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a b s t r a c t

Composite anodes consisting of Pd-substituted (La,Sr)CrO3−ı mixed with 50 wt% Ce0.9Gd0.1O2−ı were
tested in La0.9Sr0.1Ga0.8Mg0.2O3−ı-electrolyte supported fuel cells at 800 ◦C with humidified H2 fuel. Low
anode polarization resistance was observed during the first several hours of operation, explained by the
nucleation of Pd nano-particles on perovskite particle surfaces. Anode performance then degraded grad-
vailable online 21 December 2010

eywords:
OFC
xide anode

ually before stabilizing. Redox cycling repeatedly restored the anodes to their initial peak performance,
followed again by degradation. This regenerative behavior was explained by the observation that the Pd
nano-particles were removed by oxidation, and then re-nucleated upon reduction.

© 2010 Published by Elsevier B.V.
alladium
erovskite
atalyst

. Introduction

Oxide anodes have received significant attention as possible
lternatives to Ni-cermet anodes in solid oxide fuel cells (SOFCs)
1]. While reasonably low polarization resistance (RP) has been
eported for a few oxide materials [2–4], RP can be improved by
dding nano-scale precious metal catalysts to the anodes. This has
een achieved either by wet impregnation and calcination [5,6] or
y incorporating the catalyst element directly into the perovskite
rior to anode fabrication [7–10]. In the latter method, termed
ere “catalyst precipitation”, electro-catalytic nano-particles form
n oxide particle surfaces upon exposure to fuel [8]. For exam-
le, La0.8Sr0.2Cr0.82Ru0.18O3−ı anodes form Ru nano-particles that
educe anode polarization by ∼65% [7].

An advantage of catalyst precipitation is that a high density of

ery small (down to ∼1 nm) [9] particles are formed, maximiz-
ng their electro-catalytic effect such that substantial performance
nhancements result from cost-effective amounts of precious
etal.1 However, the small size also has a disadvantage, as there is a

∗ Corresponding author. Tel.: +1 847 491 2447; fax: +1 847 491 7820.
E-mail address: s-barnett@northwestern.edu (S.A. Barnett).

1 Although Pd is a precious metal, the amount used is quite small such that the cost
s not prohibitive. In particular, for the present composition and anode dimensions,
he Pd loading is ∼0.3 mg pe cm2 of anode. This assumes a density of 6.6 g cm−3

or the LSCrPd, that the volume fraction of LSCrPd is 33%, and a functional layer
hickness of 15 �m. For a Pd price of 600 USD per oz, this corresponds to a Pd cost
f ∼15> USD kW−1.

378-7753/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.12.050
strong driving force for coarsening of nano-particles that degrades
their electro-catalytic effect [10]. For the Ru-substituted chromite
case noted above, the coarsening resulted in a slight increase in
polarization resistance over 300 h at 800 ◦C. A possible solution
is to periodically re-dissolve the nano-particles into the oxide
phase, and then re-precipitate them in their small and highly
active state. There is a precedent for this in automotive catalysts,
where repeated precipitation and dissolution of precious-metal
nano-particles has been reported for precious-metal-substituted
perovskite catalyst materials exposed to redox cycles [11,12]. How-
ever, attempts to regenerate the Ru-substituted chromite anodes,
by redox cycling after Ru nano-particles had formed, were unsuc-
cessful [8].

Here we report a new SOFC anode material, Pd-substituted
(La,Sr)CrO3−ı. Pd incorporated into the perovskite phase result-
ing in the formation of Pd nano-particles upon exposure to fuel
and helped yield relatively low RP values. Compared to the Ru-
substituted chromite, the Pd-substituted anode evolved more
rapidly but anodes stabilized at a similar RP after >300 h of oper-
ation [9,10,13]. Regeneration of the initial low RP was observed
after redox cycling the Pd-substituted anodes, where the Pd nano-
particles disappeared upon oxidation and re-precipitated upon
subsequent reduction.
2. Experimental

The anode powders were prepared by mixing appropri-
ate quantities of La2O3, SrCO3, Cr2O3, and PdO. The amounts

dx.doi.org/10.1016/j.jpowsour.2010.12.050
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s-barnett@northwestern.edu
dx.doi.org/10.1016/j.jpowsour.2010.12.050
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3.1. Cell performance and stability
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Fig. 1. LSCrPd–GDC cell voltage versus time at 800 ◦C and J = 600 mA cm−2.

