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bstract

A screen-printing technique was developed to fabricate porous cathode film for solid oxide fuel cells. Several key process parameters such as
he selection of binders, the mesh of screen, sintering temperature and sintering time were investigated and reported. SEM results showed that the
elected process parameters exerted obvious influences on the structure of the screen-printed cathode film. Impedance spectra data were used to
valuate the performance of cathode films made by different process parameters. The optimized process parameters were as follows: ethyl cellulose
sed as a binder, 120 mesh screen-printing sintering at 1200 ◦C for 2 h. Based on the optimized parameters, the polarization resistance of pure

SM cathode was 0.396 � cm2 at 800 ◦C; the LSM–YSZ composite cathode displayed Rp value of 0.2027 � cm2 at 850 ◦C, 0.2463 � cm2 at 800 ◦C
nd 0.5168 � cm2 at 750 ◦C, respectively. The performance of the LSM–YSZ composite cathode improved significantly after being polarized at
00 mA cm−2 and 800 ◦C for 150 h. After 150 h, the over-potential of the composite cathode was stable.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there has been an intense focus to develop
olid oxide fuel cells (SOFCs), which are capable of deliver-
ng high energy at reduced temperatures [1]. For intermediate
emperature planar anode-supported cells, the resistance of elec-
rolyte has been reduced to acceptable (or negligible) levels but
he performance of the electrodes, especially at the cathode,
ecoming the limiting factor. Theoretical and experimental work
as shown that the dominant loss was attributed to the cathode
n the cell operating at the range of 600–850 ◦C [2–4]. There
re two approaches to resolve this concern. One is to develop
ew cathode materials with higher performance than conven-
ional strontium-doped lanthanum manganites (La1−xSrxMnO3,
SM) cathode materials, such as LaxSr1−xFeyCo1−yO3 [5,6].

he other method is to optimize the microstructure of the LSM
athode [7,8]. Recently, there has been significant progress in
he development of intermediate temperature anode-supported
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OFCs with conventional LSM cathode. For example, de Souza
t al. [9] reported that a thin-film SOFC with a yttria-stabilized
irconia (YSZ) electrolyte of ∼10 �m, a Ni/YSZ anode and
LSM-based cathode could achieve a high power density of
1.8 W cm−2 at 800 ◦C.
To improve the performance of the cathode, many groups

ave studied the relationship between the cathode microstruc-
ure and the electrochemical performance [10,11]. The electrode

icrostructure is controlled by several factors, such as the thick-
ess of the cathode film, the particle size of electrode materials
nd the sintering conditions [7,12]. Choi et al. [7] reported
hat the LSM (mean diameter of 1.54 �m) showed a favorable
ctivity in the initial stage, but this activity declined quickly.

hen the particle size was 11.31 �m, the LSM cathode pos-
essed unsatisfactory initial activity, but this activity was quite
table due to a negligible change in the microstructure. A trade-
ff between the number of active sites and the particle growth
ate was likely made at the intermediate size (about 5 �m) [7].

Ørgensen et al. [11] reported that the electrode microstructure
as found to be less dense and contained smaller grains with

he sintering temperature decreasing in the range from 1300 ◦C
o 1150 ◦C. This resulted in a decrease in polarization resis-

mailto:sunkn@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.09.078
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ance with the corresponding sintering temperature decreasing.
t has been generally accepted that the electrochemical perfor-
ance of SOFC cathodes can be improved by mixing the cathode
aterials with electrolyte materials to increase the three-phase

oundary (TPB) sites. Murray and Barnett [13] reported that
he polarization resistance of LSM–YSZ50 composite cathode
as 1.31 � cm2 at 750 ◦C under open circuit on YSZ electrolyte

ubstrate. It was lower than the polarization resistance of pure
SM cathode (3.5 � cm2). This result showed that composite
athodes have better performance than pure cathodes since the
PB could be extended three-dimensionally into the composite
athode [10,13–16].

The screen-printing technique is one of the most important
ethods to fabricate cathode film. Process parameters may affect

he electrochemical active area, the electronic conductivity of
he electrodes and the gas diffusion for the reactants. However,
eports related to the influences of the process parameters on
icrostructure and performance of screen-printing LSM and
SM–YSZ composite cathode films were insufficient. In this
ork, the effects of several important process parameters com-
rising of the selection of binders, the mesh of screen, sintering
emperature and sintering time were studied.

