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Abstract A-site-deficient perovskite cathode material
La0.58Sr0.4Co0.2Fe0.8O3−δ (L58SCF) is coated on the yttria-
stabilized zirconia electrolyte by screen-printing technique.
Several key fabrication parameters including selection of
additives (binder and pore former), effect of coating thickness,
sintering temperature and time on the microstructure, and
electrochemical performance of cathode are investigated
by scanning electron microscopy and electrochemical
impedance spectroscopy. We study the microstructure
and the electrochemical property of the cathode with
different kinds of additives. Results show that the cathode
possesses fine microstructure, enough porosity, and ideal
electrochemical property when polyvinyl butyral serves as
both binder and pore former in the cathode. The cathode
with three screen-printing coats (thickness 28±7 µm,
weight 6.07±0.72 mg cm−2) sintering at 1,000 °C for
2 h shows lower polarization resistance of 0.183 Ω cm2 at
800 °C. Based on the optimized parameters, the polarization
resistances of the L58SCF–Ce0.8Gd0.2O1.9–δ composite
cathode display the Rp values of 0.067 Ω cm2 at 800 °C,
0.106 Ω cm2 at 750 °C, 0.225 Ω cm2 at 700 °C, and 0.550 Ω
cm2 at 650 °C.
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Introduction

Solid oxide fuel cell (SOFC) is a device that converts the
chemical energy of fuels directly to electricity through an
electrochemical reaction of the fuels with an oxidant [1].
Recently, much attention has focused on lowering the
operation temperature to intermediate temperatures
(600∼800 °C) in order to meet various application require-
ments, such as facilitating the use of cheap materials and
improving the long-term stability. However, in the interme-
diate temperature range, the polarization resistance of
cathode increases significantly and has become the main
factor affecting the cell performance.

Three main approaches can be adopted to decrease the
cathodic polarization resistance: (a) using mixed ionic–
electronic conductor (MIEC) cathode materials [2]; (b)
optimizing cathodic structure, such as selection of additives
(binder and pore former), effect of coating thickness,
sintering temperature and time; (c) adding an ionically
conducting second phase such as yttria-stabilized zirconia
(YSZ) or Ce0.8Gd0.2O1.9−δ (GDC) to form a composite
cathode [3].

In order to obtain the optimized fabrication process and
decrease the cathodic polarization resistance, fabrication
parameters and electrochemical performance of cathode
membranes were investigated in this study. Fabrication
parameters include selection of additives (binder and pore
former), effect of coating thickness, and sintering temper-
ature and time on the microstructure. One of the major
technical barriers for widespread commercialization of
SOFCs is their high manufacturing costs [4]. Ethyl
cellulose is the conventional binder used in La1−x
SrxMnO3−δ (LSM) cathode slurry to screen printing on
the YSZ pellet. However, polyvinyl butyral (PVB) is
seldom served as binders for cathode slurry. There seems
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to be no detailed study to date analyzing the feasibility of
selecting the PVB as a binder for the La0.58Sr0.4Co0.2-
Fe0.8O3−δ (L58SCF) cathode slurry. The manufacturing
costs can be reduced by employing the inexpensive PVB
binder. Organic material can be used as the pore former in
the electrode because it can be burned out and leave
residual porosity in the electrode body during the sintering
process. Thus, the organic material PVB which served as
pore former in the cathode can further reduce manufactur-
ing costs, and it does not require other pore former
additions. Furthermore, the proper thickness of cathode
can also decrease polarization resistance because electro-
chemical reactions can take place throughout the thickness
of the cathode [5]. However, the thickness needs to be
confined below a certain thickness in order to avoid lower
effective reaction sites and excessive concentration loss.

Electron–ion mixed conductor La0.6Sr0.4Co0.2Fe0.8O3−δ

(LSCF) possessing high conductivity in air at intermediate
temperatures and high catalytic activity for the cathodic
reaction is known to be one of the best alternatives compared
to the LSM cathode material for intermediate temperature
SOFCs [6]. A-site-deficient perovskite material L58SCF
increases the ionic and electronic conductivity and the
surface exchange of oxygen, due to larger number of oxygen
vacancies and electronic holes in the L58SCF material [7]. In
the previous study, we analyzed the MIEC composite
cathode performance of addition of GDC to La0.58Sr0.4Co0.2-
Fe0.8O3−δ [8]. In this study, the optimized process parameters

on L58SCF cathode were used to fabricate the L58SCF–
GDC composite cathode (60 wt.% L58SCF and 40 wt.%
GDC). The electrochemical performance of L58SCF–GDC
composite cathode was also investigated.

