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a b s t r a c t

The use of a dual-composite approach, in which both LSM and YSZ nanoparticles are placed on YSZ core
particles, allows for the development of an ideal cathode microstructure with improved phase contiguity
and durability for use in solid oxide fuel cells. The volume fraction of the conjugated YSZ phase plays a
ccepted 14 October 2008
vailable online 6 November 2008

eywords:
olid oxide fuel cell
omposite cathode

critical role in the optimization of the cathode microstructure for achieving good durability because it
acts as an interconnecting bridge between YSZ core particles. However, the presence of excess conjugated
YSZ phase interrupts the formation of sufficient triple phase boundary sites by disturbing the contacts
between the LSM and YSZ phases. Impedance spectroscopy analysis and microstructural observations
provide a better understanding of the influence of the composition on the electrochemical performance
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. Introduction

Solid oxide fuel cells (SOFCs) can provide high efficiency
nergy conversion because of their high operation temperatures,
800 ◦C [1]. For the practical use of SOFCs, it is essential to
chieve not only higher performance but also long-term sta-
ility, i.e., over 10,000 h at high temperature. There are several
ossible cathode degradation mechanisms. For instance, inho-
ogeneous current distribution over the cathode, which causes

ocal current density overload, can lead to microstructural degra-
ation and compositional changes via grain growth, chemical
eactions, and delamination [2–4]. In addition, the stability of the
athode|electrolyte interface plays an important role in minimizing
lectrode polarization [5,6]. It is well known that La2Zr2O7 forma-
ion between La1 − xSrxMnO3 (LSM) and yttria stabilized zirconia
YSZ) particles increases the polarization resistance. However,
he degradation mechanism itself is not yet clearly understood,
specially for nanostructured cathodes. A nanoporous cathode is
xpected to exhibit a lower cathodic overpotential because of its
arge effective surface area for electrocatalytic reactions. Unfor-

unately, such nanoporous electrodes are generally vulnerable to
egradation at high temperatures, but demonstrate excellent short-
erm cell performance [4].
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One of the approaches to generate durable electrodes is to form a
anoporous skeleton of an ionic conduction phase first and then to

nfiltrate this skeleton with a salt solution of the electronic conduc-
ion phase. However, the infiltration procedure is time-consuming,
nd it is difficult to achieve a uniform distribution of the infil-
rated phase over the skeleton by infiltration [7]. In previous work,
e introduced engineered nanocomposite particles to produce a
ighly durable, LSM–YSZ, dual composite cathode (LYDC). The use
f this dual-composite approach, in which both LSM and YSZ phases
re placed on a YSZ core as shown in Fig. 1, allows for the devel-
pment of an ideal cathode microstructure with improved phase
ontiguity and interfacial coherence.

In the present work, we have investigated the influence of the
omposition of the cathode, such as the ratio of surface conjugated
SZ to YSZ core particles, on the long-term durability of the cathode.
he conjugated YSZ component plays critical roles in constructing a
trong YSZ skeleton and in creating sufficient triple phase boundary
TPB) sites by interacting with the LSM component. Variation of the
omposition of the dual composite cathode enables long-term elec-
rochemical activity through optimization of the microstructure of
he composite cathode.

. Experimental
The LSM (La0.7Sr0.3MnO3)–YSZ (Tosoh TZ8Y, surface
rea = 12.74 m2 g−1, mean particle size = 78 nm) composite powder
as prepared via the polymerizable complex method [8,9]. The

xperimental procedure is described in detail in our previous work

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jmoon@yonsei.ac.kr
dx.doi.org/10.1016/j.jpowsour.2008.10.092
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Fig. 1. LSM–YSZ dual composite particles: (a) sch

