyl cellulose, di-ethylene glycol butyl ether, and o-
terpinol) in ratio of 50:50 wt%. The symmetric cells were
prepared by screen-printing and sintering cathodes pastes on
both sides of the YSZ electrolyte. The impedance spectra were
obtained in the frequency range of 100 kHz-0.1 Hz with
applied AC voltage amplitude of 100 mV at the temperature
range of 580-780 °C. The cathodic polarization resistances
were determined from the differences between high- and low-
frequency intercepts on the impedance spectra and divided
by two.

To characterize the fuel cell performance of the SOFCs, the
GDC supported LSCF was mixed with organic binder, ethyl
cellulose, and di-ethylene glycol butyl ether with a-terpinol.
The Ni-YSZ/YSZ/GDC anode-supported cells were cut into 1
in diameter circles from a 25 cm X 25 cm plate prepared by
tape-casting and a co-fired method. The cathode paste was
printed on the Ni—-YSZ/YSZ/GDC anode-supported cell and
sintered at 900 °C for 4h. The active cathode area was
0.785 cm?. The cathode polarizations of 15LSCF/GDC and
I5LSCF SMC cathode were measured with an impedance
analyzer. Impedance spectra were collected in an open-circuit
condition in the frequency range of 100 kHz—-0.1 Hz (perturba-
tion voltage: 100 mV). The fuel cell performances were tested
with a 300cm’min~' of 97% H»3% H,O and
1000 cm® min~" of air.

3. Results and discussion

The schematic diagrams of GDC supported LSCF are shown
in Fig. 1. The LSCF complex solution was impregnated and
dried on the surface of GDC several times for impregnation of
15 wt% of LSCF to GDC. The triple phase boundaries are
expected to be built with a small amount of LSCF. The GDC
supported LSCF powders (15LSCF/GDC) are investigated with
TEM images and XRD. As shown in Fig. 2, the XRD patterns of
LSCF and GDC are observed in 15SLSCF/GDC, respectively. It
is also confirmed by TEM-EDS analysis that particles less than

GDC supported LSCF cathocle

Fig. 1. Schematic diagram of LSCF-GDC composite and GDC supported LSCF.
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Fig. 2. XRD patterns of GDC supported LSCF.

20 nm are impregnated on the surface of the GDC powder as
shown in Fig. 3. The 15LSCF/GDC can be divided into two
different regions: GDC regions (darker area) and LSCF regions
(brighter area). Detailed composition profiles obtained from
selected areas in the TEM image are shown in Fig. 3(a). The
GDC spectrain 1, 4, 5, and 7 positions and the LSCF spectra in
2, 3, and 6 positions are observed in Fig. 3(a). The
compositional mapping detected by EDS shows the LSCF is
homogeneously impregnated on the surface of GDC as shown
in Fig. 3(b). The La elements are distributed uniformly on the
surface of particles, while the Ce elements are located in the
dark middle region. EDS compositional mapping clearly
confirms that the GDC supported LSCF is successfully
prepared via impregnation methods. In the form of core—shell
structure or infiltrated structure, it is not easy to classify the
distinct difference in two regions in the heterogeneous powder
[25,27]. However, the GDC supported LSCF via an impreg-
nation method can be classified into two distinguishable regions
of GDC and LSCF as shown in Fig. 3(a). The LSCF coated on
the GDC surface may extend the triple phase boundaries and be
expected to show higher fuel cell performances with a small
amount.