Experimental

GDC (Ce0.8Gd0.2O1.9-δ) powder was prepared by an oxalate
coprecipitation route [8] with cerium nitrate hexahydrate
(Ce(NO3)3·6H2O, 99.5%, Gansu Rare Earth Group) and
gadolinium nitrate hexahydrate (Gd(NO3)3·6H2O, 99.5%,
Gansu Rare Earth Group). L58SCF was synthesized by the
citrate method [8] with these starting materials: La
(NO3)2·6H2O (99.5%, Gansu Rare Earth), Sr(NO3)2
(99.5%, Gansu Rare Earth), Fe(NO3)3·9H2O (98.5%, Gansu
Rare Earth), Co(NO3)2·6H2O (99%, Gansu Rare Earth), and
citric acid (99.5%, Tianjin Bodi).

YSZ powders (40 nm, Tosoh) were cold-pressed into
pellets with the size of 13 mm in diameter and 0.7 mm in
thickness and then sintered at 1,500 °C for 5 h. The average
particle size of the starting powders was 0.47 μm (d50) for
the L58SCF and 0.16 μm (d50) for the GDC by Laser
Particle Sizer (LS900, OMEC). The slurry for the cathode
was prepared by mixing L58SCF powder with the desired
amount of pore former and binder in solvent (terpineol).
The ratio of ceramic powder to terpineol is 1:2.96 (weight
ratio). The slurry was then applied on one side of the
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Fig. 1 The impedance spectra
for the L58SCF cathodes sin-
tered at 1,000 °C for 2 h and the
equivalent circuit of impedance
curves (ethyl cellulose as binder
in sample A and PVB as binder
in sample B)

Table 1 The fitting components obtained by equivalent circuit of the impedance curves and the Rp of the cathode

L (H cm2) Rs (Ω cm2) Cdl (F cm−2) Rct (Ω cm2) Q (Ω−1 cm−2 sn) N Rd (Ω cm2) Rp (Ω cm2)

Sample A 1.14×10−7 1.28 0.0024 0.049 0.2470 0.4066 0.300 0.349
Sample B 1.51×10−7 1.36 0.0011 0.045 0.6115 0.5716 0.138 0.183
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electrolyte by screen-printing method, which was followed
by sintering at 1,000 °C for 2 h. The cathode area was
about 0.25 cm2.

In order to study the effect of different kinds of binders
on the electrochemical performance of cathode, 4 wt.%
ethyl cellulose and PVB were selected as the binders in the
cathode slurry.

Carbon black and PVB were used as pore former,
respectively, and 5 wt.% polyvinyl alcohol solution as
binder. The L58SCF powders mixed with desired amount
of pore former (0, 5, 10, and 20 wt.% of carbon black and
4, 8, 12, and 16 wt.% of PVB relative to the cathode
powders) and binder were pressed at about 486 MPa to 25×
5×3-mm flakes. The flakes were sintered at 1,000 °C for
2 h. The porosity of the sample was determined by
Archimedes’ method.

In order to analyze the electrochemical property of the
cathode with carbon black as pore former, PVB was used as
binder in the cathode slurry. While PVB was used as pore
former, no other binder was added in the cathode slurry.

Morphology of the cathode was examined by a FEI
SIRION scanning electron microscope (SEM). The element
distribution was examined by energy-dispersive X-ray

spectroscopy (EDS, LeicaS440). The phase of L58SCF
and L58SCF–GDC40 cathode was examined with Rigaku
D/max-ПB X-ray diffractometer (XRD) using Cu–Ka
radiation. Impedance measurements were carried out using a
potentiostat–galvanostat (model PARSTAT® 2273, Princeton
Applied Research), with control and data collection handled
by PowerSuite software. Three-electrode setup was used
with the cathode as the working electrodes (WE). A
commercial Pt paste (PC-Pt-7840, Sino-Platinum Metals)
was applied to the edge of the same side of electrolyte as
reference electrode (RE) and to the other side of electrolyte as
the count electrode [8]. The frequency range was 10 mHz–
105 Hz with a signal amplitude of 5 mV. The impedance
fitting analysis was controlled with a software (Zsimpwin).
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Fig. 2 DC polarization curves for the cathode tested at 800 °C. Ethyl
cellulose as binder in sample A and PVB as binder in sample B
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Fig. 4 SEM micrographs of cross section of cathode with carbon
black pore former a 0 wt.%, b 10 wt.%, c 20 wt.% carbon black
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Cyclic voltammetry measurements (scan rate 5 mV/s)
between 0 and −0.3 V vs. the RE were performed using
PARSTAT® 2273. Measurements were taken over a temper-
ature range of 650–800 °C in air under open circuit potential.