10]. The YSZ core particles were suspended in polymeric resin
btained by esterification between the metal ions (La, Sr, Mn, Y,
nd Zr), organic complex, and ethylene glycol. Upon calcination at
000 ◦C for 2 h, the surrounding polymeric resin was transformed
nto the LSM and YSZ phases conjugated on the YSZ core particles.
he resulting LYDC consisted of LSM and YSZ nanoparticles of
pproximately 30–50 nm in size attached to the YSZ core particles.
YDCs with four different compositions were prepared by varying
he LSM:YSZ ratio. The portion of conjugated YSZ with respect to
he YSZ core varied from 5 to 30 vol%. We denote the LYDC with a
atio of 47:42:11 vol% of conjugated LSM:YSZ core:conjugated YSZ
s LYDC 47-42-11. The volume ratio of LSM to YSZ is one of the
mportant factors that determine the electrocatalytic performance
f the composite cathode because the formation of both TPB sites
nd ionic/electronic conduction pathways can be influenced by
athode composition. The volume ratio of LSM:YSZ was fixed
t 47:53 for the LYDCs. By contrast, a cathode derived from
echanically mixed, submicrometer-sized particles at a lower

SZ volume fraction (LSM:YSZ = 57:43) demonstrated a lower
olarization resistance (0.35 � cm2) in our previous report. [11]
his observation indicates that there exists an optimum LSM:YSZ
atio that depends on the mixing order as well as on the structure
nd relative size ratio of the starting particles.

Four symmetrical cells (LSM–YSZ/YSZ/LSM–YSZ), using com-
osite cathodes of LYDCs 47-48-5, 47-42-11, 47-32-21, and
7-23-30, were constructed. The cathode layers were deposited on
YSZ disc (sintered at 1400 ◦C for 4 h, thickness = 0.5 mm, diam-

ter = 20 mm) by screen-printing and sintered at 1100 ◦C for 4 h.
he area of the applied cathode was 1.4 cm2 and the thickness
as about 25–30 �m. Electrochemical impedance measurements
ere performed on the symmetrical cells under various oxygen
artial pressures using a.c. impedance spectroscopy (Solatron SI
260/1287) [12–15]. Impedance spectra were obtained in a fre-
uency range from 100 kHz to 0.1 Hz with an applied a.c. voltage
mplitude of 20 mV.
A NiO-YSZ anode-supported cell involving the composite cath-
de was also fabricated. The NiO-YSZ anode supports were
repared by pressing the polymeric resin-derived nanocomposite
owders.[9] A YSZ electrolyte of 6–7 �m in thickness was placed
n the anode support via the dip-coating method. After sintering

c
4
T
r
a

c representation, (b) SEM image, (c) TEM image.

t 1400 ◦C for 4 h, one side of the support was polished to remove
he YSZ electrolyte and to adjust the anode support thickness to
1.0 mm. Platinum mesh and nickel felt were used as a current

ollector on the cathode and anode layers, respectively. Full-cell
erformance was investigated using humidified hydrogen as fuel
nd air as the oxidant at ambient pressure and 800 ◦C. The flow
ate for the hydrogen and air was 200 and 250 sccm, respectively.

pyramid-type cyclic current load was used for accelerated life-
ime tests (ALT) for both half- and full-cells. While applying such a
urrent load, impedance spectra and power density (at 0.7 V) data
ere recorded.

The cross-sectional microstructures of the polished composite
athodes before and after LSM etching were investigated by means
f field emission scanning electron microscopy (FE-SEM, JSM 6700F,
EOL). For analysis of the YSZ phase contiguity, the LSM phase was
issolved by hydrochloric acid treatment, followed by backscatter-

ng image analysis to generate YSZ/pore binary images from which
hase contiguity was calculated via image analysis [16].

. Results and discussion

Electrochemical impedance spectroscopy (EIS) is a suit-
ble method for investigating the kinetics and activity of an
lectrochemical reaction. Interfacial polarization resistances in
lectrochemical cells can be resolved into elementary reaction
teps to provide a better understanding of the electrode pro-
esses. Previously, we demonstrated that the impedance spectra for
SM–YSZ cathodes fit well to a model with two major arcs, denoted
rocess A (high frequency) and process B (low frequency). It was rec-
gnized that the resistance for process A (RA) is related to the YSZ
hase interconnectivity whereas that for process B (RB) reflects the
PB site density [10,11].