. Experimental

The La0.8Sr0.2MnO3 (LSM) powders were prepared as the
athode materials for SOFCs by the co-precipitation method.
n(NO3)2·6H2O, La(NO3)2·6H2O and Sr(NO3)2 (all with a

urity level of >99.9%, Gansu rare earth) were dissolved with
he stoichiometric composition into water and then titrated into
H4HCO3/NH3·H2O buffer solution which was stirred con-

tantly. The co-precipitated products were washed by deionised
ater and dispersed in n-butanol, then azeotropic distilled to
btain the LSM precursors. The precursors were subsequently
eated at 1000 ◦C for 2 h to obtain the LSM powders.

A YSZ (Tosoh, Japan) electrolyte pellet was prepared by
eing sintered at 1550 ◦C for 6 h with the size of 15 mm in
iameter and 0.6 mm in thickness. Three-electrode setup was
sed to measure the electrochemical performance. The LSM
owders were made into slurry by being mixed with 1 mass%

inder (ethyl cellulose or polyvinyl-butyral) and organic sol-
ent (terpineol). For the composite cathode, 80 wt% LSM and
0 wt% YSZ (30 wt% sintered at 700 ◦C for 2 h and 70 wt%
n-sintered YSZ) powders were mixed homogeneous and made

e
T
B
e

able 1
rocess parameters for fabricating cathode films and impedance spectra data (measur

ample Binder Mesh screen Sintering temperature (◦C) Sintering

Ethylcellulose 120 1200 2
Polyvinyl-butyral 120 1200 2
Ethylcellulose 100 1200 2
Ethylcellulose 140 1200 2
Ethylcellulose 120 1150 2
Ethylcellulose 120 1250 2
Ethylcellulose 120 1300 2
Ethylcellulose 120 1200 1
Ethylcellulose 120 1200 3
ig. 1. Holder of three-electrode setup for high temperature electrochemistry
easurement.

nto slurry. The slurries were screen-printed (The mesh mate-
ial was silk) onto one side of the electrolyte pellet before being
intered at different temperatures to prepare cathode (WE). The
athode area was 5 mm × 5 mm. A commercial Pt paste (PC-Pt-
840, sino-platinum metals) was painted on the cathode side as
eference electrode (RE) and painted to the other side of the elec-
rolyte pellet as the counter electrode (CE) (Fig. 1). The counter
rea was 7 mm × 7 mm. The Pt electrodes were fired at 850 ◦C
or 30 min. The electrochemical performance of the cells was
easured using a potentiostat/galvanostat (model PARSTAT®

273, Princeton applied research). The impedance frequency
ange was 10 mHz to 105 Hz with a signal amplitude of 5 mV.
he impedance fitting analysis was controlled with software

Zsimpwin). The microstructures of the surface and the inter-
ace between cathode and electrolyte were studied by scanning
lectron microscopy (SEM, HITACHI, S-4700).

. Results and discussions

.1. Selection of binder for screen-printing slurry

The LSM cathode powders were made into slurry by being
ixed with the binder and organic solvent before screen-

rinting. The selection of the binders would influence the
icrostructure of the cathode film. The binders for screen-

rinting cathode, ethyl cellulose and polyvinyl-butyral were

valuated. The fabricating process parameters were listed in
able 1 (sample A for ethyl cellulose as binder and sample
for polyvinyl-butyral as binder). The microstructures of the

lectrode films were measured by SEM (Fig. 2). It can be read-

ed at 800 ◦C)

time (h) Series resistance Rs (� cm2) Polarization resistance Rp (� cm2)

0.8365 0.3961
0.9567 0.7113
0.9577 0.8214
0.8576 0.909
1.11 0.95
1.261 0.851
1.237 1.205
0.899 1.0965
0.95 0.767
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Fig. 2. SEM photos of LSM cathode films fabricated usi

ly observed that the electrode film had a homogeneous pore
ize distribution when using the ethyl cellulose acted as the
inder (Fig. 2(a)). The porosity was about 30–40% (estimated
rom SEM). The sample using polyvinyl-butyral as the binder
howed that the film was dense and the porosity was only about
0% (Fig. 2(b)). The porosity would affect the performance of
athode significantly. This is because ethyl cellulose is a linear
olymer, while polyvinyl-butyral has branches in its structure.
thyl cellulose was considered to be the preferable binder to
btain fine and uniform microstructures because of its linear
tructure. From the polarization resistance (Rp) of samples A
nd B in Table 1 (resistance data obtained by impedance anal-
sis at 800 ◦C), the same results were found. The sample of
athode film made by ethyl cellulose possessed lower Rp than
he sample made by polyvinyl-butyral. The ohmic resistance (Rs)
f sample A was also lower than in sample B. Because of the
lectrolyte, the counter electrode and reference electrode were
dentical; it can be considered that the increase of Rs resulted
rom the increase of interfacial resistance between the cathode
nd electrolyte. Polarization resistance Rp consists of the charge-
ransfer resistance Rct and diffusion resistance Rd [17,18]. The
ct of sample B (0.4949 � cm2) was also higher than sample A

