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Abstract

Strontium doped samarium cobaltite (Smg 5Sry sCoO5_s, SSC)—samarium doped ceria (Smy,Ce30,_5, SDC) composite cathodes
were fabricated using the electrostatic slurry spray deposition method for intermediate temperature solid oxide fuel cells (IT-SOFCs). To
optimize the performance of the full cell containing the fabricated composite cathode, the effects of sintering temperature, composite
ratio between SSC and SDC components, and film thickness of the composite cathode have been investigated through SEM, EDS and
EIS analysis. As per the results, the best electrochemical performance was obtained from the SSC-SDC composite cathode sintered at
1000 °C in the weight ratio of 60:40 and with 20 pm in thickness. The cathode sintered at 1000 °C showed better performance than the
cell sintered at 900 °C due to the well-developed connectivity between the SSC and the SDC particles. Also, the 60SSC—40SDC
composite cathode showed an excellent percolating property and the lowest polarization resistance was obtained from the composite
cathode with 20 pm in thickness due to its well developed microstructure in terms of gas diffusion and TPB area.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Despite of its high efficiency and environmental friendli-
ness, solid oxide fuel cell needs several critical improve-
ments to commercialize [1]. The most important technical
issue is the reduction of the operating temperature below
800 °C, where the electrochemical performance of the
conventional YSZ based SOFC is also dramatically
reduced [2,3]. To achieve the improved performance of
SOFCs at low temperature, thin electrolyte and composite
cathodes consisting of the cathode and the electrolyte
materials have been suggested. Thin electrolyte can reduce
ohmic resistance originating from the electrolyte [4—0],
while the composite cathode can improve the electrode
performance by expanding the active reaction sites, triple
phase boundary (TPB), to whole cathode layer and
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reducing thermal expansion mismatch with the electrolyte
[6-9]. The role of cathode becomes more important in the
performance of SOFCs at the low or intermediate tem-
perature range. Thus, the technique to prepare composite
cathode is being studied to maximize the performance of
the SOFCs.

La;_ . Sry,MnO; (LSM) perovskite structure materials
have been regarded as one of the promising cathode
materials due to its fair ionic conductivity, as well as
thermal and chemical stability [10,11]. While LSM has
shown desirable performance for the SOFCs operating at
temperature above 800 °C, its performance markedly
deteriorates as the operating temperature is lowered. This
is because the oxygen surface exchange coefficient and
oxygen diffusion coefficient of LSM are relatively low
[12,13]. To solve these problems, cobalt-containing per-
ovskite materials have been explored in recent researches
[12,14,15]. The cobalt-containing materials such as
Smy 5Srg.sCoO3 (SSC) [16], (La, Sr)CoO5 (LSC) [17], (La,
Sr)(Co, Fe)Os; (LSCF) [18], and (Ba, Sr)(Co, Fe)Os3
(BSCF) [19] are mixed ionic and electronic conductors
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(MIECs) and they tend to exhibit higher ionic conductivities
than LSM due to greater concentration of oxygen vacan-
cies, which enable the extension of electrochemically active
area from just the triple phase boundary (TPB) to the entire
MIECs layer [20]. Among the above mentioned materials,
SSC is regarded as one of the promising cathode materials
because it exhibits extraordinary electronic conductivity
than that of pure BSCF [19] and good catalytic activity
for oxygen reduction [21]. Ishihara et al. [22] and Fukunaga
et al. [23] reported that the overpotential of dense SSC film
is lower than that of the LSC film under the same condition
due to the fact that the oxygen adsorption—desorption rate
of SSC is one order magnitude higher than dense LSC.
Furthermore, the electrochemical performance of SSC
porous cathode can be improved by adding samarium
doped ceria (Smg,Ce(g0;9, SDC), since addition of SDC
to SSC cathode is beneficial by narrowing the difference of
thermal expansion coefficients between the electrolyte and
cathode. SSC is also known to be compatible both chemi-
cally and physically with ceria based electrolytes [16].

