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bstract

A solid oxide fuel cell (SOFC) anode with high sulfur tolerance was developed starting from a Y-doped SrTiO3 (SYTO)-yttria stabilized zirconia
YSZ) porous electrode backbone, and infiltrated with nano-sized catalytic ceria and Ru. The size of the infiltrated particles on the SYTO-YSZ pore
alls was 30–200 nm, and both infiltrated materials improved the performance of the SYTO-YSZ anode significantly. The infiltrated ceria covered
ost of the surface of the SYTO-YSZ pore walls, while Ru was dispersed as individual nano-particles. The performance and sulfur tolerance of
cathode supported cell with ceria- and Ru-infiltrated SYTO-YSZ anode was examined in humidified H2 mixed with H2S. The anode showed

−2
igh sulfur tolerance in 10–40 ppm H2S, and the cell exhibited a constant maximum power density 470 mW cm at 10 ppm H2S, at 1073 K.
t an applied current density 0.5 A cm−2, the addition of 10 ppm H2S to the H2 fuel dropped the cell voltage slightly, from 0.79 to 0.78 V, but

ompletely recovered quickly after the H2S was stopped. The ceria- and Ru-infiltrated SYTO-YSZ anode showed much higher sulfur tolerance
han conventional Ni-YSZ anodes.
ublished by Elsevier B.V.

lyst in

M
3
a
Y
i
a
m
n
p
b
t
s
H
c
a
(
v

eywords: Solid oxide fuel cells; Sulfur tolerant anode; Y-doped SrTiO3; Cata

. Introduction

Solid oxide fuel cells (SOFCs) have been studied as a promis-
ng energy conversion and generating system due to their high
fficiency, low emissions, and their potential for co-generation.

significant advantage of the relatively high operating temper-
ture of SOFCs is that it enables the use not only of hydrogen
ut also of a variety of hydrocarbons as well as carbon monox-
de. However, practical fuels such as natural gas are likely to
xpose the anode materials to significant sulfur levels, as well
s to carbon deposition, leading to catalysis inhibition.

Traditional Ni-yttria stabilized zirconia (YSZ) anodes have
een used in SOFCs for decades, but these anodes are only
ble to tolerate sulfur concentration at the ppm level. The sul-
ur impurities, which are present primarily as hydrogen sulfide
H2S), are expected to have the greatest impact on SOFC per-
ormance and lifetime [1]. Geyer et al. [2] measured impedance

pectra of Ni-YSZ anodes with and without 5 ppm H2S in hydro-
en and concluded that the polarization resistance for a Ni-YSZ
ermet anode doubled at 5 ppm H2S, at 1223 K. Primdahl and
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orgensen [3] reported that poisoning of the Ni surface by
5 ppm H2S caused a 60% increase in polarization resistance,
nd may be fully reversible at 1123 and 1273 K. Matsuzaki and
asuda [4] studied the effect of sulfur (H2S) on the electrochem-

cal properties of Ni-based anodes by cell impedance analysis
t 1023–1273 K. They concluded the poisoning effect became
ore significant at lower operating temperatures, and the time

eeded for recovery increased with decreasing operating tem-
erature. Ni-based anodes would recover from sulfur poisoning,
ut this recovery took 360 ks when the cell had been exposed
o as little as 0.05 ppm H2S at 1023 K. Sasaki et al. [5] also
howed that sulfur poisoning becomes serious with increasing
2S concentration and decreasing operating temperature. They

oncluded that sulfur poisoning of Ni based anodes consists of
t least two states, i.e., an quick initial cell voltage drop to a
meta)stable cell voltage, followed by a gradual and fatal cell
oltage drop associated with the accelerated agglomeration of
i particles.
Low and intermediate temperature SOFCs have received

ore attention recently due to the less severe requirements

or materials compatibilities at higher temperature. As a result,
educing the SOFC operating temperature may greatly lower
abrication and material cost. Since sulfur tolerance of traditional
i-YSZ anodes drops down drastically at lower temperatures,

mailto:hkurokawa@lbl.gov
dx.doi.org/10.1016/j.jpowsour.2006.11.048
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Fig. 1. An alternative design for sulfur tolerant anode with mi