The cathode of 20-30 pwm is printed on both sides of YSZ in
the electrolyte-supported symmetric cathode/YSZ/cathode
cells as shown in Fig. 4. The impedances of the symmetric
cells with 1SLSCF/GDC (GDC supported LSCF cathode) and
I5LSCF SMC cathode are characterized as a function of
temperature as shown in Fig. 5. The cathodic polarization
resistances were determined from the differences between
high- and low-frequency intercepts on the impedance spectra
and divided by 2. The cathodic polarization resistances (Rp) of
GDC supported LSCF are 0.015Qcm? 0.03 Q cm?,
0.11 Q em?, 0.35 Q cm?, and 0.68 Q cm® at 780 °C, 730 °C,
680 °C, 630 °C and 580 °C, respectively. The R, of 15LSCF
SMC are 0.065Qcm? 021 Qcm’ 057 Qcem? and
1.13 Q cm? at 780 °C, 730 °C, 680 °C, and 630 °C, respec-
tively. The cathodic polarization resistances of GDC supported
LSCEF cathode show 3-5 times lower than those of the 15LSCF

SMC cathode. To investigate the effect of the impregnation
method, SMC cathodes were characterized as a function of
LSCF compositions. The cathodic polarization of GDC
supported LSCF cathode and simply mixed composite cathodes
are plotted as shown in Fig. 6. The 60LSCF SMC shows the
lowest cathodic polarization resistance at all temperature
ranges. These results can be compared with Leng’s work [14].
In their work, the 40LSCF-60GDC composite cathode has the
lowest polarization. The difference of LSCF and GDC in three
phase boundaries may result in the different cathodic
polarization. The cathodic polarization resistances (Rp) of
cells are the lowest in 60LSCF SMC, which are 0.015 () cm? at
800 °C and 0.02 Q cm? at 750 °C. The GDC supported LSCF
shows polarization resistance of 0.015 Q cm” at 800 °C and
0.035 © cm? at 750 °C. The cathodic polarization resistance of
GDC supported LSCF shows values similar to 60LSCF SMC
and higher than 50LSCF SMC. The GDC supported LSCF with
a small amount of LSCF with 15 wt%, shows a higher
performance than a simply mixed composite cathode with
LSCF of 50 wt%. The triple phase boundaries for oxygen
reduction reaction of LSCF, GDC and oxidants are extended
with the nano-sized LSCF on GDC surface, which result in the
lower cathodic polarization resistance. The nano-sized LSCF
coated on GDC surface is very effective for building the
electronic conducting path with a small amount of LSCF. It is
confirmed that the morphology of a cathode is one of the
important factors for improving fuel cell performance. These
phenomena can be also be explained by an ambipolar resistivity
model of a porous composite cathode developed by Dusastre
and Kilner [1]. At a very high GDC content, 30LSCF and
15LSCEF, the electron-conducting path may not be effectively
built up, which results in a sharp increase in polarization
resistance. In addition, the presence of a non-continuous
electron-conducting phase in a 30LSCF and 15LSCF compo-
site cathode leads to high ohmic resistance of the composite
cathode and high contact resistance between the cathode and
electrolyte. However, the GDC supported LSCF has the
morphological effects for building the electronic conducting
path with a small amount of LSCF of 15 wt%. To lower the
polarization resistance, careful design and fabrication are
needed to maximize the effects of the materials.

The plot of In (Rpfl) vs (10007 ") in Fig. 7(a) shows the
activation energy for the oxygen reduction reaction of a GDC
supported LSCF cathode and simply mixed cathodes. The
activation energy of cathodes is shown as a function of a LSCF
composition in Fig. 7(b). With increasing LSCF, the activation
energy decrease and is the lowest in 60LSCF SMC of
136.6 kJ mol . The GDC supported LSCF cathode shows an
activation energy of 156.1 kJ mol~'. The activation energy in
60LSCF and 50LSCEF is similar and 15SLSCF SMC show much
higher activation energy. However, the GDC supported LSCF
cathode has a lower activation energy than 15LSCF SMC and
the impregnation method is also effective for lowering the
activation energy with a small amount.

The SOFCs were prepared with GDC supported LSCF,
15LSCF SMC cathode and 50LSCF SMC. The cross-sectional
image of an SOFC with a GDC supported LSCF is shown in
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Fig. 3. (a) TEM-EDS spectra of the GDC supported LSCF, and (b) mapping of Ce and La elements of the GDC supported LSCF.
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Fig. 8. Cross-sectional images of SOFCs with 15LSCF/GDC.

