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a b s t r a c t

Nano-sized (50 nm) lanthanum strontium manganite (La0.8Sr0.2MnO3, LSM) particles are deposited on
yttria-stablized zirconia (8YSZ) by synthesizing LSM particles in situ in an YSZ-dispersed solution. As the
LSM content is decreased from 80 to 25 wt.%, 50 wt.% powder shows the best microstructure and phase
connectivity. This composite, when used as a cathode in a button cell, also has the highest power density of

−2 ◦
eywords:
olid oxide fuel cell (SOFC)
anthanum strontium manganite
ttria-stablized zirconia
omposite cathode

791 mW cm at 800 C and the lowest values of the cathode polarization resistance and high-frequency
arc (0.315 and 0.120 � cm2, respectively). Initially, the low-frequency arc shows a rapid decrease as the
LSM content is reduced from 80 to 60 wt.%. After this, an abrupt drop at 50 wt.% LSM content is followed
by a slow decrease in the low-frequency arc with further decrease in the LSM content. The results suggest
that the high-frequency arc is related to charge transfer and the low-frequency arc to the site density
of the triple-phase boundary (TPB). A new parameter, the charge-transfer efficiency of the TPB site, is

in fu
defined and used to expla

. Introduction

Solid oxide fuel cells (SOFCs) are promising types of fuel cell
ue to their utilization of less-expensive ceramic materials and
heir high operating temperatures. Widely used cathode materials
n SOFCs are lanthanide transition metal compounds with a per-
vskite structure. Among them, lanthanum strontium manganite
LSM) is representative because of its chemical stability, electri-
al conductivity, and compatibility with other cell components.
or example, the thermal expansion coefficient of LSM is similar
o the popular electrolyte material yttria-stablized zirconia (YSZ),
nd LSM does not react with YSZ below 1150 ◦C.

It is known that a combination of electrode material with elec-
rolyte helps to improve the reactivity of the electrode, not only
or pure electronic conductors like LSM, but also for mixed conduc-
ors, such as LSCF (La1−xSrxCo1−yFeyO3) [1]. Composite cathodes of

SM–YSZ have been studied by many research groups [2–4], but
dramatic improvement in polarization resistance was observed

fter the incorporation of YSZ into LSM because the contact points
etween electrode and electrolyte particles can form an addi-
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rther the observed effect of LSM content on YSZ.
© 2010 Elsevier B.V. All rights reserved.

tional triple-phase boundary (TPB). Nanoparticles would be very
useful, as they have a large effective surface area which results
in an increased TPB. Nanoparticles of perovskite materials devel-
oped using co-precipitation, sol–gel or Pechini methods [5–8] have
shown improved reactivity in every kind of catalytic reaction. The
high surface energy of nanoparticles, however, could induce the
agglomeration of particles. Therefore, it would be natural to deposit
nanoparticles of the cathode material to the YSZ surface to increase
TPB and prevent the agglomeration of cathode particles. In fact, it
has already been reported that nano-size LSM particles deposited
randomly on the YSZ surface cause an increase in TPB sites and
thereby improve performance [9].

In the present study, nanoparticles of LSM are systematically
deposited on YSZ particles at different LSM contents by synthesiz-
ing LSM particles in situ in an YSZ-dispersed solution. The effect of
the LSM content on the microstructure and electrochemical prop-
erties is investigated to find factors that govern the reactivity of the
cathode for oxygen reduction.

2. Experimental
2.1. Synthesis of composite powder

LSM (La0.8Sr0.2MnO3)–YSZ (8 mol.% yttria-stabilized zirconia)
composite powders were synthesized by the cellulose–glycine
nitrate process (GNP) according to the method employed by Shao

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jsc@postech.ac.kr
dx.doi.org/10.1016/j.jpowsour.2010.02.069
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ode materials listed in Fig. 3. For the LSM-rich cathode material
(80 wt.% LSM content in Fig. 4a), agglomerated particles that are
grown from nanoparticles are tightly packed within small pores.
In this case, YSZ particles are probably surrounded by excess LSM
particles, which most likely contribute to a reduction in TPB sites
594 J. Park et al. / Journal of Pow

nd co-workers [10]. YSZ powder (Tosho, Japan, less than 2.0 g)
as dispersed in 100 ml of distilled water with a high-speed stirrer.

a(NO3)3·6H2O, Sr(NO3)2, and Mn(NO3)2·6H2O, with the stoichio-
etric ratio (Sigma–Aldrich, >99.9%), were added to an aqueous

olution containing dispersed YSZ power. Under constant stirring,
lycine and activated cellulose (Sigma–Aldrich, >99.9%) were added
o the above solution as chelating agents. Two moles of glycine and
5 g of the activated cellulose were used for one mole of total metal
ations. To activate the cellulose powder, it was dispersed in nitric
cid solution (69 wt.%) for 2 h and then washed with water three
imes. After glycine addition, the temperature was kept at 80 ◦C to
ncrease the solution concentration. After the solution turns into a
ol, activated cellulose was added. About 2 h later, a black powder
as obtained and calcined at 250 ◦C for 1 h, then 850 ◦C for 3 h. The
eight ratio of LSM:YSZ was varied to obtain seven different com-
osite samples having various LSM contents (25, 33, 45, 50, 60, 70,
nd 80 wt.%).