ere chosen aiming to produce the nominal compositions
a0.8Sr0.2Cr0.8Pd0.2O3−ı (LSCrPd), La0.8Sr0.2Cr0.95Pd0.05O3−ı

LSCrPd05), and La0.8Sr0.2CrO3−ı (LSCr), if the product was a
omogeneous single phase. The precursors were mixed with wet
all milling in ethanol for 24 h. The PdO was obtained by heating
dO·xH2O (Alfa Aesar) at 800 ◦C for 1 h. The milled slurries were
ried and calcined at 1200 ◦C for 3 h. The observed LSCrPd and
SCrPd05 products were primarily perovskite, but also contained
econdary Pd-rich phases as described below. Thus, the perovskite
hase had less Pd than planned.

La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) electrolyte pellets were pre-
ared by solid-state reaction from oxides or carbonates, dry
ressing, and firing at 1450 ◦C as described elsewhere [7].
ll cathode and anode layers were prepared by screen print-

ng electrode inks onto the LSGM pellets. Inks were prepared
y first wet ball milling in ethanol the relevant powder(s),
ollowing by drying, sieving, and suspending in a vehicle (Her-
eus, V-737) using a three roll mill. The anode active layers
ere La0.8Sr0.2Cr1−xPdxO3−ı–Ce0.9Gd0.1O2−ı (GDC) composites

1:1 weight ratio), with LSCr current collectors; these layers
ere co-fired at 1200 ◦C for 3 h. The cathode active layers were

a0.6Sr0.4Fe0.8Co0.2O3−ı (LSCF, Praxair)–GDC (NexTech) composites
1:1 wt ratio), with LSCF current collectors; the layers were co-fired
t 1000 ◦C for 3 h. The resulting cell electrode areas were 0.5 cm2

nd defined the active area of the cells. A gold (Heraeus C5756)

urrent collector grid was then screen printed on both electrodes.

Button cell tests were carried out on cells sealed to alumina
ubes with Ag ink (DAD-87, Shanghi Research Insistute of Synthetic
esins) [8]. Anodes were heated and tested in 50 sccm humidi-

ig. 2. Bode (a) and Nyquist plots (b) of the impedance spectra recorded at t = 0, 48.3, a
ecorded after a redox cycle at t = 0, 4.4 and 99.2 h. Raw data are presented as symbols an
he characteristic frequencies calculated from the fits.
r Sources 196 (2011) 3089–3094

fied H2 (97% H2/3% H2O) and the cathodes were open to stagnant
lab air. Electrochemical impedance spectroscopy (EIS) was done at
open circuit using a 20 mV AC signal from 106 Hz to 0.1 Hz with a
Zahner IM-6 electrochemical workstation. The cell RP was deter-
mined by fitting the data with Z-View. The cells were fit with
three cole elements in series with an inductor and a resistor. Life
tests were recorded using a Keithley Instruments 2420 source
meter.

Anode redox cycles were performed at the open circuit con-
dition. Each redox cycle consisted of an Ar purge (<5 min),
exposure to airflow at 50 sccm (variable time), another Ar purge,
and then exposure to 50 sccm humidified H2. During redox
cycles, the cell was maintained at 800 ◦C and the voltage was
recorded.

Powder X-ray diffraction (XRD) patterns were collected on a
Rigaku D/MAX X-ray diffractometer using Cu k�1 radiation and
analyzed with Jade 8.0 (Materials Data Inc.). Scanning electron
microscopy was completed on a Hitachi S4800-II. Transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) with energy dispersive X-ray spectroscopy
(EDS) analysis was completed on a JEOL JEM-2100F.

Extended X-ray absorption fine structure (EXAFS) measure-
ments were done at the Argonne National Laboratory Advanced
Photon Source (APS) facility operating at 100 mA and 7.0 GeV
at the Sector 5 BM-D hutch. The LSCrPd samples, along with
the standards PdO*H2O and Pd metal foil, were measured in
transmission mode. The LSCrPd samples were in the form of
pressed pellets 0.7 mm thick. The PdO*H2O standard was selected
over PdO for convenience. The PdO*H2O standard was prepared
by spreading a uniform layer of powder onto adhesive tape
and measuring 16 stacked layers of tape. Each measurement
included a Pd metal foil reference to calibrate the absorption
edge energy, which was set to 24,350 eV for the foil. Both the
samples and standards were measured from 200 eV below the
edge to 750 eV above the Pd K edge (k = 14 Å−1). The �(k) spec-
tra were extracted and Fourier transformed with a sine window
over the region k = 2.3–10.9 Å−1 using the IFFEFIT program suite
[14–18]. The Fourier transforms shown below are uncorrected for
phase-shift.