Fig. 2 shows the interfacial polarization resistances, together
ith the total and resolved (process A and process B) resistances for

ells with four different LSM–YSZ compositions. The LYDC 47-48-5

athode exhibit the lowest resistance (0.385 � cm2), whereas LYDC
7-23-30 revealed the highest value (1.74 � cm2) at 800 ◦C (Fig. 2a).
his suggests that the relative volume ratio of conjugated YSZ with
espect to YSZ core particles plays a critical role in the formation of
desirable cathode microstructure in terms of TPB formation and
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Fig. 2. Interfacial polarization resistances for symmetrical cells with four different
LSM–YSZ compositions: (a) total interfacial polarization (R ) resistance of composite
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that of cathodes containing lower conjugated YSZ contents; but, its
P

athodes where RP = RA + RB, (b) polarization resistance of process A (RA), (c) polar-
zation resistance of process B (RB). Impedance spectra obtained in air as function of
ell operating temperature (600–850 ◦C).

SZ connectivity. As shown in Fig. 2b, RB decreases on reduction of
he volume ratio of conjugated YSZ from 30 to 5 vol%, indicative of
he formation of more TPB sites. By contrast, YSZ phase connectivity
s improved by increasing the amount of conjugated YSZ phase from

to 30 vol%, as indicated by reduced RA (Fig. 2c). These observations

uggest that a composite cathode made from LYDC 47-23-30 would
e durable because of a firm skeleton structure, but may suffer from

ess electrocatalytic activity due to reduced TPB sites.

R
c
4
t

ig. 3. Variation of area specific resistance of four different composite cathodes
sed in the symmetric cell configuration during accelerated life-time tests (ALT) at
00 ◦C: (a) total interfacial polarization resistance (RP) and ALT profile, (b) polariza-
ion resistance for process A (RA); (c) polarization resistance for process B (RB).

Accelerated life-time testing was performed on the compos-
te cathodes for rapid assessment their long-term stabilities [17].
ig. 3 shows variations in the resolved interfacial polarization resis-
ance during ALT at 800 ◦C for cells with four different composite
athodes. The total interfacial polarization resistances (RP) for the
ells with LYDC 47-48-5, 47-42-11, 47-32-21 and 47-23-30 cath-
des at the initial stage were 0.344, 0.347, 0.445 and 1.72 � cm2,
espectively. The resistance of LYDC 47-23-30 was much higher
han the other cathodes, although its resistance was constantly

aintained until the end of the test. It was also noted that the
lectrode polarization of LYDC 47-32-21 was slightly higher than
P value remains almost unchanged (0.51 � cm2) even after 80 h of
yclic current stress, whereas the RP values for 47-42-11 and 47-
8-5 rise to 0.518 and 0.88 � cm2, respectively. In addition, both
he resolved resistance components of RB and RA increase during
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he 80 h of accelerated testing, as shown in Fig. 3b and c, respec-
ively. The percent increase for RA (with respect to the initial value)
s 5.67, 10, 81 and 121% as the volume fraction of conjugated YSZ
s decreased from 30, 21, 11 to 5 vol%, whereas the corresponding

ercent increase for RB is 4.4, 13.8, 64.4 and 69%. Considering the
agnitude of the resistance variations, the relative amount of con-

ugated YSZ with respect to the YSZ core influences the YSZ phase
nterconnectivity more significantly than the TPB length. It is likely

t
f
e
h

ig. 4. SEM images of composite cathodes sintered at 1100 ◦C with different dual compos
f) LSM etched LYDC 47-32-21; (c) polished and (g) LSM etched LYDC 47-42-11; (d) polish
Sources 187 (2009) 25–31

hat the presence of conjugated YSZ nanoparticles enables the com-
osite cathode to exhibit a strong microstructure due to enhanced
SZ connectivity. Based on the ALT results, the long-term stability
f LYDC 47-23-30 is the best among the samples, but its polariza-

ion resistance is too high to be useful. The composite cathode made
rom LYDC 47-32-21 exhibits better long-term thermochemical and
lectrochemical stability compared with the other cathodes, while
aving a reasonably low polarization resistance. Also, it should

ite compositions: (a) polished and (e) LSM etched LYDC 47-23-30; (b) polished and
ed and (h) LSM etched LYDC 47-48-5.
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Table 1
YSZ phase contiguity of LYDCs with different composite compositions.

