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bstract

This letter describes a method for forming Ru nanoclusters on oxide anode surfaces during the initial stages of solid oxide fuel cell operation,
ielding improved anode performance without additional processing steps. Transmission electron microscope and X-ray photoelectron spectroscopy

◦
bservations showed that Ru nanoclusters precipitated onto La0.8Sr0.2Cr0.82Ru0.18O3−δ surfaces after exposure to hydrogen at 800 C, with Ru
luster size stabilizing at ≤5 nm for the longest times tested, ∼300 h. Solid oxide fuel cell tests were done in humidified hydrogen at 800 ◦C with
a0.8Sr0.2Cr0.82Ru0.18O3−δ–GDC (GDC = Gd-doped ceria) anodes on LSGM electrolyte-supported cells. Cell power density increased over the first
50 h of cell operation from ∼200 to 400 mW cm−2 due to an anode polarization resistance decrease from ∼0.6 to <0.2 � cm2.
2007 Elsevier B.V. All rights reserved.
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. Introduction

There has been considerable interest in incorporating
anometer-scale structures into SOFCs to yield improved elec-
rolyte and electrode performance. Nanoelectrolyte materials
an provide increases in ionic conductivity by a factor of 10 or
reater [1,2]. Similarly, decreasing electrode feature sizes into
he nanometer range is expected to improve performance by
ncreasing surface areas [3] and triple-phase boundary lengths
4]. While nanoscale materials can be stable at SOFC operat-
ng temperatures that are typically ≤800 ◦C [5], and may be
s low as 500 ◦C [6], they typically coarsen into larger parti-
les at the relatively high firing temperatures (up to 1400 ◦C)
sed to process SOFCs. One example of this is in the area
f ceramic-based anodes [7], materials that are interesting
ecause of their potential to work with hydrocarbon fuels
8], their good stability during redox cycling [8], and reduced
ensitivity to sulfur-containing fuel impurities [9,10]. Electro-

hemical characteristics of ceramic anodes can be improved
y adding a small amount of electrocatalyst nanoparticles [11],
.g. ≈5% Ni in La0.8Sr0.2Cr0.98V0.02O3−δ–Ce0.9Gd0.1O1.95–Ni
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LSCrV–GDC–Ni) anodes [12,13]. However, increasing the
node firing temperature to ≥1300 ◦C decreased SOFC power
ensities, a change attributed to coarsening of the Ni catalyst
articles and the other anode phases [12].

Here we show a method for forming electrocatalytic
anoparticles on lanthanum chromite anode surfaces after the
igh-temperature firing and without additional processing steps.
u was used since it is less susceptible than Ni to sintering and
oking [14]. Instead of adding the Ru as a separate phase, it was
issolved in the lanthanum chromite phase. The Ru nanopar-
icles precipitated from the lanthanum chromite phase upon
eating in hydrogen at the start of SOFC operation, accompanied
y a dramatic reduction in anode polarization resistance.

. Experimental procedures

Powders of La0.8Sr0.2Cr0.82Ru0.18O3−δ (LSCrRu) and
a0.8Sr0.2CrO3−δ (LSCr) were synthesized by solid-state reac-

ion at 1200 ◦C for 3 h, yielding particle sizes of ∼1–2 �m.
ll powders had X-ray diffraction (XRD) patterns sim-

lar to La0.8Sr0.2CrO3−δ, and no RuO2 was detected in

SCrRu. SOFCs were made with anodes composed of 50 wt.%

La0.8Sr0.2)(Cr0.82Ru0.18)O3−δ (LSCrRu) and 50 wt.% GDC. A
ew SOFCs with Ru-free anodes, LSCr–GDC, were prepared
nd tested for comparison.

mailto:s-barnett@northwestern.edu
dx.doi.org/10.1016/j.jpowsour.2006.12.080
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Fig. 2. Cell voltage vs. time for an SOFC operated at 0.6 A cm−2 in humidified
H2 at 800 ◦C. The inset shows electrochemical impedance spectra at 0.5 V taken
after 15 min and 96 h, with arrows indicating the corresponding data in the volt-
age plot. Frequencies (10x) for the impedance data are denoted for several data
points. Note that the unusual shape of the 15 min arc at <1 Hz was presumably
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All SOFCs utilized La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM) elec-
rolytes, ∼400 �m thick, fabricated via solid-state reaction
t 1250 ◦C followed by uniaxial pressing and sintering for
h at 1450 ◦C. The cathodes were La0.6Sr0.4Co0.2Fe0.8O3−δ