In this research, strontium doped samarium cobaltite
(Smy 5Sry 5Co05_s, SSC) and samarium doped ceria (Smyg >
Cen 3019, SDC) composite cathodes were fabricated by using
the electrostatic slurry spray deposition (ESSD). The ESSD
technique uses electrical energy to atomize and spray solutions
same as in electrostatic spray deposition (ESD). However, the
ESSD technique is a method of spraying prepared slurry
containing powders with pre-developed crystalline phase, while
the conventional ESD is a technique of spraying metal salts
dissolved solution and the crystalline phases are developed
after deposition by post-heat treatment. Dense and porous
films without any cracks and delamination can be easily
fabricated by the ESSD [24,25]. Also, it is very powerful tool
to fabricate a layer with composite materials and to control
film thickness. In overall, the ESSD is a more advanced
deposition technique than the conventional ESD in terms of
the controllability of the deposition process and the micro-
structure of the deposited film, the flexibility in process
application, the performance of the obtained film, the diversity
of film material, so on.

To optimize the cell performance containing SSC-SDC
composite cathode, various experimental variables and the
resulting microstructural and electrochemical characteristics
of the composite cathode were investigated. The variables
were the microstructural features such as the triple phase
boundary and the connectivity between the particles, com-
posite ratio of the SSC and SDC and its film thickness. The
influence of the composite cathode on the electrochemical
properties was studied using electrochemical impedance
spectroscopy.

2. Experimental procedure
2.1. Slurry preparation

To prepare a SSC-SDC composite slurry, strontium doped
samarium cobaltite (SSC, Winner Tech., Republic of Korea)

and samarium doped ceria (SDC, Fuel cell materials, USA)
were used as solid constituents. The average particle sizes
were about 300 nm for the SSC and 30 nm for the SDC.
Isopropyl alcohol (IPA) and toluene (Daejung Chemicals &
Metals Co. Ltd., Republic of Korea) as solvents and
polyvinyl butyral (PVB, Sigma-Aldrich, USA) as a dispersant
were used. Firstly, IPA and toluene were mixed with volume
ratio of 7:3 and then, 3 wt% PVB of the amount of solid
loading was diluted in the pre-mixed solvent. The prepared
SSC and SDC powders were, subsequently, added into the
PVB diluted solvent. The weight ratio of the SSC and SDC
powders was varied to investigate the influence of the
composite ratio of the SSC-SDC cathode on the electro-
chemical properties. Furthermore, ultra-sonication was carried
out for 1 h to enhance the dispersion stabilization of the
SSC-SDC composite slurry.

2.2. Fabrication of composite cathodes

To investigate the various effects of the composite
cathode, various specimens with different microstructures
were fabricated using the electrostatic slurry spray deposi-
tion (ESSD). The ESSD system is constructed with a
syringe pump to feed the prepared composite slurry, a
power supply with high voltage to atomize and spray the
fed slurry, and stainless nozzle to form the electric field.
The detailed schematic diagram of the ESSD system is
shown in Fig. 1. The applied voltage and flow were 11 kV
and 6 mL/h, respectively. The distance between nozzle and
substrate was 5cm. Whole deposition process for the
composite cathode was conducted in an ambient atmo-
sphere and no substrate heating. The slurries for composite
cathodes were sprayed and deposited onto the SDC pellets,
which were uni-axially pelletized to the disc with 13 mm in
diameter and 1 mm in thickness, then subsequently sin-
tered at 1400 °C for 2h in an electric furnace. After
sintering the pellets were shrunk to ~ 10 mm in diameter.
In addition, the spray was carried out under the cone-jet
mode [26] and the spray covered area of ~ 80 mm in diameter.
After deposition, the SSC-SDC composite cathodes were
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Fig. 1. Schematic diagram of the electrostatic slurry spray deposition
(ESSD) system.
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sintered at 900 °C and 1000 °C for 5min in a microwave
furnace (2.45 GH, 2 kW) to study the influence of the sintering
temperature on the microstructure and electrochemical per-
formance of the composite cathodes. In order to measure
and control the sintering temperature, the thermocouple was
placed at diagonal direction from the specimen and the
distance was ~3 cm.