0.3111 � cm2). The Rd of sample B was 0.2164 � cm2, while
he Rd of sample A was 0.085 � cm2 (data from impedance fit-

ing analysis). The decrease of Rct and Rd in sample A was due
o the increase of TPB sites and the higher porosity, respectively.
he increase of Rs and Rp could have resulted from the effect of
inder because all other conditions were same.

m
g
t

Fig. 3. SEM photos of LSM cathode films fabricated using
ferent binders: (a) ethyl cellulose, (b) polyvinyl-butyral.

.2. The effect of mesh screen amount

The mesh screen amount is critical for preparing porous
athode using the screen-printing technique. The mesh screen
mount can significantly influence the microstructure of the film.
n this section, we investigated the effect of mesh screen amount
n the LSM cathode electrochemical performance. The Fig. 3
howed the SEM photos of cathode surfaces fabricated by dif-
erent mesh screens. It can be found that films made by 100
esh screen and 140 mesh screen both possessed more inhomo-

eneous pores than film made by 120 mesh screen (Fig. 2(a)).
ll the porosity was lower than 10%. From Table 1, it is clear

hat the Rp of the sample made by 120 mesh screen was the low-
st (0.396 � cm2). The Rct of the sample C (0.64 � cm2) and
ample D (0.679 � cm2) were both higher than that of sample A
0.3111 � cm2). The Rd possessed same trend as Rct. The Rd of
ample C and sample D was 0.1814 � cm2 and 0.2297 � cm2,
espectively. Both of them were higher than that of sample

(0.085 � cm2). This attributed to the decrease of TPB sites
ecause of inhomogeneous pores distribution and lower poros-
ty.

.3. The effect of sintering temperature and sintering time
The sintering temperature dramatically affects the
icrostructure of the electrodes. Fine porosity and fine-

rained microstructure are desirable for the interface between
he electrolyte and cathode to provide sufficient triple phase

different mesh screens: (a) 100 mesh, (b) 140 mesh.
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sample sintered at 1150 ◦C was higher than 1200 ◦C (Table 1).
Fig. 5 showed the curves of Rct and Rd as a function with dif-
ferent sintering temperature. Similarly, the Rct and Rd were the
Fig. 4. SEM photos of LSM cathode films sintered at d

oundaries for the oxidant electrochemical reduction [19,20].
ig. 4 showed the photos for cathode films sintered at tem-
erature between 1150 ◦C and 1300 ◦C (sample A (photo in
ig. 2(a)), E–G, Table 1). It can be noted that finer pores
nd smaller particles can be obtained in cathode film when
he sintered temperature decreased. This trend was consistent
ith the report of JØrgensen et al. [11]. Larger particle size
ould reduce the TPB sites and influence performance. The

urface of sample F (sintered at 1250 ◦C, Fig. 4(b)) possessed
ow porosity (lower than 10%). The dense cathode film can
ecrease the TPB sites and limit gas access to the TPB sites,
eading to Rp increase. The surface of the sample G (sintered
t 1300 ◦C, Fig. 4(c)) displayed inhomogeneous pore size
istribution. LSM particles were partial aggregation and partial
etachment, which not only decreased the porosity but also
educed the TPB length, which then limited the gas transport
o TPB sites. This restrained the oxygen reduction reaction.
herefore, the Rp increased when the sintered temperatures
ere as high as 1250 ◦C or 1300 ◦C. The difference in
icrostructures of the cathode films reflected in the ohmic

esistance and polarization resistance (as showed for samples
and E–G in Table 1). JØrgensen et al. [11] reported that Rs

ecreases as the sintering temperature increased from 950 ◦C to
050 ◦C. This type of behaviour was ascribed to the improved
hysical and electrical contact between the LSM particles
nd the YSZ electrolyte. In this work, the Rs of the sample

intered at 1150 ◦C was higher than that of sintered at 1200 ◦C. It
an be explained that the lower sintered temperature (1150 ◦C)
esulted in a loose structure (Fig. 4(a)). The physical contact
etween LSM particles and YSZ electrolyte was not ideal which