lternative sulfur tolerant anodes are needed to allow the direct
se of practical fuels, without the need for extensive reforming
nd fuel conditioning. Several candidates for alternative anode
aterials have been studied. Sulfur tolerance was improved by

sing Sc2O3-doped ZrO2 instead of YSZ as the electrolyte com-
onent in anode cermets [5]. Kim et al. [6] studied the possibility
f direct oxidation of sulfur-containing fuels with Cu-ceria-YSZ
nodes. They demonstrated that Cu was not strongly affected by
ulfur and Cu-ceria-YSZ anode was stable in 100 ppm sulfur at
73 K, while the cell performance declined in 5000 ppm sulfur
ecause of the formation of Ce2O2S. Cu-ceria-YSZ anode has
een studied for direct oxidation hydrocarbons [7,8] because Ni
s very vulnerable to carbon poisoning. The combination of Cu
nd ceria is one of promising alternative cermet anodes since
u is an excellent electric conductor and ceria is a well-known
xidation catalyst and has high ionic conductivity. One potential
ssue, however, was the extended morphological stability of Cu

etal.
Applying oxides instead of cermets is alternative approach

or anodes. Atkinson et al. [9], Jiang and Chan [10] discussed
everal oxide anode materials. Considering their redox stabil-
ty, doped-ceria [11,12], Sc-Y-Zr-Ti-O [13], (La,Sr)(Cr,M)O3
M = Mn, Ru) [14,15], (Ba,Sr,Ca)(Ti,Nb)O3 [16], doped SrTiO3
nd (La,Sr)TiOx [17–20] could be potential candidates for alter-
ative anodes. We have focused on doped SrTiO3 as anode
ackbone component because, among these materials, doped
rTiO3 has the highest known electrical conductivity in the
node gas environment [9,20]. SrTiO3 is a chemically stable
erovskite known to be a mixed ionic and electronic conductor
MIEC), and can be converted into an n-type semiconductor
ither by reduction or by doping with donors such as La3+,
3+ on the Sr-site and Nb5+ on the Ti-site. Hui and Petric [20]

eported that Y-doped SrTiO3 showed 80 S cm−1 at 1073 K in a
educing atmosphere (PO2 = 10−14 Pa), which is a typical anode
ondition for SOFCs.

The high performance of traditional Ni-YSZ anode in hydro-
en depends significantly on the properties of the Ni because Ni
erforms multiple functions, including forming the electron con-

uction network, providing catalysis as well as giving structural
ntegrity to the anode. An effective sulfur-tolerant anode material
hould be chemically and electrochemically stable, catalytically
ctive, and electronically conductive at SOFC operating con-

t
a
d
1

nic and electronic conductor (MIEC) and dispersed catalyst.

itions, and it has been difficult to find an alternative that is
etter than Ni-YSZ. One approach is to separate the functions by
eplacing Ni with a mixed ionic–electronic conductor oxide and
ntroduce as dispersed catalyst as shown schematically in Fig. 1.

hen using an electronically conductive material such as Ni, the
riple phase boundary (TPB) is confined to the contact points
etween the electrode, electrolyte, and gas phase. Replacing Ni
y an MIEC oxide and adding dispersed nano-sized catalytic
aterials increases this catalytically active area. The combi-

ation of a MIEC and dispersed catalysts might result in an
cceptable performance even in sulfur-containing atmospheres.

Catalytic infiltration (or impregnation) is a common tech-
ique for polymer membrane fuel cell electrodes to disperse
articles, and has recently been introduced for SOFC electrodes
21–24]. Jiang [25] recently reviewed the great potential of this
echnique in the development of nano-structure electrodes. The
atalysts are usually introduced as liquid nitrates in already-
ormed porous electrodes. This method expands the range of
hoices for effective electrode materials combinations because
f the elimination of thermal expansion mismatch and the sup-
ression of possible deleterious reactions among the electrode
nd electrolyte materials during the membrane fabrication.