LSCF)–GDC. The anodes and cathodes (0.5 cm2 active area,
50 �m thick) were screen printed on the LSGM electrolytes

nd fired for 3 h at 1200 and 1000 ◦C, respectively. Note that
La-doped ceria barrier layer is normally needed between
i-YSZ anodes and LSGM electrolytes to prevent Ni-LSGM

eactions and possible La out-diffusion from the LSGM elec-
rolyte [15]; no barrier layers were needed with the present
SCrRu anodes. Au current collector grids were screen printed
ver the electrodes and contacted using Ag wires. Single cell
ests were performed as described previously [8] using a four-
ire setup for current–voltage and impedance spectroscopy (IS,
AS-Zahner IM-6) measurements. In life tests, the cells were
rst stabilized at temperature with Ar at the anode before start-

ng humidified H2 flow; times given are after the start of H2
ow. Measurements on stable SOFCs (not presented here) indi-
ated that the Ar was almost entirely purged from the anode
ompartment before the first electrical measurements (15 min).

. Experimental results

Fig. 1 shows the electrical performance versus time after
he onset of testing in humidified H2 at 800 ◦C, for a typical
OFC with an LSCrRu–GDC anode. The maximum power den-
ity within the first ≈15 min of testing was ≈250 mW cm−2,
nd increased continuously with time before stabilizing at
90 mW cm−2 at 100 h. Similar results were observed at other
est temperatures, e.g. at 750 ◦C the power increased from
20 mW cm−2 (15 min) to 300 mW cm−2 (100 h).

Fig. 2 shows the voltage versus time at a current density
f 0.6 A cm−2—the cell was maintained at this condition over

ost of the 300 h test. The voltage increased rapidly during

he first few hours of testing, with a slower increase over the
ext ∼50 h, consistent with the result shown in Fig. 1. After
100 h, the voltage was reasonably stable, decreasing by ≈2%

ig. 1. Voltage and power density vs. current density at 800 ◦C, measured at
arious times after the start of humidified H2 flow, for a typical cell with an
SCrRu–GDC anode.
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ue to anode resistance changes during the EIS measurement (≈1 min/data point
t lowest frequency).

ver the next 200 h. The inset in Fig. 2 shows electrochemical
mpedance spectra taken at 15 min and 96 h at a cell voltage
f 0.5 V. High frequency intercepts were at ≈0.4 � cm2, and
ttributed to the ohmic resistance associated with the 0.4 mm
hick LSGM electrolyte (conductivity ≈0.1 S cm−1 at 800 ◦C
16]). The low frequency arc, initially ≈0.6 � cm2, decreased
apidly before stabilizing at ≈0.2 � cm2, indicating that the
ower density increase with time was an electrode effect. Based
n separate measurements of the LSCF–GDC cathodes yielding
relatively small polarization resistance of ∼0.05 � cm2 [12],

he electrode resistance was primarily due to the anode. SOFCs
dentical to the above, but with LSCr–GDC anodes instead of
SCrRu–GDC, were also tested at 800 ◦C; maximum power
ensity was lower, ≤240 mW cm−2, and the minimum polariza-
ion resistance (at 0.5 V) higher, ≥1.6 � cm2. This shows that
he Ru substantially improved anode performance.

LSCrRu powders were examined by transmission electron
icroscopy (TEM) before reduction and after a 45 h exposure

o H2 at 800 ◦C, i.e. SOFC anode conditions. The un-reduced
SCrRu powder, corresponding to the SOFC anode prior to test-

ng, showed no unusual features. After reduction, nanoclusters
ere readily apparent on the surfaces of LSCrRu particles in

canning TEM (Fig. 3a) and high-resolution electron micro-
cope (Fig. 3b) images. Nanocluster lattice fringes (see Fig. 3b)
ielded atomic spacings in the (1 1 0) and (0 0 2) directions of
.35 and 2.14 Å, respectively, that agree within 1% with reported
alues for hexagonal Ru [JCPDS card #70-0274]. Finally, note
hat LSCr (no Ru) powder was examined by TEM after 45 h
eduction in H2, and showed no nanoclusters.

X-ray photoelectron spectroscopy (XPS) analysis of LSCrRu

howed a decrease of 1–2 eV in the Ru 3d peak positions after
nnealing in H2 for 45 h (Fig. 4), to the energies expected for
etallic Ru. The peak shifts indicate a reduction in the oxidation
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Fig. 3. La0.8Sr0.2Cr0.82Ru0.18O3−δ after 45 h reduction in H2 showing nanoparticles
nanoparticles seen in (b) yield atomic spacings of 1.35 and 2.14 Å in the (1 1 0) and (
Ru.
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ig. 4. X-ray photoelectron spectra comparing as-prepared La0.8Sr0.2Cr0.82

u0.18O3−δ and the same material after annealing for 45 h in H2 at 800 ◦C.
he peak positions after reduction are consistent with metallic Ru.

tate of Ru located near the LSCrRu surface. These results show
hat Ru nanoparticles form on LSCrRu surfaces upon exposure
o H2 at elevated temperatures.