F
t

t temperatures: (a) 1150 ◦C, (b) 1250 ◦C, (c) 1300 ◦C.

esulted in the increase of Rs. The ohmic resistance Rs was
ound to increase with temperature increasing from 1200 ◦C to
300 ◦C. Higher than 1200 ◦C, the effect of formation of low-
onductive La-zirconate at the interface between LSM cathode
nd YSZ electrolyte resulted in the increase of Rs [21]. The
hanging trend of Rp was the same as the Rs. The Rp of the sam-
le sintered at 1200 ◦C was the lowest among all samples and
he Rp increased when temperature went higher. The Rp of the
ig. 5. Resistance change as a function with different temperatures. The resis-
ance was obtained from the impedance measurement made at 800 ◦C in air.
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Fig. 6. SEM photos of LSM cathode films sin

owest when sintering temperature was 1200 ◦C (sample A). Rct
nd Rd of the sample E (sintered at 1150 ◦C) was higher than
hat of sample A. After 1200 ◦C, Rct and Rd increased as temper-
ture went up. This was a result of the loose contact between the
articles in the film for sample E which caused the decrease of
ontact area, leading to the decrease in electrochemical reaction
rea and the Rct subsequently increased. The partial density film
nd partial aggregate LSM particles after 1200 ◦C resulted in the
ecrease of oxygen reaction area and reduced the porosity. This
as the reason why the Rct and Rd increased after 1200 ◦C.
Microstructure of cathode film is affected not only by the sin-

ering temperature but also by the sintering time. Performance of
he cathodes film, fabricated by different sintering time (sample
, H and I), were studied while keeping the sintering tempera-

ure at 1200 ◦C. As shown in Table 1, the Rp of the sample that
intered at 1200 ◦C for 2 h was the lowest among all the sam-
les. The film sintered at 1200 ◦C for 1 h (sample H) showed
he higher porosity and smaller particles, which should result
n lower Rp-values [11]. However, the sample H showed higher
p-values compared with that of sintered for 2 h. The reason
as that the physical contact between LSM particles and YSZ

lectrolyte of the film sintered at 1200 ◦C for 1 h was not good
Fig. 6(a)), resulting in the increase of Rs and Rp. The sample sin-
ered for 3 h were over-sintered. The LSM particles were larger
han those sintered for 1 h and 2 h and LSM particles were also
nhomogeneous, which decreased the electrochemical perfor-

ance. The Rp of sample H was 1.09 � cm2 and that of sample
was 0.76 � cm2. As for the sample of sintered 2 h, Rp was
.39 � cm2.

.4. Performance of LSM–YSZ composite cathode

The total oxygen reduction reaction (ORR) requires the pres-
nce of gaseous oxygen and good electronic conductivity in the
lectrode material as well as the possibility for creating oxide
ons to be transported away from reaction site into the bulk of
he electrolyte [22]. The triple phase boundary between elec-
rode, electrolyte and gas phase in the bulk of the electrode can

eet this standard. For composite cathode, it is conceivable that

olarization resistance can be decreased by virtue of extend-
ng the TPB sites into the cathode layer [23]. For pure LSM
athode film prepared in this work, good interface structure
etween the LSM and YSZ were obtained by using the opti-

7
k
o
d

at 1200 ◦C for different time: (a) 1 h, (b) 3 h.

ized process parameters. Thus, we considered the optimized
rocess parameters discussed above (ethyl cellulose as binder,
20 mesh screen-printing, sintered at 1200 ◦C for 2 h) were also
uitable for LSM–YSZ composite cathode. LSM–YSZ (80 wt%
SM and 20 wt% YSZ) composite cathodes were also prepared
y the optimized process parameters. The YSZ (Tosoh) pow-
ers was consisted 30 wt% sintered at 700 ◦C for 2 h (mean
articles 0.8 �m) and 70 wt% un-sintered YSZ (particle size
100 nm). The mean particle size of LSM powders (prepared by
o-precipitation method) was 0.55 �m. The fine YSZ particles
ould fill in the gap between LSM and YSZ and coat the LSM
articles. Using the fine YSZ particles in a composite cathode
an extend the TPB length and retard the growth of the LSM par-
icles, thus increasing the performance and stability of the LSM.
he microstructure, electrochemical performance and stability
f LSM–YSZ composite cathode were also investigated.