Cathode type 47-48-5 47-42-11 47-32-21 47-23-30
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47-32-21 and 47-23-30 are practically constant, while the RB values
hase contiguity 0.44 0.48 0.52 0.69
orosity (%) 41.1 40.1 41.2 39.5

e noted that use of the initial polarization resistances obtained
rom a simple half-cell test without ALT would be misleading in
he determination of the optimal composition. To obtain a better
nderstanding of the role of the conjugated YSZ, microstructural

nvestigations were conducted as a function of cathode composi-
ion.

Panels a–d of Fig. 4 show binary images of cross-sectional views
f fractured composite cathodes prepared with different compo-
itions. All of the composite cathodes have approximately 40%
orosity as determined by image analysis based on the SEM images
Table 1). The particles are well-connected, not only with each
ther but also with the electrolyte layer, for all of the composite
athodes. The influence of cathode composition on the electrode
icrostructure is difficult to recognize from simple fractured sur-

ace. Accordingly, binary images of the YSZ skeleton and pore
tructures were obtained after etching away the LSM phase. More
etailed microstructural parameters such as YSZ phase contigu-

ty can then be calculated using quantitative stereological theory
18,19]. Panels e–h of Fig. 4 present the YSZ skeleton structures
f the cathodes with varying compositions. Different YSZ skeleton

tructures are observed as a function of volume ratio of conjugated
SZ with respect to the YSZ core. As summarized in Table 1, the
hase contiguity value decreased continuously as the amount of
onjugated YSZ phase is decreased. When the volume fraction of

o
o
t
l

Fig. 5. Schematic illustrations of dual composite cathodes with different composition
Sources 187 (2009) 25–31 29

onjugated YSZ is higher than the YSZ core (i.e., 30 vol% conju-
ated YSZ), large YSZ grains are observed and the resulting YSZ
hase has a thick skeleton structure as shown in Fig. 4e, in which
he YSZ phase contiguity is characterized at 0.69. The decrease in
he volume fraction of conjugated YSZ effectively breaks apart the
hase connection and reduces the thickness of inter-grain necking.
further decrease from 11 to 5 vol% produces a less interconnected
ne grain structure with some isolated grains, as shown in Fig. 4 h
contiguity = 0.44).

These observations correlate well with the corresponding
esolved resistance data (see Fig. 3). The cathode with a smaller
ncrease of RA during ALT reveals a higher YSZ phase contiguity.
he conjugated YSZ-added composite cathode characterized by the
ighest phase contiguity value (0.69) exhibits the lowest percent

ncrease in RA (5.67%). This indicates that a stable and firm YSZ
keleton structure fabricated using a higher content of conjugated
SZ provides for mechanical and electrochemical long-term sta-
ilities. The RB values also decrease with decreasing content of
onjugated YSZ (i.e., decreasing phase contiguity). The composite
athode with 5 vol% conjugated YSZ has the lowest RB, but experi-
nces the largest increase of RB during ALT. A less interconnected
ne YSZ grain structure provides intimate contact with LSM phases
nd this results in enhanced LSM–YSZ contact points, i.e., TPB sites.
n the other hand, the initial high cathodic performance degrades

ignificantly during ALT because a less interconnected/isolated fine
SZ skeleton is incapable of preventing grain growth and/or coars-
ning of the LSM phase. In this respect, the RB values for LYDC
f LYDC 47-42-11 and 47-48-5 increase to 64.4% and 69%. The use
f a lower amount of the conjugated YSZ phase enables the forma-
ion of a highly electrochemically active cathode, but with a loss in
ong-term stability at the same time.

s: (a) LYDC 47-48-5, (b) LYDC 47-42-11, (c) LYDC 47-32-21, (d) LYDC 47-23-30.
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ig. 6. Electrochemical performance of fuel cells based on LYDC 47-32-21 cath-
de: (a) cell performance and (b) power density variation at 0.7 V during a 500-h
ccelerated life-time test.

