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a b s t r a c t

The influence of various infiltrated dopants on the performance of solid oxide fuel cell (SOFC) cathodes
was examined. The cathodes were prepared by infiltration of nitrate salts into porous yttria-stabilized
zirconia (YSZ) to produce composites with 40-wt% of either La0.8Sr0.2FeO3 (LSF) or La0.8Sr0.2MnO3 (LSM)
and were then calcined to either 1123 or 1373 K. The addition of dopants had little influence on the 1123-
K composite electrodes but all dopants tested improved the performance of the 1373-K composites. With
1373-K, LSF–YSZ electrodes, the open-circuit impedances decreased dramatically following the addition
of 10-wt% YSZ, 0.5-wt% Pd, 10-wt% Ce0.8Sm0.2O1.9 (SDC), 10-wt% CaO, and 10-wt% K2O. Similarly, the 1373-
K, LSM–YSZ electrodes were enhanced by the addition of 10-wt% CeO2, 1-wt% Pd, and 10-wt% YSZ. Since
ttria-stabilized zirconia
anthanum ferrate

the improved performance was close to that of the corresponding LSF–YSZ and LSM–YSZ electrodes that
had been calcined to only 1123 K, it is suggested that the improved performance is related to structural

rathe
anthanum manganate
opants

changes in the electrode,

. Introduction

The performance-limiting factor in state-of-the-art solid oxide
uel cells (SOFC) is often the cathode impedance [1–3]. Despite the
act that composites of Sr-doped LaMnO3 (LSM) and YSZ exhibit
elatively high impedances at temperatures below 1023 K, these
omposites are still the standard materials in SOFC cathodes that
tilize YSZ electrolytes because of their long-term stabilities [4].
lectrodes based on alternative, mixed-conducting perovskites
ither undergo solid-state reactions with YSZ at the sintering tem-
eratures required for standard preparation of SOFC electrodes
2,5] or otherwise interact with the YSZ in such a way as to decrease
athode performance [6].

There has been a considerable effort aimed at improving the
erformance of LSM–YSZ composites by adding catalytic or ion-
onducting components to the composite electrode after it has
een formed. The primary idea behind adding catalytic compo-
ents is presumably to increase the rate of O2 dissociation, while
he addition of ionic or mixed-conducting materials should widen
he three-phase boundary (TPB). Although there is still no consen-
us on what is the rate-limiting step that determines the impedance

f LSM–YSZ cathodes, there are some intriguing observations that
uggest that one can indeed enhance their performance by infiltra-
ion of a “promoter”, as discussed in the next paragraphs.

∗ Corresponding author. Tel.: +1 215 898 4439; fax: +1 215 573 2093.
E-mail address: gorte@seas.upenn.edu (R.J. Gorte).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.08.034
r than to improved catalytic properties or ionic conductivity.
© 2009 Elsevier B.V. All rights reserved.

For example, the addition of catalytic components has met with
mixed success. While Uchida et al. found that the addition of Pt sig-
nificantly enhanced the electrochemical performance of LSM–YSZ
composites [7] and Erning et al. reported similar enhancements
through the addition of Pd [8], Haanappel et al. reported that nei-
ther Pd nor Pt had any effect on the performance of LSM cathodes
[9]. Discrepancies also exist for claims about the effect of infiltrated
cobalt oxide. Yamahara et al. reported significant improvements
in cathode performance following the addition of small Co3O4
nanoparticles [10,11]; Huang et al. [12] claimed that the incorpo-
ration of CoOx had no effect on LSM–YSZ cathode impedances.

There does seem to be agreement that the addition of mixed-
conducting perovskites, either Sr-doped LaCoO3 [13], Sr-doped
SmCoO3 [14], or Sr-doped LaFe0.8Co0.2O3 [15], can decrease cathode
overpotentials. While the reactivity of these perovskites with YSZ
may preclude their being used in this application, the observation
that the addition of relatively small amounts of these mixed-
conducting perovskites can improve performance may indicate
that they deposit preferentially at TPB sites in the LSM–YSZ com-
posite and increase the width of those sites. Mixed conductivity
at the TPB sites may also explain the improved performance of
LSM–YSZ electrodes following the addition of Gd-doped ceria [16]
or BiOx [17].