In the present study, Y-doped SrTiO3 was chosen as a MIEC
node material combined with YSZ, and ceria or Ru were used as
ispersed catalysts, to demonstrate highly sulfur-tolerant anodes
ince ceria and Ru are known as good anode catalyst [26–28].
he infiltrated anodes were evaluated in 10–40 ppm hydrogen
ulfide balanced with hydrogen, at the temperatures between
73 and 1073 K. The effect of catalytic infiltration on the porous
node structure is discussed and potentially high-sulfur tolerant
nodes were investigated.

. Experimental

Prior to cell preparation, Y-doped SrTiO3 powder was pre-
ared by the Pechini method [29]. Titanium isopropoxide (Alfa
esar) and citric acid (CA) (Alfa Aesar) were put in ethylene
lycol (EG) (Alfa Aesar) in a mole ratio of Ti:CA:EG = 1:4:9.33

o make a Ti solution. The mixture was heated to 340–370 K on

hot plate and mixed with a stirrer to dissolve the CA pow-
er. A sampling of the solution put into a crucible and fired at
073 K for 14.4 ks to obtain an accurate Ti concentration of the
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olution. The Ti concentration of the solution was calculated
rom the weight of the TiO2 residual. The titanium solution
as put in a Pyrex beaker, and heated to 340–370 K with a
ot plate, and appropriate amounts of SrCO3 (Alfa Aesar) and
2(CO3)3·xH2O (x ∼ 3) (Alfa Aesar) were introduced in the hot

iquid slowly, since carbon dioxide release cause foaming. The
olution was heated further to about over 573 K, and dried fur-
her under a heating lamp. The resulting solid was hand ground
n a mortar and pestle, put in an alumina crucible, and pre-fired
t 873 K for 14.4 ks to remove any residual carbon. After pre-
ring, the powder was examined X-ray diffraction (XRD) with
u K� radiation, confirming that Sr0.88Y0.8TiO3 (SYTO) had
een synthesized.

Two types of cells were prepared. First, half-cells using a
hick YSZ electrolyte disk (∼0.5 mm) were used to investigate
he microstructure and properties of the Y-doped SrTiO3-YSZ
nodes, w/w infiltrated materials. A 20 g of 8 mol% Y2O3-doped
rO2 (Tosoh) was mixed with 2 wt.% of menhaden fish oil

MFO) (Sigma) as a binder and ∼50 ml isopropyl alcohol (IPA)
VWR), then ball milled with 3 mm zirconia milling balls (Union
rocess) for 86.4 ks. A binder containing 2 wt.% of poly(vinyl
utyral-co-vinyl alcohol-co-vinyl acetate) (PVB) (Aldrich) and
ibutyl phthalate (Mallinckrodt) as a plasticizer was added to the
esultant solution and ball milled again for 3.6 ks. The solution
as stirred and dried under a heat lamp. The resultant agglom-

rated YSZ was ground with a mortar and pestle, and passed
hrough a 150 �m mesh sieve. The sieved YSZ powder was
hen uniaxially pressed into disks with a diameter of 38 mm at
03 MPa (15 kpsi) using a stainless steel die. The YSZ disks
ere sintered at 1673 K for 14.4 ks in air. To prepare anode sus-
ension, 2 g of a SYTO-YSZ mixture in a weight ratio of 1:1
as attritor-milled with 0.1 g of MFO, 1 drop of dibutyl phthalate

nd 50 ml of IPA, using 3 mm zirconia milling balls for 3.6 ks,
t 500 rpm. This anode suspension was ultrasonically dispersed
nd deposited onto the YSZ disks using aerosol spraying to form
thin anode layer with an area of 10 mm × 10 mm. The weight

hange of the disks was carefully measured during spraying to
ring the anode thickness to 15–20 �m. The disks were then
red in a reducing atmosphere furnace with Ar–4%H2 at a flow
ate of 1 ml s−1 (60 ml min−1), at 1573 K for 14.4 ks. For elec-
rochemical testing, a Pt mesh current collector was attached
ith Pt paste to both sides of the disks, and reference electrodes
ere attached on the cathode side; then, the cell was fired at
173 K for 1.8 ks to secure the Pt mesh to the cell.