Results and discussion

Selection of binder for screen-printing slurry

The selection of the binders can influence the microstructure
and performance of the cathode membrane. The L58SCF
cathode powders were made into slurry by being mixed with
the binder (4 wt.% relative to the cathode powders) and
organic solvent (terpineol) before screen printing. As the
slurry binders for screen printing, ethyl cellulose and PVB
were evaluated. Figure 1 shows the impedance spectra for
the L58SCF cathodes sintered at 1,000 °C for 2 h and the
equivalent circuit of the impedance curves to model the data
(ethyl cellulose as binder in sample A and polyvinyl butyral
as binder in sample B).

As shown in Fig. 1, the observed separable two
impedance arcs at low and high frequencies for the
L58SCF show that the oxygen reduction reaction is at least
limited by two electrode processes during the molecular
oxygen reduction. The oxygen reduction reaction had been
modeled using a equivalent circuit, LRs(QRd)(CdlRct), as
seen in the Fig. 1 (resistance data obtained by impedance
analysis at 800 °C); hereafter, all the impedance spectrum
was fitted by the same equivalent circuit. The electrochem-

ical impedance spectroscopy data were fitted to the
equivalent circuit as shown in Table 1, with Rct/Cdl and
Rd/Q units in series with a resistor (Rs) and an inductor (L).
The series resistance, Rs, corresponds to the overall ohmic
resistance including the electrolyte resistance between the
WE and the RE, the contact resistance at the electrode–
electrolyte interface, and the resistance of the lead wires.
The resistance Rd (on the low-frequency arc) may relate to
the oxygen adsorption–desorption on the electrode particle
surface and surface diffusion of intermediate oxygen
species. The resistance Rct (on the high-frequency arc) can
be attributed to the charge transfer processes, which include
oxide ion diffusion in the bulk of cathode and incorporation
of oxygen ions from three-phase boundary (TPB) into YSZ
lattice. The capacitance Cdl, as the double-layer capaci-
tance, is contributed to the interfacial capacitance at the WE
and YSZ electrolyte. Q is the constant phase element; n is
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Fig. 5 The charge transfer resistances Rct of the cathode with carbon
black and PVB pore former, respectively

Table 2 The Rp and Rs of the cathode with PVB and carbon black pore former tested at 800 °C

Carbon black PVB

0% 10% 20% 4% 16%

Rp (Ω cm2) 0.183 0.520 1.690 0.183 0.180
Rs (Ω cm2) 1.360 2.180 2.580 1.360 1.250
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Fig. 6 SEM micrographs of cross section of cathode with different
amount of PVB pore former a 4 wt.%, b 16 wt.% PVB
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the frequency power [9]. The cathode polarization resis-
tance is composed of Rct and Rd.

Though PVB has branches in its molecule structure, it
dissolved easier into terpineol than linear polymer ethyl
cellulose. When the cathode slurry was grinded, the long
molecule chain of PVB dissolved in the slurry could be
grinded and dispersed uniformly in the slurry. The cathode
membranes in samples A and B adhered well to YSZ
pellets. It was noted that the series resistance (Rs) of sample
A is lower than that of sample B. In the experiment, the test
conditions including electrolyte, the counter electrode, and
reference electrode were identical; therefore, this phenom-
enon was a result of the fabrication error of YSZ pellets.

Table 1 shows that the Rct of sample A (0.049 Ω cm2) is
approximately equal to that of sample B (0.045 Ω cm2).
The Rd of sample A was 0.30 Ω cm2, while the Rd of
sample B was 0.138 Ω cm2. The sample of cathode
membrane made by PVB possessed lower Rp than the
sample made by ethyl cellulose as shown in Table 1. The
decrease of Rp and Rd in sample B was due to the increase
of TPB sites and higher porosity, respectively.