Catalysis and mixed conductivity do not explain electrode pro-

motion with all additives. For example, one study reported that
infiltration of Sr salts can improve LSM cathodes [18]. SrO is unlikely
to be a catalyst for O2 dissociation and the addition of SrO is not
expected to significantly change either the electronic or ionic con-
ductivity of LSM. Indeed, the segregation of Sr to the electrolyte

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gorte@seas.upenn.edu
dx.doi.org/10.1016/j.jpowsour.2009.08.034


ower

i
i
c
i
g
f
g

t
a
d
F
f
t
w
p
i
t
c
p
d

d
w
m
p
t
s
i
L
p
Y
o
a
t
w
1

a
Y
f
a
l
o
e
i
s
i
m
e
l
f
p
e
H
s

t
a
h

2

l
t

trode and the sample was again calcined to either 973 or 1373 K.
For most of the cells, the anodes were added, after the cath-

odes were prepared, by impregnating 50-wt% ceria and 0.5-wt%
Pd into the porous layer opposite the cathode using the nitrate
salts and calcination to 723 K [31]. Silver leads were then attached
F. Bidrawn et al. / Journal of P

nterface is often thought to cause electrode deactivation [19]. Sim-
larly, Mogensen et al. found that adding either pure or doped
eria had a similar effect on cathode performance, even though the
onic conductivity of pure ceria should be much lower [20]. This
roup suggested that the improvement in LSM–YSZ electrode per-
ormance following the addition of nanoparticles might be due to
ettering of impurities at the TPB sites.

A major complication in assessing how promoters change elec-
rochemical properties is that electrode structure appears to play

very large role, not only in affecting performance, but also in
etermining whether or not additives will promote performance.
or example, one study of La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM) anodes
abricated by traditional ceramics-processing methods found that
he addition of Pd had minimal effect on performance in H2 [21],
hereas studies of electrodes formed by infiltration of LSCM into
orous YSZ demonstrated that the addition of even 0.5-wt% Pd

ncreased the power density of cells by a factor of five [22]. Since
he structure of LSCM–YSZ composites formed by conventional
o-sintering of mixed powders is very different from that of com-
osites formed by infiltration [23], we suggest that structural
ifferences in the electrodes explain the apparent discrepancy.

Since variations in electrode structures may account for the
ifferences that have been reported in the literature, regarding
hether or not particular additives improve electrode perfor-
ance, it seemed important to re-examine the issue of electrode

romotion using a range of materials that have different proper-
ies with electrodes that have a common structure. In the present
tudy, we investigated the effect of additives on cathode compos-
tes formed from YSZ and either LSM or La0.8Sr0.2FeO3 (LSF). The
SM–YSZ and LSF–YSZ composite electrodes used here were pre-
ared by infiltration of the corresponding nitrate salts into porous
SZ, so that all electrodes had a similar structure. Because previ-
us work showed that the electrochemical properties of LSF–YSZ
nd LSM–YSZ composites formed by infiltration are a strong func-
ion of calcination temperature [6,24], the effect of the promoters
as examined on composites that were calcined to either 1123 or

373 K.
The specific additives that were incorporated into the LSF–YSZ

nd LSM–YSZ electrodes were Pd, CeO2 (or Ce0.8Sm0.2O1.9, SDC)
SZ, CaO, and K2O. These materials were chosen for their expected

unction (or lack thereof). Ceria is a good oxidation catalyst [25]
nd could provide both ionic and electronic conductivity, particu-
arly if it is partially reduced at TPB sites. Pd is expected to be an
utstanding oxidation catalyst but should have minimal effect on
ither ionic or electronic conductivity in the amounts incorporated
n this study, 0.5 wt%. YSZ is an outstanding ionic conductor but
hould provide minimal electronic conductivity or catalytic activ-
ty over that of the composite electrode itself. CaO should have

inimal effect on catalytic, electronic, or ionic-conduction prop-
rties. In the case of LSF, substitution of Ca for Sr in the perovskite
attices could reduce the ionic conductivity and therefore harm per-
ormance [26]. If anything, K2O would be expected to hurt electrode
erformance. Finally, since the infiltration process itself could affect
lectrode structure, experiments were performed with both 0.1N
NO3 and NH4OH solutions to test the effect that acidic and basic

olutions might have on selective electrode dissolution.
A major conclusion of the present study is that electrode promo-

ion through the addition of catalytic and conducting components is
ssociated with electrode structure, at least for the systems studied
ere.
. Experimental

The fuel cells used in this study were all prepared in a simi-
ar manner. First, a YSZ wafer, consisting of a dense layer between
wo porous layers, was fabricated. The porous-dense-porous YSZ
Sources 195 (2010) 720–728 721

structure was produced by laminating three green tapes, using
graphite as the pore former in the layers that were to be porous,
and then firing the structure to 1773 K for 4 h [27,28]. The green
tapes were prepared by mixing YSZ powder (Tosoh Corp., 8 mol%
Y2O3-doped ZrO2, 0.2 �m) with distilled water, a dispersant (Dura-
max 3005, Rohm & Haas), and binders (HA12 and B1000, Rohm
& Haas). In the present study, the dense electrolyte layers were
approximately 100 �m thick for the series of cells made with LSF
and 70 �m thick for the series made with LSM. For each cell, the
dense electrolyte was circular, with a diameter of 1 cm, while
the two porous layers were between 45 and 55 �m in thickness
and 0.67 cm in diameter. The porous layers were estimated to
have a porosity of 65%, with a BET surface area of ∼0.3 m2 g−1