The role of conjugated YSZ nanoparticles with respect to the
SZ core nanoparticles can be clarified by a simple particle mix-
ure model. A calculation was made of the number of conjugated
SM and YSZ particles per core particle of a given size in a unit
athode volume for a given dual composite composition. Consid-
ring the size ratio of the conjugated-to-core particles and the
umber ratio of conjugated LSM and YSZ particles as an attach-
ent probability, the number of each of the conjugated particles

ecessary to surround a YSZ core particle can be estimated. The
umber of conjugated YSZ particles per YSZ core is 0.4, 1.0, 2.7
nd 4.24 for the LYDC 47-48-5, 47-42-11, 47-32-21 and 47-23-30
athodes, respectively. By contrast, the number of conjugated LSM
articles per YSZ core is 4.01, 4.58, 6.01 and 6.65 for the LYDC 47-
8-5, 47-42-11, 47-32-21 and 47-23-30 cathodes, respectively. If
he conjugated YSZ nanoparticles act as interconnecting bridges
etween the YSZ core particles by which the YSZ backbone struc-
ure forms, the presence of more conjugated YSZ nanoparticles per
SZ core particle ensures a well-interconnected, and strong YSZ
keleton (i.e., lower increase of RA and higher phase contiguity),
esulting in a durable composite electrode. On the other hand, this
educes the probability of contact between LSM and YSZ core parti-
les and in turn disturbs the formation of TPB sites (i.e., higher RB)
n the composite cathode. This hypothesis is illustrated in Fig. 5,

hich includes schematics of the particle mixture model. Panels

–d in Fig. 5 correspond to dual composite cathodes with com-
ositions of 5, 11, 21 and 30 vol% conjugated YSZ nanoparticles,
espectively. YSZ core particles should be surrounded by sufficient
umbers of both conjugated LSM and YSZ phases to produce a well-
onnected YSZ skeleton structure, as well as to create the TPB sites.
Sources 187 (2009) 25–31

he dual composite model based on our calculations reveal that the
YDC 47-32-21 dual composite maintains balanced contact points
etween the conjugated YSZ/YSZ core and the conjugated LSM/YSZ
ore. From this point of view, LYDC 47-32-21 can be considered a
ood candidate for a very durable and high-performance compos-
te cathode, which is also in good agreement with the experimental
bservations (Figs. 2 and 3).

Full-cell performances of LYDC 47-32-21 (cathode)/YSZ
electrolyte)/Ni-YSZ (anode) cells were investigated using humid-
fied hydrogen. Fig. 6a shows the discharge profiles of the cells at
00 ◦C. The open-circuit voltage (OCV) is about 1.09 V. A maximum
ower density of ∼680 mW cm−2 is observed at a current density
f 1.2 A cm−2. Fig. 6b shows the power density variation at 0.7 V as
function of accelerated testing time at 800 ◦C for the cells with

he LYDC 47-32-21 cathode. The initial power densities of the cells
ith the 47-32-21 cathodes are ∼549 mW cm−2. The cells exhibit
ower improvement after 4 h, possibly due to electrochemically

nduced electrode activation [20]. The cell power density then
emains nearly constant over 450 h, demonstrating its durability
nder cyclic current stress.

. Conclusions

The influence of composition on the electrochemical perfor-
ance and durability of LSM–YSZ dual composite cathodes has

een examined. The dual composite cathodes consist of LSM and
SZ nanoparticles conjugated on large YSZ core particles. The use of
oth types of particle allows the development of an ideal cathode
icrostructure with improved phase contiguity and electrochem-

cal activity. In particular, the volume fraction of the conjugated
SZ phase with respect to the YSZ core plays a critical role in
aintaining electrode durability, while still exhibiting good cell

erformance. The amount of conjugated YSZ phase needs to be opti-
ized: above the optimum levels for conjugated YSZ, the cathodes

how durability but high polarization resistance; below the opti-
al levels for conjugated YSZ, the cathodes have low polarization

esistance yet are unstable during high-temperature operations.
he YSZ core particles should be surrounded by sufficient num-
ers of both conjugated LSM and YSZ nanoparticles to constitute a
ell-interconnected YSZ skeleton, as well as to create the enhanced

PB sites. Microstructural observations combined with impedance
nalysis confirm that a composition ratio of 47:32:21 vol% conju-
ated LSM:YSZ core:conjugated YSZ is optimum and that a cell with
uch a composition shows long-term durability in electrochemical
erformance.
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