The surface and cross-section SEM photos of the LSM–YSZ
omposite cathode were shown in Fig. 7. A distinct feature of
he LSM–YSZ composite cathode film was homogeneous net-
ork as shown in Fig. 7(a), the surface photo of LSM–YSZ

omposite cathode. The network was beneficial for the electron
nd ion transport, which will decrease the cathodic polarization.
he porosity (about 40%) meets the requirement for gas trans-
ortation. From the cross-section photo of LSM–YSZ composite
athode (Fig. 7(b)), it can be found that the LSM–YSZ cath-
de and the YSZ electrolyte attached very well. The thickness
f the composite cathode was approximate 10 �m. Homoge-
eous distribution of particles and pores showed throughout
he whole electrode thickness and surface. Fig. 8 showed the
mpedance spectra plots and the fitting curves for LSM–YSZ
omposite cathode at different temperatures. The equivalent cir-
uit LRs(QRct)(CRd) was showed in Fig. 8. L is attributed to
igh-frequency artifacts arising from the measurement appa-
atus. Rs is the ohmic resistance of electrolyte and lead wires
13]. The high-frequency arc is ascribed to charge-transfer resis-
ance (Rct) from the electrode/YSZ interface into the YSZ
lectrolyte and the low-frequency arc to the diffusion resistance
Rd) [20,21]. Q is the constant phase element and C represents
apacitance. Best fits to all of these data showed two arcs from

50 ◦C to 800 ◦C, showing that under cathodic polarization the
inetic processes of the oxygen reduction are controlled not
nly by charge-transfer but also by adsorption/desorption and
iffusion of oxygen. This corresponds to the fact that the oxy-
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Fig. 7. SEM photos of LSM–YSZ composite

Table 2
Parameters obtained by fitting AC impedance curves for LSM–YSZ composite
cathode at different temperatures

T (◦C) Rs (� cm2) Rct (� cm2) Rd (� cm2) Rp (� cm2)

7
8
8

g
a
F
f

t
o
s
u
w
s
c
o

50 1.435 0.4183 0.0985 0.5168
00 0.7088 0.2077 0.0386 0.2463
50 0.592 0.1687 0.034 0.2027
en reduction reaction is achieved through reaction steps such
s adsorption, dissociation, diffusion and charge transfer [24].
rom Fig. 8 and the data (Table 2), it can be found that the high-
requency arc is larger than the low-frequency arc from 750 ◦C

d
a
r
L

Fig. 8. Impedance spectra measured under open circuit condition at d
cathode: (a) surface, (b) cross-section.

o 850 ◦C. As the temperature increased, both Rs and Rct values
f LSM–YSZ composite cathode decreased significantly and the
izes of high-frequency arc (QRct) and low-frequency arc grad-
ally decreased. The decrease of Rct was significant compared
ith that of Rd. It also showed that the diffusion resistance Rd was

imilar at 800 ◦C and 850 ◦C, which typically indicates that the
harge-transfer processes was the rate-limiting step in the cath-
de reaction. In our study, the LSM–YSZ composite cathode

isplays a Rp value of 0.2027 � cm2 at 850 ◦C, 0.2463 � cm2

t 800 ◦C and 0.5168 � cm2 at 750 ◦C. Murray and Barnett [13]
eported that the polarization resistance of LSM-GDC50 and
SM–YSZ50 composite cathode at 750 ◦C under open circuit

ifferent temperatures in air for LSM–YSZ composite cathode.
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n YSZ electrolyte substrates were 0.49 � cm2 and 1.31 � cm2,
espectively. It is apparent that the optimized process parame-
ers of fabricating cathode film were suitable not only for pure
SM cathode but also for preparing the LSM–YSZ composite
athode.

The stability is one of the criterions for electrode materials
nd as well as the microstructure of electrode. Choi et al. [7]
eported that fine grain LSM (mean diameter of 1.54 �m) cath-
de showed good activity in the initial stage, but its activity
apidly declined. Choi et al. [8] also reported the inferior long-
erm stability of the pure LSM electrode, which ascribed to a
aster grain growth of the LSM component and the adding of
YSZ component to LSM electrode layer, which could sup-

ress the particle growth. They also reported that the charge
ransfer resistance of the LSM–YSZ composite cathode per-
isted for a longer period of time (no evident variety in 100 h
t 900 ◦C). The stability of LSM–YSZ composite cathode
as investigated. Fig. 9 showed the over-potential change of
SM–YSZ composite cathode as a function of cathodic cur-

ent passage time at 300 mA cm−2 and 800 ◦C. Over-potential
as obtained from the galvanostatic step under a constant cur-