3. Results and discussion
Fig. 1 shows a typical voltage versus time plot for an SOFC
with an LSCrPd–GDC anode operated at 800 ◦C and a constant cur-
rent density (J) of 0.6 A cm−2. The maximum cell potential (0.76 V)

nd 353.3 h during break-in of an LSCrPd–GDC cell. Bode (c) and Nyquist plots (d)
d the calculated fits to the spectra are presented as lines. The large diamonds mark
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Table 1
Performance summary for cells with anodes containing La0.8Sr0.2Cr0.8Pd0.2O3−ı , La0.8Sr0.2Cr0.95Pd0.05O3−ı , and La0.8Sr0.2CrO3−ı [8,13].

Pd on B site (fraction) Initial performance Final performance

Power density at 0.7 V (mW cm−2) Initial RP (� cm2) Power density at 0.7 V (mW cm−2) Final RP (� cm2) Time elapsed (h)

0.2 508 0.22 390 0.33 353

w
t
fi
l
0
(
w
i
s
t
o
a

s
s
r
c
a
i
1
i

E
F
t
e
w
f
H
d
1
q
a
w
m
i
o
a
L
a

F
c

GDC and the light contrast to the chromite phases. The anode func-
tional layer thickness was 20 �m and the chromite current collector
was 10 �m. No cracking or delamination was observed in this or in
0.05 380 0.38
0 80 1.53

as observed at the start of electrical testing, followed by con-
inuous degradation at an average rate of 1.4 mV h−1 during the
rst 20 h. The degradation gradually slowed until the cell stabi-

ized at 0.67 V after 200 h at a power density of 390 mW cm−2 at
.7 V (Table 1). The cell open-circuit potential varied only slightly
<0.3%) during the life test, indicating that the voltage decrease
as entirely due to changes in cell resistance. Other cells exhib-

ted a similar behavior, although the voltage usually increased
lightly during the first 1–3 h of cell testing, before beginning
o decrease. For example, one cell reached a maximum voltage
f 0.79 V at 0.6 A cm−2, at ∼1 h and finally stabilized at 0.64 V
fter 350 h.

A cell with lower Pd content LSCrPd05–GDC anode showed a
imilar behavior, with an early peak voltage that decreased before
tabilizing after 180 h at 280 mW cm−2 (at 0.7 V). Table 1 summa-
izes these results for the two different Pd content anodes, and
ompares them to results from a similar cell with an LSCr–GDC
node [8,13]. The LSCr–GDC anode performance improved dur-
ng operation, but the power density at 0.7 V reached only
80 mW cm−2. That is, cell performance clearly improved with

ncreasing Pd content.
Fig. 2A and B shows Bode and Nyquist plots, respectively, of

IS data measured at t = 0, 48, and 353 h for the cell shown in
ig. 1 RP increased from 0.22 � cm2 to 0.33 � cm2 during the
est. The impedance response at low frequency (LF) remained
ssentially unchanged during testing. Fuel dilution experiments
ere used to probe the nature of this process. The LF response

or humidified hydrogen diluted with Ar was larger than when
e was the diluent, suggesting that it was related to gas phase
iffusion. The magnitude of the broad response centered at
0–100 Hz (MF) increased with time, while its characteristic fre-
uency decreased. These two polarization arcs were attributed
lmost entirely to the anode, as the cathode polarization resistance
as found to be relatively small. That is, measurements on sym-
etric LSCF/LSCF–GDC/LSGM/LSCF–GDC/LSCF cells with cathodes

dentical to the present full cells yielded a polarization resistance

f only 0.02 � cm2, with a characteristic frequency of ∼1000 Hz
t 800 ◦C. Finally, EIS measurements on the above-mentioned
SCrPd05–GDC anode cell yielded RP values of 0.38 � cm2 at t = 0 h
nd 0.44 � cm2 at t = 180 h.