.2. Preparation of cells

To measure the cathodic polarization by means of electrochem-
cal impedance spectroscopy (EIS), a symmetric cell was prepared
y coating a slurry solution of cathode powder to both sides of
n YSZ pellet using a screen printer. The YSZ pellet, having a size
f 17 mm in diameter and 1.1 mm in thickness, was prepared by
ressing YSZ powder uniaxially and sintering at 1400 ◦C for 3 h. The
lurry solution of the composite cathode powder was prepared by
ixing powder with an ink vehicle (Fuel Cell Materials, USA). The

athode-coated cell was then sintered at 1050 ◦C for 5 h and the
esulting cathode area was kept at 0.20 cm2. Platinum paste and
esh were attached to the electrode surface to act as the current-

ollector.
A button cell of the anode support type was fabricated using an

node support that was prepared by pressing a mixture of NiO–YSZ
weight ratio of 55:45) with 35 vol.% graphite (Sigma–Aldrich) and
intering at 1200 ◦C for 3 h. The anode functional layer (AFL) and the
lectrolyte layer were coated successively by dipping the anode
upport into slurries of NiO–YSZ (60:40 wt.%) powder and YSZ
owder that were mixed with isopropanol and toluene. Then, the
athode powder slurry of the synthesized LSM–YSZ composite was
oated on the electrolyte layer as a cathode functional layer (CFL)
y using a screen printer. Finally, a slurry of pure LSM powder
as coated on the cathode layer. AFL, CFL and cathode layers were

intered at 1200 ◦C for 3 h, and the electrolyte layer at 1400 ◦C
or 3 h. The resulting thicknesses of the AFL and electrolyte lay-
rs were both about 10 �m, while the cathode area was kept at
.20 cm2.

.3. Characterization of powders

The phase composition of the synthesized powders was iden-
ified by means of X-ray diffraction (X-PERT PRO with Cu K�
adiation). The morphology of the powders was observed with a
canning electron microscope (JSM-7401F, JEOL) and a transmis-
ion electron microscope (Philips – CM200). The electrochemical
roperties were characterized by electrochemical impedance spec-
roscopy (EIS) using a Solartron 1260 frequency response analyzer
n an open-circuit state. Impedance spectra were measured in the
ange of 10 mHz to 100 kHz at five points per frequency decade

ith a signal amplitude of 10 mV at 800 ◦C. Using a fitting program,

he polarization resistance was calculated. Cell performance was
easured with an electronic loader at 800 ◦C. Hydrogen with 3%
ater was fed as fuel to the anode and air was fed to the cathode.

he fuel and air flow rates were controlled at 15 and 30 mL min−1,
espectively.
rces 195 (2010) 4593–4599

3. Results and discussion

3.1. Microstructure

The XRD patterns of LSM–YSZ composite cathode powders pre-
pared at various LSM contents (20, 33, 45, 50, 60, 70, and 80 wt.%)
are shown in Fig. 1. In all cases, only peaks for LSM (main peak
at 32.5◦) and YSZ (main peak around 30◦) are observed and there
are no observed impurity peaks. It is known that La-based per-
ovskite materials react with YSZ electrolytes at temperatures above
1150 ◦C to form La2Zr2O7, which has low electric and ionic conduc-
tivity [11–13]. By using Scherrer’s equation, a mean crystal size of
approximately 20 nm is determined. The TEM images in Fig. 2 show
a relatively uniform size of 50 nm for LSM particles and 70–150 nm
for the commercial YSZ powder.

The microstructure of the sintered electrode is one of the
most important factors in cathode performance. In the composite
cathode case, the three-dimensional structure, which is formed
by the connection between electrode and electrolyte particles, is a
very important part for the cathode reaction. Because LSM is close
to a pure electronic conductor, contact points (TPB sites) between
the electrode and electrolyte particles ensures both electron and
ionic paths to act as reaction sites in the LSM–YSZ composite
cathode. The activity was found to be dramatically affected by the
incorporation of YSZ [3].