2.3. Characterization

With the prepared SSC-SDC composite cathodes, the
microstructural change and crystallinity of the specimens
as a function of sintering temperature, film thickness and
composite ratio of the SSC and SDC were observed with
scanning electron microscopy (SEM, JEOL JCM-5700,
Japan) and X-ray diffractometer (XRD, Rigaku Rint 2000,
Japan). Also, AC impedance spectroscopy was applied to
examine the electrochemical performance with Solatron SI
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Fig. 2. X-ray diffraction patterns of the 80SSC-20SDC composite cathodes
at various sintering temperatures.

1260 frequency response analyzer and 1287 electrochemical
interface. The impedance spectra were recorded with three
electrode configuration cell under open circuit condition
using a 20 mV amplitude AC signal over a frequency range
from 1 MHz to 0.01 Hz. Platinum paste was painted as a
counter and a reference electrode and sintered at 850 °C for
5 min in the microwave furnace. Also, it was measured in the
temperature range between 600 and 750 °C with an incre-
ment of 50 °C in air.

3. Results and discussion
3.1. The effect of sintering temperature

Fig. 2 shows the crystallinity of 80 wt% of SSC-20 wt%
of SDC (80SSC-20SDC) composite cathodes at various
sintering temperatures. The pure perovskite structure of
SSC and fluorite structure of SDC were developed over
900 °C, while some SSC peaks appeared weakly below
900 °C. As a result, sintering temperatures of 900 °C and
1000 °C were selected to compare the electrochemical
property originated from different microstructures such
as TPB and connectivity. The microstructures of the SSC—
SDC composite cathodes fabricated by the ESSD techni-
que are shown in Fig. 3. The morphologies of the
composite cathode sintered at 900 °C seem to have large
TPB area, but low connectivity between each particle as
shown in Fig. 3(a) and (c). On the other hand, Fig. 3(b)
and (d) shows the microstructures of the sample sintered at
1000 °C. It is observed that the sample has well developed
connectivity between each particle, but the grain size is
bigger compared to the cathode sintered at 900 °C. More-
over, the composite cathode adhered well to the electrolyte
surface as shown in the inset of Fig. 3(d). Fig. 4 shows the

Fig. 3. Microstructural images of the SSC-DC (8:2 in weight percent) composite cathodes, (a) surface and (c) cross-sectional images sintered at 900 °C

and (b) surface and (d) cross-sectional images sintered at 1000 °C.
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Fig. 4. Different connectivity and TPB area of the samples analyzed by
image analysis program; sintered at (a) 900 °C and (b) 1000 °C.
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Fig. 5. AC impedance spectra of the samples sintered at (a) 900 °C and

(b) 1000 °C.

connectivity and porosity of each sample with surface
microstructures analyzed by image analysis program
(Image Pro Plus). Two specimens show very clear
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Fig. 6. Comparison of the polarization resistances and equivalent circuit
(inset) of the electrode reaction measured at 700 °C.
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Fig. 7. (a) Polarization resistances and (b) conductivities of the 80SSC—
20SDC composite cathodes sintered at 900 and 1000 °C.
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differences in the connectivity and the TPB areca. These
differences resulted from the sintering temperature and the
grain growth of the composite particles. For these two
samples, the AC impedance measurement was carried out
to compare the electrochemical property. Fig. 5 shows
typical impedance spectra for the two samples measured in
air at 650-750 °C. It is noteworthy that the polarization
resistance of the specimen sintered at 1000 °C is lower than
the one sintered at 900 °C in whole temperature range. The
polarization resistances measured at 700 °C were com-
pared as shown in Fig. 6 and the obtained impedance
spectra could be fitted to three distinct semi circles
represented by an equivalent circuit shown in inset figure
in Fig. 6. The equivalent circuit consisted of Ry (R,
CPE,)(Rp2 CPE,)(R,,3 CPE3), when R is the ohmic resis-
tance of the electrolyte, CPE;, CPE,, CPE; are constant
phase elements, and R,;, Ry, Rp3 are the polarization
resistances of cathodes for high, middle, and low frequency
range, respectively. From the result, it can be seen that Ry,
(high frequency) and R, (middle frequency) were remark-
ably decreased at the sample sintered at 1000 °C than that
sintered at 900 °C. It is well know that the polarization
resistances at high and middle frequency corresponded to
the charge transfer of oxygen ions at interface between
electrolyte and electrode and surface diffusion of adsorbed
oxygen species, respectively [27]. Fig. 7 indicates the
polarization resistances and temperature dependences of

the polarization resistance for the SSC-SDC composite
cathodes. The activation energy was also lower than the
composite cathode sintered at 900 °C. This result means
that connectivity is the critical factor to enhance perfor-
mance of the SOFCs. Thus, for the nano-porous structure,
TPB and the necking structure between each particle have
to be properly optimized simultaneously. In this study, the
optimum sintering temperature was verified at 1000 °C for
the SSC-SDC composite cathode.