[26].
To prepare the composite cathodes, the porous YSZ backbone

was impregnated with aqueous solutions of La(NO3)3, Fe(NO3)3,
Mn(NO3)2, and Sr(NO3)2, in the proper molar ratios. For LSF–YSZ
composites, the La:Sr:Fe ratio was 0.8:0.2:1; for LSM–YSZ, the
La:Sr:Mn ratio was 0.8:0.2:1. For fabrication of LSF–YSZ electrodes,
citric acid was added to the solutions so that the perovskite phase
could be formed at lower temperatures; but this was not necessary
for the LSM–YSZ electrodes [29,30]. Multiple impregnation steps
were required, and the samples were calcined to 723 K between
each impregnation step until the desired 40-wt% loading of per-
ovskite was achieved. Cells were then calcined to either 1123 or
1373 K. After calcination to form the perovskites, the precursor
solution of one of the promoters was impregnated into the elec-
Fig. 1. (a) V–i polarization plots, measured at 973 K, for cells with LSF–YSZ electrodes
calcined to 1123 K (�) and 1373 K (�). (b) OCV impedance data for cells, at 973 K,
with LSF–YSZ electrodes calcined to 1123 K (�) and 1373 K (©). The spectrum for
the 1123-K electrode has been offset for clarity.
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ig. 2. (a) An SEM image of the YSZ scaffold used in electrode fabrication. (b) An SE
f the LSF–YSZ composite prepared by calcination at 1373 K.

o both electrodes using silver paste. On a few cells, the anodes
ere based on 40-wt% LSCM (La0.8Sr0.2Cr0.5Mn0.5O3) with 5-wt%

eria and 0.5-wt% Pd, prepared as described elsewhere [23]. The
erformance characteristics of the LSCM-based anodes were essen-
ially indistinguishable from those of anodes made with 50-wt%
eria. Although preparation of LSCM required higher temperatures,
he ceria and Pd were again added after the cathodes were cal-
ined to their final temperature. The impedance of both types of
nodes is reported to be between 0.1 and 0.2 � cm2 [23,31], inde-
endent of current density, when operated at 973 K in humidified
3% H2O) H2.

After the cells were prepared, they were mounted onto alumina
ubes using a ceramic adhesive (Aremco Ceramabond 522). All cell
esting was performed with the anode exposed to humidified H2
nd the cathode held in atmospheric air. Impedance spectra and
–i polarization curves were measured using a Gamry Instruments
otentiostat. Impedance spectra were measured galvanostatically
t various currents in the frequency range of 300 kHz to 0.1 Hz, with

1-mA AC perturbation. Physical characterization of the LSM–YSZ
nd LSF–YSZ composites was carried out using XRD and scanning
lectron microscopy (SEM), with results from the unpromoted elec-
rodes having been reported previously [24,26].
age of the LSF–YSZ composite prepared by calcination at 1123 K. (c) An SEM image

3. Results

3.1. Unpromoted LSF–YSZ and LSM–YSZ electrodes

While the characteristics of LSF–YSZ and LSM–YSZ electrodes
formed by infiltration have been discussed elsewhere [24,29], the
results were reproduced for the present study so that the perfor-
mance of electrodes with additives could be compared for the same
YSZ scaffold structure. Fuel cell data for cells made with LSF–YSZ
cathodes, calcined to either 1123 or 1373 K, are shown in Fig. 1.

The V–i polarization curves in Fig. 1a, obtained at 973 K with
humidified H2 as the fuel, show only slight curvature for the cell
with the LSF–YSZ composite cathode calcined at 1123 K but sig-
nificantly more curvature for the cell with the cathode calcined
at 1373 K. This effect of calcination temperature is shown more
dramatically by the open-circuit voltage (OCV) Cole–Cole plots in
Fig. 1b. The ohmic impedance, determined from the high-frequency
intercept in the Cole–Cole plot, was ∼0.5 � cm2 for both cells.