Fig. 8, which consists of GDC supported LSCF (—30 pm) as a
cathode, GDC (—1 pm) as an interlayer, YSZ (—10 pwm) as an
electrolyte, Ni-YSZ (—20 pm) as an anode functional layer,
and Ni-YSZ (—800 um) as a support. Good adhesion is
observed between the GDC interlayer and the GDC supported
LSCF. The fuel cell performances of the SOFCs were
characterized with H,-H,O of 300 cm® min~! and air of
1000 cm® min~'. The current—-voltage curves are shown in
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Fig. 9. The SOFC with the GDC supported LSCF cathode at
0.8 V shows 1.17 Aecm ™2, 0.92 A cm™>, and 0.66 A cm ™2, at
780 °C, 730°C, and 680 °C, respectively. The maximum
powder density of the SOFC with a GDC supported LSCF
cathode is over 1.5 W cm ™2 at 780 °C. The SOFC with 50LSCF
SMC at 0.8V shows 072Acm % 048Acm >, and
0.37 A cm 2 at 780 °C, 730 °C and 680 °C, respectively. The
maximum powder density of the SOFC with 50LSCF SMC is
1.2 W cm ™2 at 780 °C. The SOFC with 60LSCF SMC at 0.8 V
shows 1.12 A cmfz, 0.73 A cmfz, and 0.52 A cm™2 at 780 °C,
730 °C and 680 °C, respectively. The SOFC with 15LSCF SMC
shows the maximum powder densities of less than 0.2 W cm 2.
The 15 wt% of LSCF in 15LSCF/GDC may not be enough to
build the electronic path for electrochemical reactions. The
SOFC with GDC supported LSCF shows a higher fuel cell
performance than the SOFC with SOLSCF SMC and a lower
fuel cell performance than the SOFC with 60LSCF SMC and
this is consistent with symmetric cell results. The 15LSCF
SMC shows a poor fuel cell performance due to a deficient
amount of LSCF for electronic conducting path. The
heterogeneous powder of LSCF and GDC for the SOFC
should be designed with consideration of building electro-
chemical reaction sites. The impregnated LSCF with nano sized
morphologies is a very effective cathode for developing the
ionic and electronic conducting path. The GDC supported
LSCF is effective for building triple phase boundaries for
electrochemical reactions with a smaller amount of LSCF.
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4. Conclusion

The GDC (Cep.9Gdp.101.95) supported LSCF
(Lag ¢Srg 4Cog2Fep g05_5) with 15 wt% of LSCF was success-
fully synthesized by an impregnation method with LSCF
complex solutions. The TEM-EDS analysis shows that LSCFs
of less than 20 nm are impregnated on the GDC surface. The
triple phase boundaries among LSCF, GDC and air are expected
to be extended and results in higher fuel cell performances. The
symmetric cell of cathode/YSZ/cathode shows the GDC
supported LSCF has lower cathodic polarization than the
S0LSCF SMC simply mixed composite cathode. The polariza-
tion resistances (R,,) of GDC supported LSCF are 0.015 ) cm?,
0.03Qcm?, 0.11Qcm?, 035Qcm?, and 0.68 Qcm? at
800 °C, 750 °C, 700 °C, 650 °C and 600 °C, respectively.
The cathodic polarization resistance of GDC supported LSCF is
3-5 times lower than that of 1SLSCF SMC composite cathode.
The smaller amount LSCF of 15 wt% in GDC supported LSCF
may be effective for building an electronic path for an
electrochemical reaction. The SOFC with the GDC supported
LSCF cathode at 0.8 V shows 1.17 A cm_z, 092 A cm_z,
0.66 A cm ™2, and 0.38 A cm™at 780 °C, 730 °C, and 680 °C,
respectively. The maximum powder density of the SOFC with
the GDC supported LSCF cathode is over 1.5 W cm 2 at
780 °C. A morphological difference in the starting particles of
GDC supported LSCF may result in lower cathodic polarization
resistance and increase fuel cell performance.
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