ig. 3. Cell voltage versus time during initial break-in and during subsequent redox
ycling of the LSCrPd–GDC anode.
280 0.44 180
180 0.72 312

3.2. Redox behavior

Other cells were tested to evaluate the redox response of the
anode. Fig. 3 shows an example where the cell was operated at
steady state during the first 21 h. The maximum V of 0.78 V for
this cell was reached after ∼3 h, after which V decreased at a rate
similar to that shown in Fig. 1. The cell was then subjected to a
number of anode redox cycles. After each redox cycle, the cell
performance was substantially improved: the voltage measured
at J = 600 mA cm−2 immediately increased to 0.8 V, slightly higher
than the initial V, and then degraded at a rate faster than observed
during the initial cell break-in. A shorter (18 min) air exposure
(not displayed) produced the same effect as the longer (1–2 h) air
exposures in Fig. 3. Impedance data recorded after a redox cycle
are shown in Fig. 2C and D. Immediately after the redox cycle, the
spectrum was nearly identical to that at the start of cell operation
(t = 0 h in Fig. 2A). That is, the MF response, that had grown during
cell break-in, was substantially decreased by the redox cycle. Fol-
lowing the redox cycle, the impedance again showed an increase
in the MF response, albeit at a faster rate. In cases where a cell
was operated for longer times after a redox cycle, the impedance
response stabilized and became very similar to that observed
for cells operated at steady state (Fig. 2A). In summary, the
impedance data suggest that the same processes were responsible
for the initial cell performance degradation and the post-redox
degradation.

3.3. Structural and chemical characterization

3.3.1. Anode microstructure
The anode microstructure for the LSCrPd cell operated for 353 h

is displayed in Fig. 4. The dark contrast in the image corresponds to
larger-area images.

Fig. 4. Scanning electron micrograph of the LSCrPd–GDC anode after operation for
353 h in humidified H2 at 800 ◦C.
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ig. 5. The XRD patterns of (a) as-prepared LSCrPd powder and (b) reduced LSCrP
elevant substances, from powder diffraction files.

.3.2. X-ray powder diffraction
Structural studies of the anodes were carried out to explore

he reasons for the performance break-in and regenerative behav-
or. Powder X-ray diffraction patterns of the as-prepared LSCrPd
Fig. 5A) powder closely matched the rhombohedral perovskite
a0.85Sr0.15CrO3−ı [19], but several low intensity peaks were also
etected that matched PdO and La4PdO7 [20]. Analysis of the pat-
ern using the relative intensity ratios of La0.85Sr0.15CrO3−ı and
a4PdO7 indicated that the mole fraction of La4PdO7 was ∼3%. PdO
as just above the detection limit. After reducing the as-prepared
owder for 1 h at 800 ◦C in humidified H2, peaks matching La(OH)3
ere observed (Fig. 5B), consistent with reports that La4PdO7
ecomposes into Pd and La2O3 in H2 at 800 ◦C (La2O3 rapidly trans-
orms to La(OH)3 at room temperature when exposed to lab air)
20,21]. It was not possible to determine if metallic Pd was present
rom the X-ray data, due to multiple peak overlaps with the per-
vskite pattern. However, in one TEM image from the as-prepared
aterial, a single, ∼1-micron-diameter metallic Pd particle was

bserved.

.3.3. EXAFS

Fig. 6 shows the Fourier transform of the EXAFS, uncorrected for

hase shift, from both the as-prepared (oxidized) and the reduced
SCrPd. For the as-prepared material, a broad peak at ∼1.5–2 Å
verlapped peaks from both the PdO·xH2O standard (at 1.5 Å) and

ig. 6. The Fourier transform of the EXAFS for the as-prepared and reduced LSCrPd
owder samples and Pd metal and PdO·H2O standards.
der. The symbols show the angle and relative intensities of reflections for various

the Pd standard (at 2.6 Å), indicating that both oxidized and metallic
Pd were present. This suggests that metallic Pd was present dur-
ing firing in air – not surprising given that PdO decomposes above
800 ◦C – and that it was retained even during cooling below 800 ◦C
where PdO is stable [22]. This would occur if large metallic Pd par-
ticles were present during high-temperature firing but did not fully
oxidize during cooling, consistent with the above TEM observation.
The EXAFS of the reduced LSCrPd sample showed peaks exclusive
to metallic Pd, indicating that all of the Pd in the sample was in the
metallic state.