This value is very close to the resistance expected for a 100-�m
YSZ electrolyte [32]. The effect of increased calcination tempera-
ture was to increase the non-ohmic impedances, which are due
to electrode losses and are calculated from the arc length in the
Cole–Cole plots. The non-ohmic impedances at OCV were approxi-
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Fig. 3. (a) V–i polarization plots, measured at 973 K, for cells with LSM–YSZ elec-
trodes. Data are shown for composites calcined to 1123 K (�) and 1373 K (�), starting
from open-circuit. Data are also shown for the cell with the composite calcined to
1373 K, after it had been shorted for 2 h (�). (b) OCV impedance of cells with LSM–YSZ
c
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ment with the resistance calculated for the 70-�m YSZ electrolyte,
athodes calcined to 1123 (©) and 1373 K (�), before (open symbols) and after
closed symbols) polarization by shorting the cells for 2 h. The data were obtained
t 973 K and the spectra for the 1123-K composites have been offset for clarity.

ately 0.35 � cm2 for the cell with the cathode calcined to 1123 K
nd 2.6 � cm2 for the cell with the cathode calcined at 1373 K.
ssuming an anode impedance of 0.15 � cm2 as determined in
revious studies [23,31], most of the non-ohmic cell losses are asso-
iated with the cathodes. For the 1123-K, LSF–YSZ composite, the
mpedance is approximately 0.2 � cm2 and independent of current
ensity. This is slightly higher than the impedance reported previ-
usly, 0.15 � cm2, possibly because the YSZ scaffold in the present
tudy had a lower surface area [33]. For the 1373-K, LSF–YSZ com-
osite, the impedance is approximately 2.4 � cm2 at OCV. Since
he slope of the V–i polarization curve in Fig. 1a decreases with
ncreasing current density, the cathode impedance must decrease

ith current density. The OCV impedance and current dependence
or the cell calcined at 1373 K are essentially identical to what was
eported in a previous study [6].

The changes in the LSF–YSZ composite caused by the higher
alcination temperature do not appear to be due to solid-state
eactions. XRD patterns of the LSF–YSZ composite showed no new
hases and no change in the lattice parameter of the perovskite
t temperatures below 1473 K [6]. Rather, the decrease in cathode
erformance is associated with the structural changes shown in
ig. 2. Fig. 2a is an SEM micrograph of the YSZ scaffold prior to
he addition of the LSF. The structure is 65% porous, with random,
onnected openings ranging between 1 and 3 �m in size. After the

ddition of 40-wt% LSF and calcination to 1123 K, Fig. 2b, a signifi-
ant fraction of the pore volume is filled with small, well-connected
SF particles, ∼0.1 �m in size. Further heating of the LSF–YSZ com-
osite to 1373 K, Fig. 2c, caused the small LSF particles to sinter
Fig. 4. (a) An SEM image of the LSM–YSZ composite prepared by calcination at
1123 K. (b) An SEM image of the LSM–YSZ composite prepared by calcination at
1373 K.

into a film that uniformly covers the YSZ pores. LSF film formation
could reduce electrode performance by decreasing the length of the
three-phase boundary (TPB) or by decreasing the LSF surface area
available for adsorption. Since the oxygen-ion conductance of LSF
is significantly lower than that of YSZ [26], electrode performance
may also be limited by transport of O2− in the 1373-K cathode.

The characteristics of LSM cathodes formed by infiltration and
calcined at either 1123 or 1373 K are shown in Fig. 3. Fig. 3a
provides the V–i polarization curves for cells operating at 973 K,
while Fig. 3b shows the analogous OCV impedance data. Because
the performance of LSM–YSZ electrodes changes after polarization
[34–38], data were first obtained after holding the cells at open-
circuit overnight and with measurement of the V–i curve starting
at open-circuit. Then the cells were shorted for 2 h before again
measuring the OCV impedance and V–i polarization curve. The cell
with the 1123-K, LSM–YSZ cathode exhibited a relatively straight
V–i relationship and was essentially unaffected by polarization. The
total ohmic impedance was 0.35 � cm2, again in reasonable agree-
while the total non-ohmic, OCV impedance was 0.7–0.8 � cm2,
with ∼0.6 � cm2 coming from the cathode. As in the case with LSF,
this is slightly higher than the 0.4 � cm2 impedance reported pre-
viously for infiltrated LSM calcined to 1123 K [24], which is likely
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Fig. 5. Performance data for cells with an LSF–YSZ cathode that was calcined to
1373 K after infiltration of either 0.5 wt% Pd (♦), 10 wt% YSZ (�), 10 wt% CaO (�), and
10 wt% K2O (©).

