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The perovskite LaggSrp4Cop2Fegg03—CepoGdp101.95 (LSCF—GDC) nanoparticulate cathode was applied
for microtubular solid oxide fuel cells operated at intermediate temperatures. For the cell with the
cathode sintered at 950 °C, maximum power densities of 0.26, 0.54 and 0.73 W cm™

2 were obtained at
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550, 600 and 650 °C, respectively. The ohmic resistance increased for the cathode sintered at 850 °C, and
the polarization resistance increased for the cathode sintered at 1050 °C. The cathode polarization
resistances of ionic conduction process in the LSCF bulk and adsorption/desorption process on the LSCF
surface were estimated by the distribution of relaxation times analysis, which were only 0.066 and
0.065 Q cm? at 600 °C for the cathode sintered at 950 °C. The grain size of the cathode was less than
100 nm, which resulted in high performance due to an overall decrease in cathode polarization
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1. Introduction

Solid oxide fuel cells (SOFCs) are expected to emerge as power
generation systems with high energy conversion efficiencies.
Recently, many researchers have focused on lowering the operating
temperature of SOFCs from 800—1000 °C to 500—700 °C in order to
improve their durability, start-up time and so on. Previously, the
authors have developed anode-supported microtubular SOFCs with
high power densities via the “Advanced Ceramic Reactor Project” of

* Corresponding author. Tel.: +81 52 736 7592; fax: +81 52 736 7405.
E-mail address: h-sumi@aist.go.jp (H. Sumi).

0378-7753/$ — see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jpowsour.2012.11.015

the New Energy and Industrial Technology Development Organi-
zation (NEDO) in Japan. We have successfully formed dense elec-
trolyte thin-films of thickness ca. 5 um by dip-coating on the anode
substrate, which contributes to a decrease in the ohmic resistance
[1]. The anode polarization resistance is decreased by controlling
the nanostructure of the anode substrate using acrylic resin as
a pore former [2]. The power density per cathode area reached
1 W cm2 at a low temperature of 550 °C for the microtubular
SOFCs with a diameter of 0.8 mm [3]. Furthermore, a power of 2 W
can be obtained at 490 °C for a 3 x 3-cell module with a volume of
1 cm? [4].

High catalytic and electrochemical activities are also required to
promote oxide ion transfer and oxygen exchange processes as well
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as high electronic conductivities at low temperatures for cathode
materials. Perovskite Lag gSrg.4Cog2Fep O3 (LSCF) is one of the most
promising cathodes for intermediate temperature (IT)-SOFCs. The
LSCF cathode is a mixed ionic—electronic conductor with an elec-
trical conductivity of more than 10? S cm™" at 500—700 °C, and is
a good match with zirconia based electrolytes in terms of its
thermal expansion coefficient [5,6]. Dusastre and Kilner [7] and
Murray et al. [8] reported that the cathode polarization resistance
decreased significantly by adding 30—50 vol.% Gd-doped ceria
(GDC) to LSCF. Furthermore, the adding of a noble metal catalyst
such as Pd [9], Pt [10], Ag [11] and so on into LSCF promoted the
cathode reaction at temperatures below 600 °C. However, the noble
catalysts are too expensive to be applied to IT-SOFCs. Recently, Shah
and Barnett [12], Darbandi and Hahn [13] and Leng et al. [14]
developed nanoparticulate cathodes with high catalytic and elec-
trochemical activities for IT-SOFCs. They only evaluated half-cells in
air to investigate cathode polarization resistance using an AC
impedance method.

Previously, the authors were successful in evaluating the effect
of anode porosity on the polarization resistance by the distribution
of relaxation times (DRT) analysis [15]. This method can directly
detect the number of electrode processes using mathematical
techniques without assuming the equivalent circuits for actual
SOFCs in hydrogen/air [16,17]. In this study, the polarization resis-
tances of the LSCF—GDC nanoparticulate cathodes with different
sintering temperatures were evaluated by the DRT analysis for
anode-supported microtubular SOFCs.