The observed results of TEM and energy-dispersive X-ray spec-
troscopy (EDS) for composite cathodes with three different LSM
contents (80, 50, and 25 wt.%) are presented in Fig. 3. For the LSM-
rich sample (80 wt.% content in Fig. 3a), the distribution of YSZ is
not uniform, but somewhat localized because an excess amount of
LSM allows YSZ particles to separate. For the sample with equal
contents of LSM and YSZ (50 wt.% LSM content in Fig. 3b), both LSM
and YSZ are uniformly distributed and in close contact with each
other. Even when the LSM content is decreased to 20 wt.% (Fig. 3c),
the distribution of LSM and YSZ still retains uniformity. This feature
is probably due to the smaller size of the LSM particles, which are
more or less evenly deposited on larger YSZ particles during the in
situ synthesis.

Fig. 4 shows the cross-sectional view of the cathode layer in
button cells that are manufactured with the three composite cath-
Fig. 1. X-ray patterns of LSM–YSZ composite powders with various LSM contents:
(a) 80, (b) 70 (c) 60, (d) 50, (e) 45, (f) 33, (g) 25 wt.%.
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Fig. 2. TEM images of: (a) LSM nano particles, (b) YSZ particles.

Fig. 3. HR-TEM images and EDS results of LSM–YSZ composite powders with different LSM contents: (a) 80, (b) 50, (c) 25 wt.%.
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Fig. 4. SEM images of electrode|electrolyte interface of cells fired at

nd ionic paths. With 50:50 wt.% of LSM–YSZ (Fig. 4b), particles are
maller and more heterogeneous within larger pores. This struc-
ure indicates that LSM and YSZ particles are uniformly distributed
nd inter-connected with each other. With the lowest LSM content
f 20 wt.% in the cathode (Fig. 4c), it is surprising to observe that
he particles are in a sintered state with little existence of pores,
espite being calcined at the relatively low temperature of 1050 ◦C.
SM nanoparticles that are doped to the YSZ surface might promote
hase connectivity and the eventual sintering of YSZ particles.
.2. Polarization resistance and cell performance

Many researchers have studied LSM-YSZ composite cathodes by
eans of EIS measurements [14,15]. Fig. 5 shows the impedance

pectra for seven cells of LSM–YSZ composites with different
C for cathodes with various LSM contents: (a) 80, (b) 50, (c) 25 wt.%.

LSM contents. The equivalent circuit LRs(QRct)(CRd) was chosen
to analyze the impedance spectra [14], in which the Rct and Rd
parts are called the high- and low-frequency arcs, respectively.
A summary of the results for the polarization resistance (Rp), the
high-frequency arc, the low-frequency arc and the ratio of low:high
frequencies is given in Table 1. The Rp values are found to be accept-
able when compared with those reported by other researchers
[16]. The LSM-rich sample of 80 wt.% shows the highest Rp value
of 0.919 � cm2. As the LSM content is decreased, the Rp value
decreases steadily to reach a minimum value of 0.315 � cm2 at an

LSM content of 50 wt.%, after which it increases steadily to reach
a value of 0.756 � cm2 at the lowest LSM content of 25 wt.%. The
high-frequency arc shows a similar trend to the Rp value as the
LSM content is decreased. The value of 0.171 � cm2 at the high-
est LSM content of 80 wt.% decreases steadily to 0.120 � cm2 at an
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ig. 5. Impedance spectra (EIS) of LSM–YSZ composite powders measured at 800 ◦C
n air: (a) 80–50 wt.% of LSM content, (b) 45–25 wt.% of LSM content.

SM content of 50 wt.%, after which it increases back to 0.599 � cm2

t the lowest LSM content of 25 wt.%. Comparing the two fre-
uency arcs, the low-frequency arc experiences a steady decrease
s the LSM content decreases. The highest value of 0.748 � cm2

s observed with the highest LSM content, and decreases to 0.636
nd 0.337 � cm2 as the LSM content is decreased to 70 and
0 wt.%, respectively. At an LSM content of 50 wt.%, there is a
rop in the low-frequency arc down to 0.195 � cm2, after which
here is no appreciable decrease with further decrease in LSM
ontent.

A number of researchers have suggested that each frequency
art of the impedance spectra is related to some specific step of the
xygen reduction reaction or the microstructure of the electrode
s related to TPB sites. Song and co-workers [15] have suggested

hat the high-frequency arc is related to YSZ phase interconnec-
ivity, whereas the low-frequency arc is related to TPB site density
15]. Other groups suggest that the high-frequency arc is related to
he charge-transfer resistance from the electrode|electrolyte inter-
ace into the electrolyte, and the low-frequency arc to the diffusion

able 1
olarization resistance of LSM–YSZ composites at various LSM contents at 800 ◦C.