T
S

24 F. Bidrawn et al. / Journal of P

ue to the lower surface area of the YSZ scaffold. The YSZ scaffold in
hat study was reported to have a greater surface area, 0.76 m2 g−1

ersus 0.26 m2 g−1; and the performance of infiltrated electrodes
as been shown to correlate with scaffold structure [33]. Finally,
he impedance of the 1123-K, LSM–YSZ composite decreased by
nly 0.2 � cm2 after 2 h polarization.

The V–i relationship for the cell with the 1373-K cathode showed
uch greater curvature. While the ohmic losses for this cell were

imilar to that of the cell with the 1123-K cathode, the total OCV
mpedance was much higher, 2.6 � cm2. Another dramatic dif-
erence is that the 1373-K, LSM–YSZ electrode exhibited strong
ysteretic behavior. After shorting this cell for 2 h, the total non-
hmic, OCV impedance dropped from ∼2.3 � cm2 to less than
.7 � cm2, a value very close to that obtained for the 1123-K,
SM–YSZ electrode. Furthermore, the V–i polarization curve shifted
o that it nearly overlapped with that of the cell with the 1123-
cathode. This improved performance was reversible; when the

ell with the 1373-K, LSM–YSZ cathode was left at open-circuit
vernight, the performance reverted back to that of the unpolarized
ell.

Previous XRD data have demonstrated that solid-state reac-
ions between LSM and YSZ are minimal at temperatures below
373 K [24,39]. Therefore, SEM measurements, shown in Fig. 4,
ere performed to understand the effect of increased calcination

emperature. Similar to what was observed with LSF, LSM formed
mall, interconnected particles in the pores of the YSZ after cal-
ination at 1123 K, Fig. 4a. After calcination to 1373 K, the LSM
ormed what appears to be a dense coating over the YSZ pores,
ig. 4b. Given the low ionic conductivity of LSM [40], it is not sur-
rising that a composite in which LSM coats the YSZ pores would
ave a short TPB and perform poorly. What is less clear is why the
oated structure would be affected by polarization and the particle-
lled pores would not. While there is still no consensus about what
auses the hysteretic behavior in LSM cathodes [2,5], the idea that
he morphology of the LSM in the pores would affect this is con-
istent with a recent report suggesting that hysteresis is associated
ith movement of the LSM during oxidation and reduction [41].

.2. Effect of additives on LSF–YSZ cathodes

A variety of additives were incorporated into the LSF–YSZ elec-
rodes and the results are summarized in Figs. 5 and 6 and in Table 1.
ig. 5 shows the V–i polarization curves for cells made with LSF–YSZ
omposites that were first calcined to 1373 K, then infiltrated with
he salts needed to incorporate either 0.5-wt% Pd, 10-wt% YSZ,
0-wt% CaO, or 10-wt% K2O, and finally re-calcined at 973 K. All

f the cells showed significant improvement in impedance with
he additives. For the cell with 10-wt% K2O, the slope near OCV
as similar to that of the cells with the other additives, but the

mpedance increased at higher current densities. The effect of addi-
ives is seen more clearly by focusing on the V–i polarization curves

able 1
ummary of effects of calcination temperatures and infiltrated materials on LSF–YSZ com

LSF calcination temperature (K) Infiltrated material and wt% added Sec

1123 None No
1373 None No
1123 10-wt% YSZ 97
1123 10-wt% YSZ 13
1373 1.5-wt% YSZ 97
1373 10-wt% YSZ 97
1373 0.5-wt% Pd 97
1373 10-wt% CaO 97
1373 10-wt% K2O 97
1373 10-wt% SDC 97
1373 0.1N HNO3 97
1373 0.1N NH4OH 97
Fig. 6. Performance data for cells with an LSF–YSZ cathode calcined to 1123 K (�),
calcined to 1373 K (�), and calcined to 1373 K followed by infiltration of 0.5 wt% Pd
(�) and 10 wt% YSZ (�).

in the region near OCV, for which selected results are reported in

Fig. 6. The dramatic difference between cells with LSF–YSZ cathodes
calcined at 1123 and 1373 K is readily apparent in this figure. The
addition of 0.5-wt% Pd or 10-wt% YSZ to 1373-K cathodes brings the
initial slope closer to that of the 1123-K cathode but 1373-K cath-
odes with additives still exhibit somewhat poorer performance.

posite cathodes.

ond calcination temperature (K) Non-ohmic impedance at OCV (� cm2)

ne 0.35
ne 2.60
3 0.30
73 3.30
3 0.75
3 0.70
3 1.25
3 0.70
3 0.70
3 0.45
3 2.60
3 2.65
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Table 2
Surface areas measured from BET isotherms using Kr at 78 K.