Cathode polarization curves of the L58SCF with
different binders are shown in Fig. 2. The polarization
current density of sample A is lower than that of sample B
under the same overpotential condition. The result is in
good agreement with that of impedance spectra. Thus, PVB
is considered to be the preferable binder for L58SCF
electrode to obtain uniform microstructures and high
performance because of its good dissolvability in terpineol.

Selection of pore former material

The cathode should have sufficient porosity to allow gas
transport to the reaction sites. Sufficient porosity and a
fine-grained microstructure are desirable in the cathode
close to the electrolyte–cathode interface to provide
sufficient TPBs for the electrochemical reduction of the
oxidant [4, 10].

PVB and carbon black, as pore-forming agents for the
cathode, were evaluated. All the other processes and
materials were maintained identical except for the pore
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Fig. 7 SEM micrographs of
cathode surface a with a 20%
carbon black, b with 5% carbon
black, c with 8% PVB, d with
16% PVB
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formers in the cathode; the cathodic thickness is between 21
and 35 μm. Carbon black was comprised of fine powders of
amorphous carbon with a submicrometer particle size
(0.3 μm), while PVB was a linear polymer dissolved easily
in terpineol.

Ghosh et al. [11] indicated that the increase of open
porosity was observed with increasing addition of the pore
former in the LSM. A similar trend in the variation of open
porosity was also observed for the samples with different
amounts of pore formers, such as carbon black and PVB. In
this study, 0, 5, 10, and 20 wt.% of carbon black and 4, 8,
12, and 16 wt.% of PVB relative to the cathode powders
were chosen as pore former in the cathode, respectively. The
amount of carbon black and PVB was also varied to increase
the electrode porosity at the firing temperature of 1,000 °C.
The porosity of sintered membranes with different amounts
of carbon black and PVB were determined by Archimedes
method. Figure 3 shows that residual porosity of the cathode
increases with increasing amounts of pore formers; the
porosity of the cathode with the carbon black (≥10 wt.%) is
higher than that with the PVB (16 wt.%).

Figure 4 shows the cross-sectional SEM images of
cathode with carbon black, after firing at 1,000 °C. With
increasing of carbon black in the cathode, the porosity
increases from 26% to 48%. The increase of the cathode

porosity will improve gas diffusivity, but that also results in
a lower solid volume fraction thereby reducing the effective
electronic and ionic conductivity. With the addition of
20 wt.% pore former, 48% open porosity is obtained in the
cathode. The membrane with 20 wt.% of carbon black was
fragile and easily flaked off from the surface of YSZ pellet.

The effect of microstructural features on the electrode
performance can be evaluated by an impedance spectros-
copy. The polarization resistances (Rp) at 800 °C were
compared for the cathode with different amounts of carbon
black. The Rp values increase from 0.183 to 1.69 Ω cm2 as
carbon black in the cathode increases from 0 to 20 wt.%, as
seen in Table 2. These observations can be explained by
relating how porosity affected the effective ionic–electronic
conductivities and the active reaction sites in the cathode.
An increase in porosity results in facilitation of oxygen
diffusion, which minimizes the oxygen transport limitation
in the interface of electrode–electrode and/or electrode–
electrolyte. However, the observed reduction in the Rp

values with an increase in porosity could be attributed to
the reduction in solid volume fraction, which results in less
particle–particle contacts. Additionally, increasing porosity
also causes reduction of effective electronic and ionic
conductivity due to reduced solid fraction available for
electron or ion transport [12]. As shown in Fig. 5, the Rct of
the cathode with carbon black are higher than that of the
cathode with PVB. That indicates that higher porosity
reduces the solid volume fraction and hampers the charge
transfer in the electrode.

The cathode involving PVB pore former exhibits higher
electrocatalytic activity toward the oxygen reduction as
characterized by the lowest polarization resistance 0.183 Ω
cm2 (4 wt.% PVB) and 0.18 Ω cm2 (16 wt.% PVB) at 800 °C
(Table 2) as compared to the cathode with carbon black.
These results are directly correlated with the microstructural
features of the cathodes. Figure 6 shows that the cathode
possesses sufficient fine pores and that particle–particle
connects well in the cathode. The cathode with PVB pore
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former in which sufficient porosity is present reveals higher
cathodic performance. This improvement can be attributed to
an increasing length of the triple-phase boundary in a porous
electrode structure.