. Discussion

Metal nanoparticle precipitation on oxide surfaces has been
eported previously and shown to improve catalytic properties
or automotive emissions control [17]. The novel features of the
resent results are the observation of nanoparticles on SOFC
nodes, and their strong effect on electrochemical performance.

In order to form the nanoclusters, Ru presumably diffuses
rom within the LSCrRu particle to the surface. The amount of
urface Ru at 45 h, estimated from the size (hemispherical with

5 nm diameter) and density (∼4 × 1012 cm−2) of nanoclusters

n Fig. 3, corresponded to ∼15% of the bulk Ru in an assumed
000-nm-diameter spherical La0.8Sr0.2Cr0.82Ru0.18O3−δ parti-
le. Based on this rate of Ru accumulation, a minimum Ru

e
(
o
t

on the surface as observed by: (a) STEM and (b) HREM. Lattice fringes of the
0 0 2) directions, respectively, which agree with reported values for hexagonal

iffusion coefficient D was estimated assuming for the moment
hat the Ru transport to the surface was limited by diffusion.

diffusion length L was estimated by noting that 15% of the
u in a 1000-nm-diameter LSCrRu sphere is contained in a

urface layer L ∼ 25 nm thick. Taking a diffusion time t = 45 h,
n approximate diffusion coefficient D ∼ L2/t ∼ 10−21 m2 s−1 is
btained. This value is consistent with reported cation bulk dif-
usion coefficients in lanthanum chromite extrapolated to 800 ◦C
18].

Alternatively, Ru segregation may be limited by the single-
hase field of LSCrRu. That is, removing too much Ru from
SCrRu may be thermodynamically unfavorable because it
ields a highly non-stoichiometric (La and Sr rich) oxide [19].
his idea is supported by the fact that there was no evidence
f La- or Sr-containing phases in the TEM or XRD data after
eduction, as might be expected if most of the Ru segregated out
f La0.8Sr0.2Cr0.82Ru0.18O3−δ.

The present results can be compared with similar
a1−xSrxCr1−yRuyO3−δ anode compositions that contained a
ttria-stabilized zirconia second phase [14,20]. The best anode
rea-specific resistance, 3.7 � cm2 at 750 ◦C in H2–H2O, was
ubstantially worse than the present anodes, 0.45 � cm2 at
50 ◦C, and no evidence of metallic Ru formation was reported.
he present anodes showed area-specific resistances in hydrogen
f 0.2 � cm2 at 800 ◦C, comparable to the best reported ceramic
nodes: 0.1–0.25 � cm2 for Sr2Mg1−xMnxMoO6−δ (x = 0–1) at
00 ◦C [21], 0.25 � cm2 for La0.75Sr0.25Cr0.5Mn0.5O3 anodes at
25 ◦C (with a Ce0.8Gd0.2O2−δ interlayer) [22], and 0.2 � cm2

or cerium-modified (La,Sr)(Ti,Ce)O3 anodes at 850 ◦C [23].
t is possible that the present strategy, i.e. substituting a small
mount of a suitable catalyst element for one of the cations in an
xide, could be employed to further improve on these or other
node oxides. The key requirements are that a suitable catalyst

lement is soluble in the oxide at high oxygen partial pressure
in air), and that the catalyst has a relatively low free energy of
xide formation (e.g. 120 kJ mol−1 for Ru at 800 ◦C [24]) such
hat a separate metallic phase precipitates out upon reduction.
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Finally, two practical issues regarding these anodes, cost and
ong-term stability, should be discussed. Materials cost is not
xpected to be a problem for the present LSCrRu–GDC anodes.
or an ∼20 �m thick anode active layer, the Ru loading is only
.4 mg cm−2. Given a current market price of $5.50 g−1 for
u [25], and an SOFC power density of 0.4 W cm−2, the Ru
ontributes only ≈$5 kW−1 to the cost of the SOFC. Regard-
ng stability, only slight degradation of SOFC performance was
bserved in the life test (Fig. 2). Also, initial TEM results showed
o evidence of Ru nanocluster coarsening over 300 h. While
hese results are promising, more work on longer-term stabil-
ty will clearly be needed. Note that in prior catalyst work, it
as shown that precipitated nanoclusters were regenerated by
xidizing the reduced material, causing the catalyst metal to re-
issolve in the oxide, and then reducing, causing fresh metal
anoclusters to precipitate [17]; similar regeneration may be
ossible in SOFC anodes.
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