3.2. The effect of composite ratio

To optimize the SSC-SDC composite ratio, three cath-
ode films with different composite ratios were sintered at
1000 °C and the electrochemical performances were mea-
sured. Fig. 8 depicts the microstructures of the fabricated
SSC-SDC composite cathodes, which were composed of
various SSC-SDC composite ratios. Their chemical com-
positions analyzed by energy dispersive spectrometer
(EDS) are listed in Table 1. Weight percentage of all
elements in the fabricated cathode films were close to the
intended stoichiometric values, which suggests that the
ESSD technique is very stable to transfer the stoichio-
metric ratio of slurry to film. As shown in Fig. 8, the
microstructures have been slightly changed from the
structure (Fig. 8(a)) with small grain size and expanded
TPB area to the one (Fig. 8(¢)) with relatively large grain

Fig. 8. SEM images of the SSC-SDC composite cathodes with different composite ratios; (a) 100SSC, (b) 80SSC-20SDC, (c) 70SSC-30SDC, (d) 60SSC-40SDC

and (e) 50SSC-50SDC.

Table 1

Chemical compositions of the three different SSC-SDC composite cathodes.

Composition of powder (wt%)

100SSC 80SSC-20SDC 70SSC-30SDC 60SSC40SDC 50SSC-50SDC
Sm 423 38 36.3 34.1 31.7
Sr 24.6 19.7 17.2 14.7 12.3
Co 33.1 26.5 23.1 19.7 16.6
Ce - 15.8 23.4 31.5 39.4
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Fig. 9. (a) Polarization resistances of the SSC-SDC composite cathodes
measured at 700 °C and (b) their electrical conductivities with different
composite ratios.

and well connected to each particle as increasing SDC
contents in the cathode. It is well known that nano-sized
particles exhibit faster grain growth than micro-sized par-
ticles even at lower temperature [28]. The mean particle size
of the SDC powder used in this study was about 30 nm.
Thus, it is considered that this microstructural evolution
was yielded due to nano-size effect of the SDC particles.
Fig. 9 represents the polarization resistances and electrical
conductivities for the SSC-SDC composite cathodes with
different composite ratios. As shown in Fig. 9(a), the
polarization resistance measured at 700 °C decreased with
increasing SDC contents up to 60 wt%. However, the
polarization resistance of the 50SSC-50SDC composite
cathode drastically increased even higher than 100SSC
cathode. Also, the activation energy was gradually
decreased from 85.3 kJ/mol for the 100SSC cathode to
74.2 kJ/mol for the 60SSC—40SDC composite cathode. This
phenomenon can be explained with the percolation theory
[29-31]. The percolation represents the possibility that
particles are clustered forming connected conduction

pathways. The concept of coordination numbers is impor-
tant to practical understanding of the percolation theory.
In general, the coordination number represents the number
of contacts or neighboring particles. Conceptual graphical
explanation is depicted in Fig. 10. The SDC electrolyte
particles were mixed to the electrode to enhance ionic
conduction. Continuous increase of the SDC particles
gradually forms the conduction pathways for the ionic
conduction and, finally, helps the ionic conduction of
adsorbed and dissociated oxygen ions in the cathode.
Therefore it is reasonable to assume that the ionic and
electronic conduction pathways penetrating from the
cathode surface to the electrolyte are fully constructed in
the sample of 60SSC—40SDC composite cathode. However,
excessive SDC particles in the composite cathode could
act as insulating barrier to the electronic conduction by
isolating SSC particles. The drastic increase of the polariza-
tion resistance in the S0SSC-50SDC composite cathode could
be explained by the above mentioned reason. The optimum
composite ratio of the SSC-SDC cathode was studied to
60SSC—40SDC.