Yoon et al. [4] thought that carbon black was the
preferable pore former due to its small particle size. But
the cathode with carbon black pore former results a few
small cracks, the cathode with PVB pore former being
crack free (Fig. 7). The reason could be that increasing of
cathode porosity also results in higher shrinkage of the
cathode membrane during the sintering process. In addition,
the cathode did not adhere well to the YSZ membrane due
to the cracks in the cathode with carbon black. It induces
that the Rs of the cathode with carbon black is higher than
that of the cathode with PVB pore former (Table 2). Thus,
the performance of the cathode was limited by the carbon
back pore former [13].

Yan Ji et al. [14] indicated that the cathode should have
the best performance when the porosity is in the range of
25∼45%. In this study, the cathode with 26% porosity (PVB
pore former) has better performance than that with more
porosity (carbon black pore former). The reason could be
because the pores uniformly and continually disperse in the
cathode and promote the gas supply to the TPB and then
substantially increase the gas penetration depth. Therefore,
the availability of oxygen supply and reaction sites is
confined to a very wide zone next to the gas–electrode
interface.

Optimization of sintering processing parameters

It is found that these parameters [15], such as sintering
temperature and sintering dwell time, have a large effect on
the electrochemical property of cathode. These parameters
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Fig. 11 Impedance spectra for
the L58SCF cathode sintered at
1,000 °C for variety time
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are very effective on the membrane preparation. As a result,
the effect of sintering temperature and sintering dwell time
are studied as the most effective parameters on the
performance of cathode.

Effect of sintering temperature

As already mentioned [15, 16], the sintering temperature
has a pronounced effect on the microstructure of the
cathodes and therefore influences the electrochemical
performance of the cells. When optimizing the sintering
temperature for a given electrode composition, the Rp of
cathode must be taken into consideration. With respect to
the Rp, the optimum sintering temperature can cause the

maximum of the three-phase boundary length (TPBL) in
the cathode membranes. Consequently, the Rp of L58SCF
cathodes were sintered for 2 h at 950, 1,000, 1,050, 1,100,
and 1,200 °C, respectively, and tested by electrochemical
impedance spectroscopy (EIS) to obtain the optimum
electrochemical performance. As can be seen in Fig. 8,
the electrochemical performance is significantly lower after
sintering at 1,100 °C than after 950 °C, which can be
explained by the smaller intrinsic surface area of the
cathode due to particle growth. The higher sintering
temperature also increases formation of insulating phase
such as SrZrO3, which lowered the electrochemical perfor-
mance of the cathodes [7].

The best performing sample in terms of EIS at 800 °C is
the one sintered at 950 °C. However, the sample achieves
inadequate adhesion among the particles in the cathode. Ag
thread pasted on the cathode surface was easily flaked away
from the cathode in the electrochemical experiment.
Moreover, the sample sintered at 1,000 °C has adequate
adhesion among the particles in the cathode, and its
polarization resistance is 0.183 Ω cm2 at 800 °C.

The microstructure of the electrodes is strongly affected
by the sintering temperature [17], as illustrated in Fig. 9 for
electrodes sintered at 1,000 and 1,200 °C. The density of
the electrode increases with increasing sintering tempera-
ture. The increase of density is due to the decrease of the
porosity and enhancing the grain size as shown in Fig. 9.
The decrease in porosity may also directly affect the
electrochemical property of the cathode.

Tu et al. [18] did not see a formation of additional phases
between LSCF and YSZ at 800 °C after 96 h. The phases
present in the cathodes, particularly the presence of any
zirconate phases, were examined with XRD using Cu–Ka
radiation [19]. No resistive phases SrZrO3 were detected by
X-ray diffraction for LSCF cathodes on YSZ sintered at
1,000 °C for 2 h (Fig. 10). The result is in good agreement
with that of S.A. Barnett et al. [19]. When sintering
temperature is increased, the reason of the depressed
property of LSCF cathode should be that there may have
some zirconate phase present at the LSCF–YSZ interface.

Moreover, if the sintering temperature is too high, the
electrode microstructure becomes more coarse, which may
lead to current constriction [20, 21].

Effect of sintering dwell time

Similar to the sintering temperature, the sintering time also
has a significant influence on the electrochemical properties
of the cathode. Figure 11 shows the impedance spectra for
the L58SCF cathode sintered at 1,000 °C for various time.
The size of the impedance arcs decreases with increasing
sintering time from 30 to 120 min. When the sintering
dwell time increases to 180 min, the impedance arcs
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Fig. 12 SEM images of cross section for L58SCF cathode sintered at
1,000 °C for a 30 min, b 60 min, and c 90 min
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increase. When the sintering time is 120 min, the
impedance arc becomes smaller than other cathode arcs.