Although the LSCrPd powder was not phase pure, the rela-
tively small amounts of metallic Pd and La4PdO7 (or La2O3 and
Pd after reduction) were unlikely to have a strong impact on elec-
trochemical performance, especially as they were relatively large
particles with low surface area. This interpretation is supported by
the LSCrPd05 anode results; these showed a similar electrochem-
ical behavior as the LSCrPd, but were much closer to being phase
pure.

3.3.4. STEM
Fig. 7 shows STEM images from LSCrPd powders at various

stages. The as-prepared powder showed perovskite oxide parti-
cles (Fig. 7A) that contained Pd near the detection limit (∼1%) of
STEM-EDS. After reduction for 1 h in humidified H2 (Fig. 7B), the
perovskite surfaces were decorated with nano-particles with an
average diameter of 8 nm. STEM-EDS line scans indicated that these
nano-particles were Pd-rich, and most likely Pd metal. The nano-
particles presumably formed by precipitation from the perovskite
particle, and provide clear evidence that Pd was present in the per-
ovskite phase prior to reduction. The observation of nano-particles
explains the initial voltage increase (RP decrease) at the onset of cell
testing, analogous to results for Ru- and Ni-substituted chomite
anodes where metallic nano-particles decreased RP [9]. The sub-
sequent voltage decrease in Figs. 1 and 3 is likely explained by
coarsening of Pd nano-particles, again analogous to prior reports
for Ni- and Ru-substituted chomites [7,9]. However, the Pd nucle-
ation and degradation processes occurred faster than for the
Ru-substituted chromite, where minimum RP was reached after
> 50 h and there was only a few % degradation after 300 h at

800 ◦C [7]. This may be due to the much lower melting point
of Pd compared to Ru, which should promote faster diffusion
kinetics.

Subsequent exposure of the reduced powder to air essentially
eliminated the Pd nano-particles (Fig. 7C), suggesting that the Pd
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ig. 7. STEM micrographs of LSCrPd (a) as-prepared powder, (b) powder reduced f
00 ◦C, and (d) the powder from (c) reduced for 12 h at 800 ◦C.

ad either re-dissolved into the perovskite or formed an oxide that
niformly coated the particle surface. Finally, Fig. 7D shows that
e-reduction of the powder for 12 h resulted in the re-nucleation of
d nano-particles, explaining the recovery of cell performance in
ig. 3 and the decrease in polarization resistance in Fig. 2C and D.
he maximum voltage and subsequent degradation both occurred
ore quickly after the redox cycles compared to the initial anode

peration (Figs. 1 and 2). This may indicate that Pd remained near
he perovskite particle surface during the oxidation. Thus, the dif-
usion distance for Pd to reach the surface and cause Pd particle
rowth was less than in the initial perovskite particles, where the
d was presumably uniformly distributed.

. Summary and conclusions

SOFCs with LSCrPd–GDC anodes were tested at 800 ◦C in humid-
fied H2. Cells exhibited a break-in during which performance
eaked and then degraded before stabilizing. The structural evi-
ence suggests that the good initial performance was due to the
ucleation of Pd nano-particles on chromite particle surfaces upon
eduction. After stabilization, these anodes provide steady-state
erformance similar to other oxide-based anodes [7,8,10,13].

On the other hand, these anodes possess a unique new
eature—the original low resistance can be regenerated repeatedly
y performing anode redox cycles. The performance improvement

s attributed to the observed elimination of the Pd nano-particles

pon oxidation, and nano-particle re-nucleation upon subsequent
eduction. The ability to return nano-scale anodes to their initial
ow resistance after degradation could be important given their ten-
ency to lose activity due to coarsening [7]. In intermittent SOFC
pplications [23,24], for example, it would be possible to expose
at 800 ◦C, (c) powder reduced for 27 h at 800 ◦C and then exposed to air for 1 h at

the hot anodes to air during shut down, in order to regenerate them
for the subsequent operational cycle. The present results at 800 ◦C
show a quite rapid resistance increase after regeneration, perhaps
too fast even for an intermittent application. However, future stud-
ies may show ways to improve stability. For example, preliminary
results with these anodes show that the degradation rate decreases
with decreasing operating temperature.
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