LSM:YSZ Rp (� cm2) High-frequency arc (� cm2)

80:20 0.919 0.171
70:30 0.794 0.158
60:40 0.484 0.147
50:50 0.315 0.120
45:55 0.331 0.141
33:67 0.536 0.379
25:75 0.756 0.599
rces 195 (2010) 4593–4599 4597

resistance [17,18]. Different interpretations may arise due to the
observation that the states of the electrode, such as morphology,
particle size and contact site, which are related to the electro-
chemical properties, are very sensitive to the synthesis method
employed or to the material composition. Presently, LSM nanopar-
ticles are synthesized in situ in a solution that contains dispersed
YSZ particles. In this way, the aim is to deposit nanoparticles of
LSM on the surface of YSZ particles. From the results in Table 1, the
changing pattern of the low-frequency arc at various LSM contents
suggests that it is, in fact, related to the TPB site and not to diffusion
resistance. The highest resistance in the low-frequency arc can be
observed at the highest LSM content, as agglomerated LSM particles
and localized YSZ particles result in the lowest TPB site density. The
TPB site density will increase with decrease in LSM content because
of an improved inter-particle contact, which results in a decrease
in the low-frequency arc. Until the LSM content is decreased to
50 wt.%, there exists an abrupt decrease in the low-frequency arc
because nanoparticles of LSM have been dispersed on the surface of
the YSZ particles. Thus, the trend of the TPB sites coincides with that
of the low-frequency arc, not to the diffusion resistance, because
the highest amount of pores (the lowest diffusion resistance) is
observed at an LSM content of 50 wt.% in the present cathode case.
From the changing pattern of the high-frequency arc in Table 1, it
is suggested that this arc is related to charge-transfer resistance
caused by either ionic or electronic conduction. At higher LSM
contents in the cathode, the high-frequency arc is relatively high,
indicating that the charge-transfer rate is very low due to localized
YSZ limits on the ionic conduction. As the LSM content is decreased
to 50 wt.%, the high-frequency arc reaches a minimum because of
a good charge transfer in the cathode. With a further decrease in
the LSM content down to 25 wt.%, the high-frequency arc increases
back to saturation, and thereby indicates that the charge transfer is
limited by electron transfer. This observation is due to the increased
disconnection of LSM nanoparticles that are dispersed on the YSZ
surface.

The last column in Table 1 shows the ratio of the low-frequency
arc to the high-frequency arc. By taking the reciprocal value, this
ratio is put in terms of conductive properties, that is, the conduction
by the charge transfer divided by that due to the TPB site density.
In other words, the ratio is charge transfer (oxygen ion conduction)
efficiency of the TPB site, i.e.,

low-frequency arc
high-frequency arc

= 1/high-frequency arc
1/low-frequency arc

= charge transfer
TPB site density

= charge transfer efficiency

Reciprocal values of the low-frequency arc (the TPB site density)
and the transfer efficiency of the TPB sites are plotted in Fig. 6. At the
region of high LSM content (70–80 wt.%), the TPB site density stays

very low because of the agglomeration of LSM particles and the dis-
connection of YSZ particles, both of which limit the ion conduction.
The conduction efficiency, however, stays high because the cation
conduction occurs only at a thin layer of the contact point between
the cathode and the electrolyte layer, where the conduction rate

Low-frequency arc (� cm2) Low-/high-frequency ratio

0.748 4.374
0.636 4.025
0.337 2.293
0.195 1.625
0.190 1.348
0.157 0.414
0.157 0.262
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ig. 6. TPB site density and charge-transfer efficiency of formed TPB sites as function
f LSM content.

ust be very high. As the LSM content decreases, the TPB site
ensity is increased because of better phase connectivity between
SM–LSM, YSZ–YSZ and LSM–YSZ. Thus, the best microstructure is
btained at LSM contents of 45–50 wt.%, where the ion conduction
ate is well balanced with the electron conduction. The transfer effi-
iency for this microstructure, however, is lower than that for the
igh LSM content, as shown in Fig. 6. With increased LSM content in
he cathode, the conduction zone does not stay only at the contact
oint between the cathode and electrolyte layer, but extends to the
eep cathode layer, where the conduction efficiency is low due to
he concentration gradient of oxygen ions. At extremely low LSM
ontents (25–33 wt.%), the transfer efficiency of the TPB site stays
ery low because disconnections between LSM particles hinders
lectron transfer in the cathode layer and prohibits the conduction
f the oxygen ions, even at the contact point between the cathode
nd the electrolyte layer.