3.3. The effect of film thickness

For the enhancement of fuel cell performance, careful
thicknesses control of the composite cathode films is
required because rate determining step could be changed
by evolution of dominant polarization resistance of a
cathode film. Fig. 11 shows the microstructures of the
SSC-SDC composite cathodes with different thickness. All
composite cathode films were fabricated using the ESSD
technique with variable deposition time. All depositions
were carried out at a cone-jet mode with 5 mL/h of slurry
feeding rate, 6.5 cm of nozzle to substrate distance and no
substrate heating. To investigate the effect of film thick-
ness, five different composite cathodes with 2.5 pm to
~30 um in thickness were prepared. The compositional
ratio of the SSC and SDC was 60:40 in weight percent and
all specimens were sintered at 1000 °C. As shown in Fig. 11,
the microstructures are porous and uniform and the con-
nectivity is well developed between each neighboring parti-
cle. Fig. 12 shows the film thickness change of the SSC-
SDC composite cathodes deposited by the ESSD technique.
The deposition rate is almost 1 um/min and shows linear
relationship to deposition time. The electrochemical proper-
ties of the composite cathodes are shown in Fig. 13. The
polarization resistances at each measuring temperature
decreased with increasing film thickness from ~2.5 pm to
~20 um, then, sharply increased again in the composite
cathode with ~30 um in thickness. Also, the lowest activa-
tion energy was obtained from the specimen with ~20 pm
cathode film and it was 62.9 kJ/mol. On the other hand, the
cathode with ~2.5 pm thickness showed the worst perfor-
mance. The cathode performance deteriorates significantly
when a large particle size is used in conjunction with a thin
electrode. This poor performance in the SSC-SDC compo-
site cathode with ~2.5 pm in thickness is mainly caused due
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Fig. 10. Schematic diagram of SSC-SDC composite cathodes with various SDC content. The blue particles represent the SSC electrode particles and the red
particles represent the SDC electrolyte. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. The cross sectional images of the 60SSC—40SDC composite cathode films with various thicknesses.

to insufficient reaction sites for the electrochemical perfor-
mance compared to other cathodes. Thus, the performance
of thicker cathode could be improved with increase of the
sufficient reaction sites until the thickness reaches to an
optimum point. If the thickness, however, becomes thicker
than the optimum point, the polarization could be increased

again due to the too long charge pathways and the difficulty
in gas diffusion into the cathode interior nearby the inter-
face between electrode and electrolyte. In other words, the
electrical conductivity could be attenuated when the cathode
thickness becomes very thin due to insufficient TPB area
between three components (electrode, electrolyte and gas).
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Fig. 13. (a) polarization resistances and (b) Arrhenius plots of the
60SSC—40SDC composite cathodes with various thicknesses.

Also, it could be decreased when the cathode film is too
thick due to the fact that polarization resistances caused by
surface diffusion of oxygen ions in the cathode bulk or gas
diffusion from the cathode surface to the interface are
increased. This result agrees well to the previous research.
Chan et al. [32] reported that the cathodic overpotential and
cell performance were significantly influenced by the cath-
ode thickness and the high overpotential occurs when the

thickness becomes either very thin or very thick because of
the small amount of the active reaction site or higher flow
resistance in conjunction with higher ohmic losses. There-
fore, the cathode thickness is required to be optimized
considering the TPB and gas diffusion in the composite
cathodes. In this study, it is confirmed that the optimized
SSC-SDC composite cathode thickness is ~20 um.

4. Conclusions

In this study, the SSC-SDC composite cathodes were
successfully fabricated using the electrostatic slurry spray
deposition (ESSD). It is demonstrated that the ESSD
system is a promising technique for fabrication of porous
and composite films. The prepared SSC-SDC composite
cathodes were optimized considering the effects of sinter-
ing temperature, composite ratio between SSC and SDC
powders, and thickness. The most promising performance
was obtained from the SSC-SDC composite cathode with
about 20 pm in thickness sintered at 1000 °C, which was
composed of 60 wt% of the SSC and 40 wt% of the SDC.
Its polarization resistance was 0.23 Q cm” and the activa-
tion energy was 62.9 kJ/mol, respectively.
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