D. Weller et al. [22] reported that the LSCF electrode
with the short sintering time (12 min) had both the lowest
electrode resistance and activation energy. In our study, the
L58SCF electrode sintered for 120 min had the lowest Rp

than other sintering time. With increasing sintering time from
30 to 120 min for the L58SCF, the sizes of high-frequency
arc are reduced gradually. It shows that extending sintering
time can improve the charge transfer in the cathode. This
phenomenon indicates the formation of necks (necks are
formed by diffusion between adjacent, touching particles)
among the particles playing a decisive role in enhancing
the electrochemical kinetics of cathode [23]. Figure 12
shows that the particles of cathode are joined to one
another with increasing sintering time. Figure 6a shows

the SEM micrograph of the L58SCF cathode sintered for
120 min. The particles of L58SCF are found to be
continuous and to form the three-dimensional framework
in the electrode. The particles of the L58SCF are well
attached to each other and a large number of pores in the
membranes provide the gas a pathway to transport easily.

However, with increasing the sintering time, the grains
agglomerate and grow; the number of the open pores reduces.
It may degrade the electrochemical property for a longer
sintering time. It shows that the best sintering dwell time is
about 120 min and there is no need for longer time [15].

Effective thickness of the cathode

To investigate the effective thickness, the cells with
different electrode thickness were prepared, and the Rp

and Rs were measured [24]. To increase the cathode
membrane thickness, multilayer was coated onto the YSZ
substrate.

The impedance spectra of the cathodes with thicknesses
of 15±7∼66±7 μm are plotted in Fig. 13. The thickness of
the cathode should be taken into account when interpreting
the results in Fig. 14, as Rp and Rs have previously been
found to vary with increasing thickness [25, 26].

It can be seen in Table 3 that the Rct of the cathode with
five coats (0.2823 Ω cm2) is over six times larger than that
with three coats (0.045 Ω cm2), and Rd of the cathode with
five coats (0.6638 Ω cm2) is nearly five times larger than
that with three coats (0.138 Ω cm2). The Rct and Rd of the
cathode with seven coats are larger than that with five
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Fig. 14 The polarization resistances (Rp) and serial resistances (Rs) of
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Fig. 13 Impedance spectra for
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coats. When the number of cathode coats is more than three
coats, both Rd and Rct are observed to increase significantly.
This is explained by the fact that a further increase of the
total effective length of the triple-phase boundary does not
contribute to a higher performance due to longer diffusion
path. The large thickness of cathode could hamper the gas
diffusion and the current transfer in the electrode. The same
variation of Rd between two coats and three coats can be
interpreted that the lower locations of the oxygen adsorp-
tion–desorption in the electrode enlarge the Rd of the
cathode with two coats. However, the Rct of the cathode
with two coats is lower than that with three coats. This
result could be caused by the errors of the experiments.

Table 3 also shows that the polarization resistances of
L58SCF cathode are improved by decreasing cathode
weight from 12.19±1.5 to 6.07±0.72 mg cm−2. However,
decreasing the cathode weight to 3.14±0.82 mg cm−2

lessens the oxygen reduction reaction site in cathode. In
addition, with the cathode weight increasing, the error of
the cathode weight enhances from ±0.82 to ±1.5 mg cm−2.
The error of the cathode weight is caused by the screen-
printing operation. In the future, we should optimize the
process of screen printing to decrease further the error of
the cathode weight.

As shown in Fig. 14, the Rs values do not change
obviously when the coat thickness increases from 15±7 to
43±7 μm. But when the coat thickness increases to 66±
7 μm, the Rs values obviously increase. The reason might
be that, with increasing the cathode thickness, the cathode

cannot adhere well to YSZ pellets due to the thermal
expansion coefficient (TEC) distinction between L58SCF
and YSZ. Therefore, the higher the contact resistance at the
electrode–electrolyte interfaces the higher Rs values of
cathodes.