The current (I)–voltage (V) curve and the power density of
i–YSZ/YSZ/LSM–YSZ cells observed at 800 ◦C are shown in Fig. 7.
ell performance is measured for three button cells that have cath-
de materials of different compositions with an LSM content of

0, 50, or 25 wt.%. As expected, a maximum powder density of
91 mW cm−2 is observed with a 50 wt.% LSM content in the cath-
de. In comparison, the cell with a cathode of 25 wt.% LSM content
hows similar power output to that with 80 wt.% LSM. From the
esults of impedance spectra, presented in Fig. 8, the Rp value of the

ig. 7. Power density and I–V curves of NiO–YSZ/YSZ/LSM–YSZ cell at 800 ◦C: (�)
0 (©) 50 (♦) 25 wt.%.
Fig. 8. Impedance spectra of NiO–YSZ/YSZ/LSM–YSZ cells under open-circuit volt-
age at 800 ◦C: (�) 80 (©) 50 (♦) 25 wt.%.

25 wt.% LSM content is lower than that of the 80 wt.% LSM, whereas
the Rs value of the 25 wt.% LSM is higher than that of the 80 wt.%
LSM. Therefore, the total resistance of these two cases would sug-
gest that they would yield a similar power density. The lower Rp

value of the 25 wt.% LSM content results from smaller particles of
LSM. The higher value for Rs is caused by the extension of the elec-
trolyte layer deep into the cathode layer, where rich YSZ particles
form the electrolyte layer after being sintered, as shown in the SEM
results of Fig. 4c.

4. Conclusions

In LSM–YSZ composite powders, only the junction of the LSM
and YSZ particles can be an effective reaction site because of
the poor ionic conductivity of LSM. To improve the reactivity of
LSM–YSZ composite cathodes, it is necessary to form as many TPB
sites as possible with good connections to the electrolyte layer
through the YSZ particles and good connections to the current-
collector through the LSM particles. The composite cathodes with
various LSM contents were synthesized in YSZ-dispersed solu-
tion by using the cellulose–glycine method. Nanoparticles of LSM
having crystal sizes of 20 nm, and particle sizes of 50 nm were syn-
thesized and attached to YSZ particles. The powder sample with
50 wt.% content of LSM shows the most uniform distribution of
particles and the best inter-particle connections. The cathode pre-
pared with 50 wt.% LSM content exhibits a maximum power density
of 791 mW cm−2 in a button cell of Ni–YSZ/YSZ/LSM–YSZ, and the
lowest cathodic polarization resistance of 0.315 � cm2.

From the results of EIS measurements, it is concluded that
the high-frequency arc is related to charge transfer and the low-
frequency arc to TPB site density. At high LSM contents in the
cathode, the low-frequency arc is high because of low TPB site
density, due to the LSM-rich phase. The high-frequency arc is
also high in this cathode because of low charge-transfer rates,
which are caused by the limitation in ionic transfer. As the LSM
content is decreased to 50 wt.%, the low-frequency arc drops sud-
denly because of a sudden increase in TPB sites due to good
inter-particle connections. The high-frequency arc reaches a min-
imum here because of good charge transfer in the cathode. With

further decreases in the LSM content down to 25 wt.%, the low-
frequency are continues to decrease because of increased TPB
sites, due to nanoparticles dispersed on the YSZ surface. The high-
frequency arc increases back from the minimum value at 50 wt.%
LSM content, however, indicating that charge transfer is limited
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y electron transfer, due to poor phase connectivity among LSM
articles.

It is also concluded that the ratio of the low-frequency arc to the
igh-frequency arc could be considered to represent the efficiency
f charge transfer of the TPB sites (cation conduction per TPB site).
his value is highest at high LSM contents (70–80 wt.%) because
he LSM-rich cathode and YSZ electrolyte layer form a conduction
one only at a thin layer of the contact points, where the charge-
ransfer rate of oxygen ions will be very high. The cell performance,
owever, is observed to be very poor because the number of TPB
ites is very low in such a thin conduction zone. With decreased LSM
ontent, the conduction zone can be extended deep inside the cath-
de layer, which overcomes decreased conduction efficiency per
PB site to exhibit a maximum power density at 50 wt.% LSM con-
ent. Further decreases in the LSM content down to 25 wt.% causes
ncreases in the TPB sites, but is not able to overcome the decrease
n the conduction efficiency due to poor phase connectivity among
SM particles. Neither is it effective for increased Rs values due to
he sintering of YSZ particles in the cathode, which results in an
ventual decrease in the power density.
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