2. Experimental

Anode microtubes were made from NiO (Sumitomo metal
mining), 8 mol% Y203 stabilized ZrO, (8YSZ; Tosoh), pore former
(acrylic resin; Sekisui Plastic) and binder (Cellulose; Yuken Kogyo)
powders. The weight ratio of NiO to 8YSZ was 60:40, and the particle
size of the pore former was ca. 5 um. These powders were mixed
with a kneading machine by adding an appropriate amount of water
over a period of 2 h. The hardness of the mixture clay was ca. 12
measured by a type A durometer (ISO 7619). The anode microtubes
were extruded using a piston cylinder with a metal hold with an
outside diameter of 2.4 mm and an inside diameter of 2.0 mm. After
extrusion, the tubes were dried overnight in air at room tempera-
ture. A slurry was prepared by mixing 8YSZ, binder (polyvinyl
butyral; Sekisui Chemical) dispersant (tallow propylene diamine,
Kao) and plasticizer (dioctyl adipate; Wako Pure Chemical Indus-
tries) into ethanol and toluene solvents for 48 h. The 8YSZ electrolyte
was formed by dip-coating at a pulling rate of 1 mm s~ The 8YSZ
thin-film electrolyte and NiO-8YSZ anode microtube were co-
sintered for 1 h in air at 1350 °C. The interlayer of Cey9Gdg101.95
(GDC; Shin-etsu Chemical) was formed on the electrolyte by
a similar manner, and sintered for 1 h in air at 1200 °C. The cathode
was a LSCF—GDC (70:30 wt.%) composite. The LSCF nanoparticulate
powder was prepared using co-precipitation and low temperature
calcination by Dowa Electronics Materials. The LSCF—GDC cathode
was formed by dip-coating at a pulling rate of 2 mm s, and sintered
for 1 h in air at 850, 950 or 1050 °C (denoted LSCF850—GDC,
LSCF950—GDC and LSCF1050—GDC, respectively). The outside
diameter of the microtubes was 1.8 mm and the area of the cathode
was 0.6 cm? after sintering. The thicknesses of the anode, the elec-
trolyte, the interlayer and the cathode were ca. 200, 5,1 and 20 pm,
respectively. The cathode microstructure was observed using a FE-
SEM (JEOL; JSM-6330F) with an accelerating voltage of 15 kV.

The characteristics of the power generation and the AC imped-
ance were evaluated with a potentiostat/galvanostat (Solartron
Analytical 1287) and an impedance analyzer (Solartron Analytical
1255B). A mixture of 40% Hy—3% H,0—57% N, was supplied as fuel at

a flow rate of 50 mL min~! to the anode side, and air was supplied as
oxidant at 50 mL min~" to the cathode side. Operating temperatures
were 500, 550, 600 and 650 °C. Silver wires were used as current
collectors. Current—potential (i—V) characteristics were measured
from open circuit voltage (OCV) to 0.4 V at a sweep rate of 5mV s~ .
AC impedance spectra were measured under OCV in the frequency
range from 1 MHz to 0.1 Hz with 20 steps per logarithmic decade.

Generally, polarization resistances are analyzed by an equivalent
circuit with a parallel resistance—conductance (RC) element. An
ideal RC element has a single relaxation time 7 defined by the
appropriate R and C values (t = RC). However, the actual polariza-
tion resistance for SOFCs cannot be perfectly fitted by one RC
element because relaxation times are generally distributed for the
actual electrode processes. Therefore, the polarization resistances
are generally fitted by an equivalent circuit with RQ element
(constant phase elements in parallel with a resistor) for the complex
non-linear least squares (CNLS) method [18]. The DRT method can
directly detect the number of electrode processes by mathematical
techniques without assuming the equivalent circuits of the polari-
zation components [16,17]. In this study, polarization impedance
Zpol(w) are considered to be an equivalent circuit composed of an
infinite number of RC elements in the following series.

R0 . r
Zpol(w) = Rpol/ i +jmdr with /y(r)dr =1 (1)
0 0

here, Rpo is the total DC polarization resistance, y(t) is the DRT, w is
the angular frequency and j is the imaginary unit. The distribution
function g(f) (with f = w/27) was calculated using the software
program FTIKREG [19] to solve an ill-posed inverse problem by
Tikhonov regularization. However, it was impossible to obtain good
results for DRT analysis for impedance spectra with an inductance
at high frequency [15]. The inductance components were removed
by the same method as described in Ref. [ 15] before DRT analysis for
the impedance spectra in this study.

3. Results and discussion

Fig. 1 shows the scanning electron images of the (a) LSCF850—
GDC, (b) LSCF950—GDC and (c) LSCF1050—GDC cathodes after
sintering. The LSCF nanoparticulate powder can be obtained by co-
precipitation and low temperature calcination. The grain size of the
LSCF850—GDC was only 30—50 nm as shown in Fig. 1(a). The LSCF
grains grew up when the sintering temperatures were increased.
The size of LSCF1050 was approximately 100 nm. Furthermore,
grains more than 300 nm in diameter were observed after sintering
at 1050 °C. They are likely to be GDC, because the GDC grains were
further grown to a diameter of ca. 1 um in the interlayer sintered at
1200 °C as shown in the lower image of Fig. 1. The grain size is
expected to affect the length of double phase boundaries and
electronic conduction paths. On the other hand, the electrolyte and
the interlayer were in good contact for all of the cathodes. However,
the interface between interlayer and the cathode was unclear
because the both of the layers were porous. It was expected that the
cathode sintered at the higher temperature was in better contact
between the interlayer and the cathode.

Fig. 2 shows the i—V characteristics for the anode-supported
microtubular SOFCs with the LSCF850—GDC, LSCF950—GDC and
LSCF1050—GDC cathodes at 500—650 °C. Regarding the influence of
the sintering temperature, the electrode sintered at 950 °C gave the
best performance. At an operating temperature of 600 °C, the
maximum power densities were 0.41, 0.54 and 0.49 W cm~2, and
the area specific resistances (ASRs) derived from the slopes of the
i~V curves near OCV were 1.2, 0.88 and 0.94 Q cm? for the
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