The effective thickness of the electrode is 28±7 μm, as
shown in Fig. 14, and it is consistent with the report of B.
Kenney and K. Karan [12]. Yan Ji et al. [14] reported that
when the composite cathode thickness was about 29.14 μm,
the oxygen reduction reaction rate was the highest. Almost
all active bonds of the cathode were used, no matter how
far they were from the gas–cathode interface. However,
when the thickness was increased beyond 30 μm, only the
zone which was close to the electrolyte–cathode is well
utilized for reaction. De Haart et al. [27] reported that the
performance of cell did not depend much on the electrode
thickness in the range of 5–10 μm [28]. This was explained
by a limited percolation of ions and electrons when the
thickness was less than 10 μm [26]. Haanappel et al. [29]
studied the effect of LSM–YSZ cathode microstructure,
functional layer thickness, and cathode current collector
layer thickness and found that increased current collector
layer thickness resulted in improved performance. Jiang et
al. [30] studied the effect of interconnection coverage and
found that increasing the interconnection coverage from 4%
to 27% improved cathode performance. There had also
been other studies showing the effect of functional layer
thickness [31, 32]. A model by Virkar et al. [32] showed
that the cell resistance of anode-supported cells was a
function of the cathode thickness. The results in this study
make it clear that the thickness (28±7 μm) of the cathode
with three coats (cathode weight 6.07±0.72 mg cm−2)
could increase the cathode electrochemical property.

Performance of L58SCF–GDC composite cathode

The research of Hwang et al. [33] has indicated that the
composite electrode adding GDC to the LSCF electrode
resulted in a lower polarization resistance than the pure
LSCF electrode. The composite cathode, the proper
addition of the ionic phase GDC or samarium-doped ceria
(SDC) to the cathode phase LSCF, results in the increase of
TPB in the composite cathode and permits electrochemical
reactions to occur within the electrode [19, 34]. In addition,

Table 3 Fitting results based on equivalent circuit of the impedance curves and the cathode weight on YSZ pellet for different cathode thickness

Cathode thickness ) Cathode weight (mg cm−2) L (H cm2) Rs (Ω cm2) Cdl (F cm−2) Rct (Ω cm2) Q (Ω−1 cm−2 sn) N Rd (Ω cm2)

15±7 (2 coats) 3.14±0.82 1.49×10−7 1.192 0.0111 0.017 0.7598 0.6981 0.1869
28±7 (3 coats) 6.07±0.72 1.51×10−7 1.36 0.0011 0.045 0.6115 0.5716 0.138
43±7 (5 coats) 9.13±1.11 1.56×10−7 1.632 0.9773 0.2823 0.2349 0.2858 0.6638
66±7 (7 coats) 12.19±1.5 3.02×10−7 3.163 1.26×10–4 0.313 0.0095 0.5526 0.976
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Fig. 15 Impedance spectra plots and the fitting curves for L58SCF
cathode at 800 °C. Inset picture is for L58SCF–GDC composite
cathode at 800 °C
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GDC in the cathode is considered to reduce the TEC without
sacrificing the ionic conductivity. Thus, the optimized
process parameters discussed above (PVB as binder and
pore former, screen printing three coats, sintered at 1,000 °C
for 2 h) were used to fabricate the L58SCF–GDC composite
cathode (60 wt.% LS58CF and 40 wt.% GDC). The
electrochemical performance of L58SCF–GDC composite
cathode was also investigated.

Impedance spectra and fitting curves for L58SCF–GDC
and L58SCF cathode are shown in Fig. 15. The impedance
spectra of a pure L58SCF cathode and L58SCF–GDC
composite cathode at 800 °C exhibit two semicircles, which
suggest that there are two rate-limiting steps in our study
case. The Rs values of the L58SCF–GDC cathode are lower
than that of L58SCF cathode at various temperatures
(Fig. 16a). This indicates that the particles of the L58SCF–
GDC are well attached to YSZ electrolyte when the
composite cathode membrane sintered at 1,000 °C for 2 h.
The Rp values of L58SCF–GDC cathode and L58SCF
cathode decrease significantly with the temperature increas-

ing, as shown in Fig. 16b. The L58SCF–GDC composite
cathode displays the Rp values of 0.067 Ω cm2 at 800 °C,
0.106 Ω cm2 at 750 °C, 0.225 Ω cm2 at 700 °C, and 0.55 Ω
cm2 at 650 °C. The L58SCF cathode displays higher Rp

values than the L58SCF–GDC cathode at the same temper-
ature (Fig. 16b). It is conceivable that the interfacial
polarization of the cell decreases with adding GDC in
L58SCF. Conversely, the GDC–YSZ interfaces at the LSCF–
GDC–YSZ interface would provide an easy path for ionic
transport that bypasses the LSCF–YSZ interfaces, thereby
reducing Rp [19]. The catalytic activity toward the reduction
of the oxygen is significantly improved as indicated by the
diminished polarization resistances form 1.37 Ω cm2

(L58SCF) to 0.55 Ω cm2 (L58SCF–GDC) at 650 °C. Hence,
it is conceivable that the polarization resistance of the
optimized composite electrode is decreased by extending
TPBL, which results in much lower overpotential toward
oxygen reduction, and by increasing the oxygen diffusion
upon addition of an ionic conducting phase (GDC); thus, the
composite cathode permits electrochemical reactions to occur
within the electrode [35].