Sample Surface area (m2 g−1)

YSZ scaffold 0.26
LSF–YSZ calcined at 1123 K 1.80
LSF–YSZ calcined at 1373 K 0.30
LSF–YSZ (1373 K) with 0.5 wt% Pd (973 K) 0.46
LSF–YSZ (1373 K) with 10 wt% CaO (973 K) 0.62
F. Bidrawn et al. / Journal of P

inally, even though the OCV impedances of the 1373-K cathodes
ere different following the addition of 0.5-wt% Pd (non-ohmic

mpedance of 1.25 � cm2) and 10-wt% YSZ (non-ohmic impedance
f 0.70 � cm2), this had a relatively small effect on the overall V–i
urves shown in Fig. 5 because the impedances decreased with
urrent density.

Because all of the additives, with the exception of K2O, affected
ell performance in a similar way, the results for the various cells
hat were tested can be characterized by a single number, the total
on-ohmic impedance at OCV. None of the dopants affected the
hmic impedances and only K2O exhibited the deleterious behavior
t higher current densities. In this study, the impedances were mea-
ured at 973 K, on similar cells with anodes that had an impedance
f approximately 0.15 � cm2, as discussed in the previous section.
able 1 reports the initial calcination temperature of the LSF–YSZ
lectrodes, the amount and type of dopant, the calcination temper-
ture used after incorporation of the dopant, and the total electrode
mpedance. For the cell with 0.5 wt% Pd, Table 1 shows a non-
hmic impedance of 1.25 � cm2 near OCV. While this non-ohmic
mpedance is larger than the values seen for the other infiltrated
ells, it still represents a dramatic improvement relative to the
373-K, LSF–YSZ cell performance, as illustrated in Fig. 6. That the
on-ohmic impedance near OCV of the cell with Pd was larger than
hat of the other infiltrated cells could be due to the significantly
ower weight loading of Pd compared to the amounts used with the
ther additives.

Only one 1123-K LSF–YSZ cell was tested after the addition of a
opant, 10-wt% YSZ in that case. While the non-ohmic impedance
n this cell was slightly lower than that of the undoped cell,
.30 � cm2 versus 0.35 � cm2, the difference was so small that the
ignificance of this improvement was unclear. A more interesting
esult was that obtained after the addition of 10-wt% YSZ onto
he 1123-K composite, followed by calcination to 1373 K. It was
xpected that the YSZ would partially fill in the space between the
SF particles and modify film formation. Unfortunately, the non-
hmic impedance of this cell was similar to that of the undoped,
373-K LSF–YSZ composite.

The data in Table 1 also highlight several other important obser-
ations. First, the greatest improvement in performance in our
tudies was achieved by adding 10-wt% Ce0.8Sm0.2O1.9 (SDC). The
on-ohmic impedance for that cell was only 0.45 � cm2. Whether
his is significant compared to the improvement with the addi-
ion of 10-wt% YSZ is uncertain. Second, only small quantities of
opant are required to enhance performance. The non-ohmic losses
ecreased to 0.75 � cm2 after the addition of only 1.5-wt% YSZ.
inally, the enhanced performance achieved by infiltration of vari-
us compounds into the 1373-K LSF–YSZ electrode is probably not
ssociated with the infiltration process itself. If the liquid used in
he infiltration step were simply restructuring the LSF film, the infil-
ration of either a weak acid or weak base, 0.1N HNO3 and 0.1N
H4OH, should have modified the performance in a similar man-
er as that observed with the dopants. However, the infiltration
f HNO3 and NH4OH, both of which will be completely removed
ollowing calcination at 973 K, had no effect on performance.

.3. Characterization of LSF–YSZ cathodes

XRD measurements were taken of LSF–YSZ cathodes calcined
o 1123 and 1373 K and of 1373 K calcined samples infiltrated with
he promoters used in this study. The XRD data obtained for the low
nd high-temperature calcined samples were in agreement with

esults obtained in previous studies, showing most importantly
hat no phases were present other than those of the YSZ and the per-
vskite. With higher temperature calcination, the perovskite peaks
arrowed which is consistent with the sintering of LSF into larger
rystallites. None of the infiltrated species were observed in the
LSF–YSZ (137 3K) with 10 wt% K2O (973 K) 0.60
LSF–YSZ (1373 K) with 10 wt% YSZ (973 K) 2.56
LSF–YSZ (1373 K) with 10 wt% YSZ (1373 K) 0.40

XRD spectra, apparently due to the low weight loadings and broad
diffraction lines. Since all of the dopants improved the performance
of the 1373-K, LSF–YSZ composite, we examined several of the com-
posites by SEM and Brunauer–Emmett–Teller (BET) isotherms to
determine what changes occurred in the electrode microstructure
following dopant incorporation. As reported in a previous work, the
surface area of the LSF–YSZ cathode is highly dependent on calci-
nation temperature. As shown in Table 2, the infiltration of LSF into
the YSZ scaffold shows a significant increase in surface area when
calcined to 1123 K, but this increased surface area is lost when the
electrode is calcined further to 1373 K. When additional materials
are infiltrated into the 1373-K, LSF–YSZ, there are again increases
in surface area, although not to the levels measured in the 1123-K,
LSF–YSZ cell, accept for when 10-wt% YSZ was added.