ent density of 300 mA cm−2 and 800 ◦C. It was discovered that
he over-potential of LSM–YSZ composite cathode decreased
ontinuously from 420 mV to 98 mV until being polarized at
00 mA cm−2 and 800 ◦C for 150 h. After 150 h, the decreased
rend was not evident. This result agreed with the report of Jiang
nd Love [25] that cathodic current passage markedly reduced
he over-potential and improved the electrode reactivity for O2
eduction reactions. Lee et al. [26] attributed the effect of the
athodic polarization on the polarization of LSM electrode to the
ormation of oxygen vacancies. The breakdown or the reduction
f the resistive lanthanum zirconate (La2Zr2O7) phases formed
t LSM/YSZ electrolyte interface under cathodic polarization
ould also contribute to the activation effect of cathodic polar-
zation treatment. Zhang et al. [27] reported that manganese

xide reacts with lanthanum zirconate (La2Zr2O7) phase origi-
ally existed on the zirconia surface to form the cubic zirconia
olid solution of (Zr, La, Mn)O2 with La dissolved in the solid

ig. 9. Over-potential of LSM–YSZ composite cathode as a function of cathodic
urrent passage time at 300 mA cm−2 and 800 ◦C in air.

s
1
p
t
t
e
1
f
p
w
p
i
t
w
c
8
T
s
t
b
p
s
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olution. Jiang and Love [25] reported that the over-potential of
SM decreased from 279 mV to 52 mV after the cathodic cur-

ent passage at 500 mA cm−2 and 1000 ◦C for 3 h. It was evident
hat the decrease of over-potential in our work was not quick
s compared with the report from Jiang and Love [25]. Jiang
nd Love [25] also reported that the structural or morphological
hange caused by the cathodic polarization could contribute to
he improvement of the cathodic polarization performance of
he LSM cathodes. They also reported that after polarization at
50 mA cm−2 and 1000 ◦C for 57 days, there was little change
n the microstructure and morphology of the LSM electrodes.

e suggest that the reason of the slow rate of improving perfor-
ance here was due to the relative low cathodic current density

sed.
Next step that need to be taken is to study the relation-

hip between the microstructure and the long-term stability of
SM–YSZ composite cathodes under SOFC operating condi-

ions.

. Conclusion

Four important process parameters including the selection of
inders, the mesh of screen, sintering temperature and sinter-
ng time were investigated. The conclusions were obtained as
ollowing: (a) the binders used in preparing the screen-printing
lurry greatly influenced the microstructure of the screen-printed
athode films. Using the ethyl cellulose as a binder to prepare the
athode film, we found that pore size distribution was homoge-
eous. The film using polyvinyl-butyral as binder was dense and
he porosity was low. This could be a result of the ethyl cellulose
eing a linear polymer, while polyvinyl-butyral has branches in
ts structure. Ethyl cellulose was the preferable binder to obtain
ne and uniform microstructures due to the linear structure; (b)

o obtain porous cathode films, the mesh amount of screen should
e suitable. The films of 100 mesh and 140 mesh screen pos-
essed inhomogeneous pores compared with the film made by
20 mesh screen. The cathode film made by 120 mesh screen
ossessed the lowest polarization resistance; (c) the microstruc-
ure of the electrodes was strongly affected by both the sintering
emperature and sintering time. The Rct and Rd were the low-
st when sintering temperature was 1200 ◦C compared with
150 ◦C, 1250 ◦C and 1300 ◦C. The film sintered at 1200 ◦C
or 2 h owned to its high porosity, small particles and good
hysical contact between LSM particles and YSZ electrolyte,
hich resulted in low Rp-values and interface resistance. These
rocess parameters were also suitable for LSM–YSZ compos-
te cathode. The LSM–YSZ composite cathode prepared by
he optimized process parameters possessed homogeneous net-
ork structure and favorable porosity (40%). The LSM–YSZ

omposite cathode displays a Rp value of 0.2027 � cm2 at
50 ◦C, 0.2463 � cm2 at 800 ◦C and 0.5168 � cm2 at 750 ◦C.
he performance of the LSM–YSZ composite cathode improved
ignificantly after being polarized at 300 mA cm−2 and 800 ◦C

ill 150 h. The over-potential of the composite cathode was sta-
le after 150 h. Therefore, it was concluded that the optimized
rocess parameters (ethyl cellulose as binder, 120 mesh screen,
intered at 1200 ◦C for 2 h) using screen-printing was suitable
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