As can be seen in the EDS mappings in Fig. 17, the
L58SCF–GDC cathode with YSZ showed no detectable
SrZrO3 formation. The results show that the parameters of
sintering temperature and time are suitable for the
L58SCF–GDC composite cathode.

In the paper of W. G. Wang and M. Mogensen [36], the
LSCF–GDC cathode was sintered at temperatures between
800 and 1,200 °C for 2–4 h. The measurement temperature
range is from 500 to 800 °C. And aging experiment at
800 °C for the cathode of LSCF–GDC on YSZ electrolyte
showed that no reaction products originated from a reaction
between LSCF and YSZ. Thus, they thought that the LSCF
cathode may be used directly on the YSZ electrolyte without
cerium gadolinium oxide coating. Such SOFC system has to
be operated well below 800 °C.

Xia et al. [37] prepared the LSM–GDC (50:50 wt.%)
composite cathode via a sol–gel process and found the
polarization resistance of the composite cathode was 0.28 Ω
cm2 at 700 °C. Murray and Barnett [38] reported that the Rp

of the LSM–GDC50 on the electrolyte GDC was 0.34 Ω
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at 1,000 °C for 2 h on YSZ electrolyte
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cm2 at 750 °C. Leng et al. [39] reported that the LSM–GDC
composite (GDC 30 wt.%) cathode showed ≈13 times
lower electrode polarization resistance (≈0.60 Ω cm2 at
750 °C under open circuit) than that of pure LSM cathode
(≈8.19 Ω cm2 at 750 °C under open circuit) on YSZ
electrolyte substrates. It is evident that the L58SCF–GDC
composite cathode can be potential application on YSZ in
intermediate temperature SOFC.

It is apparent that the optimized process parameters of
fabricating cathode film are suitable not only for pure
L58SCF cathode but also for the L58SCF–GDC composite
cathode. According to the lower Rp of L58SCF–GDC
composite cathode, it is a very strong cathode candidate for
the low-intermediate-temperature SOFC.

In our next work, we will study endurance tests
regarding the long-term electrochemical behavior of SOFCs
with L58SCF-type cathodes and investigate the influence of
barrier layer GDC on the degradation of the electrochemical
performance.

Conclusions

The cathode membranes with PVB or ethyl cellulose binder
adhere well to YSZ pellets. PVB is considered to be the
preferable binder to obtain uniform microstructures and
high performance for the L58SCF cathode.

Carbon black pore former can increase cathode porosity
than PVB pore former; however, the high cathode porosity
also results in higher shrinkage of the cathode layer during
the sintering process. The cathode with carbon black caused
small cracks, but the cathode with PVB was crack free. The
electrochemical performance of the cathode is limited by
the carbon black pore former. Thus, the PVB which is used
as binder and pore former can reduce the manufacturing
costs for SOFC.

With decreasing sintering temperature in the range from
1,200 to 950 °C, the electrode microstructure is found to be
less dense and to contain smaller polarization resistance.
The results show that sintering temperature of 1,000 °C and
sintering dwell time of about 120 min are found to be the
best temperature and the best time for sintering of the
samples.

The large thickness of cathode can hamper the gas
diffusion and the current transfer in the electrode. Addition-
ally, the small thickness of cathode can reduce the current
collecting ability in the electrode. The thickness (28±7 μm)
of the cathode with three screen-printing coats can increase
the cathode property.

The L58SCF–GDC cathode prepared by the optimized
process parameters possesses better performance than
L58SCF cathode. The L58SCF–GDC composite cathode
displays the Rp values of 0.067 Ω cm2 at 800 °C, 0.106 Ω

cm2 at 750 °C, 0.225 Ω cm2 at 700 °C, and 0.55 Ω cm2 at
650 °C. According to the lower Rp of L58SCF–GDC, it is a
very strong cathode candidate for the low-intermediate-
temperature SOFC.
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