Micrographs of composites with 0.5-wt% Pd, 10-wt% YSZ, and
10-wt% CaO are shown in Fig. 7. Fig. 7a, the micrograph with 0.5-
wt% Pd, suggests that the LSF film is relatively unaffected. The Pd
is present as small, 0.1-�m particles on top of the LSF film. This
is consistent with the tendency of metals to interact weakly with
oxides and the relatively large size of the Pd particles is simply
due to the very low surface area of the LSF–YSZ composite. The
micrograph in Fig. 7b shows that the composite with added YSZ
has a very different appearance. In this case, the LSF film is covered
by a rough film of the YSZ. Finally, the CaO deposits, shown in Fig. 7c,
appear as angular-shaped crystals over the LSF. Although the results
are not reported here, structures similar to those observed in the
YSZ and CaO infiltrated cells were seen in the cells infiltrated with
SDC and K2O, respectively. While these SEM images may not be
depicting features at TPB sites, the micrographs in Fig. 6 reveal no
obvious commonalities between Pd, YSZ (SDE), and CaO.

3.4. Effect of additives on LSM–YSZ cathodes

In our studies of promotion in LSM–YSZ composites, we focused
on improving the electrodes calcined to 1373 K. The effect of each
promoter can again be described by the OCV impedance, measured
before and after polarizing the cell, and is summarized in Table 3.
As discussed earlier, the cell with the 1123-K, LSM–YSZ electrode
exhibited a relatively low non-ohmic impedance of 0.8 � cm2 at
973 K and this decreased to 0.6 � cm2 after shorting the cell for
2 h. The cell with the 1373-K, LSM–YSZ electrode had a non-ohmic
impedance of 2.3 � cm2 prior to polarization but showed a similar
impedance, 0.7 � cm2, to that of the low-temperature composite
after shorting.

The addition of 10-wt% CeO2 or 1-wt% Pd to the 1373-K com-
posite decreased the OCV impedances dramatically. The total
non-ohmic losses in the cell with 10-wt% CeO2 decreased to
0.5 � cm2, which is only slightly higher than that of the cells with
LSF-based electrodes, while the cell with 0.5-wt% Pd decreased to

0.8 � cm2. Both cells were also affected much less by polariza-
tion. The addition of 10-wt% YSZ also decreased the non-ohmic
impedance, but only to 1.3 � cm2, and this cell was affected more
strongly by polarization.
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Table 3
Summary of effects of calcination temperatures and infiltrated materials on LSM–YSZ composite cathodes.

LSM calcination temperature (K) Infiltrated material
and wt% added

Second calcination
temperature (K)

Non-ohmic impedance at OCV
(� cm2)

Non-ohmic impedance at OCV
after polarization (� cm2)

1123 None None 0.80 0.60
1373 None None 2.30 0.70
1373 10-wt% CeO2 973 0.50 0.50

1
u
t
I
t
t
1
t
g
e
[

F
a

1373 10-wt% CeO2 1373
1373 10-wt% YSZ 973
1373 0.5-wt% Pd 973
1373 0.1 M NH4NO3 973

Unfortunately, calcination of an electrode with 10-wt% CeO2 to
373 K caused the impedance to increase to a value higher than the
npromoted case. The non-ohmic impedance of this cell increased
o 2.5 � cm2 and shorting for 2 h reduced this to only 1.3 � cm2.
n a study of the stability of LSF–YSZ electrodes formed by infiltra-
ion [6], it was argued that operation of an electrode for several
housand hours is equivalent to calcination for shorter times at

373 K. If this is true for the ceria-doped LSM–YSZ electrodes,
he improvement associated with the addition of ceria will not
ive stable performance. A similar point was made by Mogensen
t al., for conventional LSM–YSZ electrodes promoted by ceria
20].

ig. 7. (a) An SEM image of the LSF–YSZ composite prepared by calcination at 1373 K wit
t 1373 K with 10-wt% YSZ. (c) An SEM image of the LSF–YSZ composite prepared by calc
2.50 1.35
1.30 0.70
0.80 0.55
1.90 1.20

4. Discussion

Several important observations can be taken from the data in
this paper. First, even without the addition of promoters, LSF–YSZ
and LSM–YSZ electrodes formed by infiltration exhibited a num-
ber of common features. For both cases, electrodes formed after
low-temperature (1123 K) calcination were composed of fine per-

ovskite particles within the YSZ pore structure. These electrodes
exhibited low impedances that are nearly independent of cur-
rent density. After high-temperature (1373 K) calcination, both
LSM and LSF formed films that appear to coat the YSZ pores.
The impedances on the 1373-K electrodes were much larger at

h 0.5-wt% Pd. (b) An SEM image of the LSF–YSZ composite prepared by calcination
ination at 1373 K with 10-wt% CaO.
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pen-circuit but decreased significantly with current density. The
ajor difference between the LSM and LSF electrodes was that

he high-temperature LSM exhibited hysteretic behavior, with the
mpedance decreasing dramatically after application of a current.
nterestingly, the performance of the 1373-K LSM–YSZ electrode
fter activation was similar to that of the 1123-K composite. Since
he conventional preparation of composite cathodes involves cal-
ination at temperatures above 1273 K, it is possible that the
elatively poor performance of LSF-based cathodes compared to
nes based on LSM is due to the ability of LSM to improve under a
oad.

A recent study has argued that the non-stationary behavior
f LSM-based electrodes is associated with formation of an LSM
lm under oxidizing conditions that can then break up under the
educing conditions imposed near TPB sites by a cathodic over-
otential [41]. That picture is consistent with the morphological
hanges observed by SEM in the present study. Unfortunately, it
as not simple to observe the formation of nano-pores following

lectrode polarization by SEM, since these would only be expected
o form in the vicinity of the electrolyte interface, where the reduc-
ng conditions caused by polarization would be most severe. Still,
ircumstantial evidence – the fact that the 1123-K electrode shows
erformance characteristics similar to that of the electrode cal-
ined at 1373 K after activation – points towards the importance
f LSM morphology in determining properties. The relatively low
alcination temperatures used in the present study for even the
high-temperature” composites makes it less likely that formation
f interfacial compounds is responsible for the observed behav-
or.

The bigger question concerns what the promoters are doing to
nhance performance. The fact that Pd, CeO2 (or SDC), YSZ, CaO,
nd K2O are all capable of decreasing the electrode impedance
f LSM and LSF cathodes argues that the effect is not primarily
o enhance either catalytic or ionic conductivities. For exam-
le, if promotion were due to catalytic effects, Pd and CaO
hould have given dramatically different enhancements. The fact
hat the addition of each promoter to the 1373-K LSM and LSF
lectrodes caused the electrodes to exhibit a performance that
pproaches that of their 1123-K counterparts suggests that the
ddition of the promoters is somehow related to structure and
ossibly to the surface area of the cathode. Indeed, the only
bvious correlation observed in the present study was between
erformance and electrode surface area. The fact that recalci-
ation of the promoted electrodes to 1373 K caused them to
evert back to their initial state is further evidence that enhanced
erformance is related to structure. Exactly how each of the mod-

fiers affects the structure near the TPB sites is unclear at this
oint.

An important lesson to be taken from this study is that one
hould be careful in interpreting the results of studies in which
single modifier, or even a single class of modifiers is used, since
simple explanation for the observed results may not be appli-

able. If only species that were expected to be catalytic had been
dded, we would have concluded that the dopants had enhanced
erformance by increasing the oxidation rates of the cathode. Based
n the fact that similar enhancements were obtained for Pd and
aO, it seems unlikely that catalytic effects are responsible for
ur observations. An additional complication is that the influence
f additives appears to depend on the initial electrode structure
21,22]. This helps to explain some of the discrepancies in lit-
rature over whether certain dopants enhance performance or

ot.

Finally, one very clear conclusion from this study is that our
undamental understanding of electrode processes in SOFC is insuf-
cient. Despite the large body of work on SOFC cathodes [2], the
ain factors that limit performance are still uncertain.
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[

[
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5. Conclusion

The major conclusion of the present study is that electrode
promotion through the addition of catalytic and conducting com-
ponents is associated with electrode structure, at least for the
systems studied here. None of the additives studied had any effect
on electrode performance for composites calcined at 1123 K, while
enhanced electrode performance was observed with almost all of
the additives, for both LSF–YSZ and LSM–YSZ electrodes, if the com-
posites had first been calcined to 1373 K. Dopants that were not
expected to enhance either catalytic or ionic-conductivity proper-
ties were equally effective to dopants that were. That enhancement
is related to electrode structure helps to explain disagreements in
the literature over whether certain additives decrease electrode
overpotentials.
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