Thin film, cathode-supported cells were prepared with Sr-
oped lanthanum manganese oxide (LSM) to investigate the
erformance and sulfur tolerance of infiltrated SYTO-YSZ
nodes. A mixture of LSM-YSZ was prepared with 10 g of YSZ
owder (Tosoh), 10 g of La0.65Sr0.3MnO3−δ powder (Praxair
pecialty Ceramics), 2.5 wt.% of MFO, PVB and dibutyl phtha-

ate. These materials were attritor-milled using YSZ balls, in
PA, for 3.6 ks, at 500 rpm. The suspension was then put in a
eaker and 9 g of pore former; KS6 graphite (Timrex) was added

ith 2.5 wt.% of MFO, PVB and dibutyl phthalate. The solu-

ion was stirred and dried under a heating lamp. The resultant
gglomerated LSM-YSZ was ground with a mortar and pestle,
nd passed through a 150 �m mesh sieve. The sieved LSM-
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a
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SZ powder was uniaxially pressed into disks with a diameter
f 25 mm at 103 MPa (15 kpsi) using a stainless steel die, then
re-fired at 973 K for 14.4 ks in air. To prepare the electrolyte
uspension, a mixture of 2 g of YSZ, 0.1 g of MFO, 1 drop of
ibutyl phthalate and 50 ml of IPA, was attritor-milled for 3.6 ks,
t 500 rpm. This suspension was used for depositing thin YSZ
lectrolytes (∼10 �m) onto the LSM-YSZ support by aerosol
praying. The resultant bilayers were sintered at 1573 K for
4.4 ks in air. The graphite in the cathode layer was burned out,
eaving a porous LSM-YSZ cathode. The anode suspension of
YTO-YSZ was then ultrasonically dispersed, and sprayed onto

he YSZ electrolyte to form a thin anode layer (15–20 �m) with
n area of 7 mm × 7 mm. The resultant trilayer disks were sin-
ered at 1473 K for 7.2 ks in air. Pt mesh current collectors were
ttached to the cathode and anode, and the assembled cell was
red at 1173 K for 1.8 ks to attach the Pt mesh.

A solution of ceria precursor was prepared by mixing 6.20 g
f Ce(NO3)3·6H2O (Alfa Aesar) and 0.3 g of a commercial
olymeric dispersant, Triton-X (Union Carbide Chemical and
lastics Co., Inc.) with 1 ml of H2O. The mixture was subse-
uently heated to about 373 K to produce a high concentrated
olution. The precursor solution was infiltrated into the porous
tructure of SYTO-YSZ using a vacuum impregnation appa-
atus (Epovac, Struers), and pre-heated to 923 K for 1.8 ks in
ir to convert the precursor. A 0.1 M Ru solution also was pre-
ared with RuCl3·xH2O (x ≤ 1) (Sigma–Aldrich) and IPA. The
u solution was infiltrated in the porous structure of SYTO-YSZ
y using a microsyringe, then dried at room temperature.

The experimental setup for the sulfur tolerance test was con-
tructed as shown in Fig. 2. The gas flow system consists of
tainless steel tubes, flow controllers, valves and glass parts: a
ater vapor saturator and scrubber. About 3% of water vapor
as added to the fuel gas by flowing the H2 gas through the
ater vapor saturator at 298 K. Nitrogen was used to purge the

ystem before H2 and H2S was introduced. A 10–40 ppm H2S
as was generated by mixing a pure H2 flow with a controlled
ow of 50 ppm H2S premixed H2 gas. The total gas flow rate was
xed at 8.3 × 10−7 m3 s−1 (50 ml min−1). The cells were sealed
nto a short alumina tube (height: 12 mm) with ceramic cement
52 (Aremco) to separate the cell from the test rig, so it could
e used again after infiltration. The Pt mesh on anode side was
onnected to the inside Pt current collector wires using a spot
elding machine, and the short alumina with the mounted cell

ube was affixed to the test rig alumina tube. The gap between
he short alumina tube and main alumina test rig tube was sealed
ith Aremco 552 cement. After drying the cement at room tem-
erature, the completed test rig was placed in the isothermal
one of the furnace. The cell was heated to the curing temper-
tures of the ceramic cement, subsequently heated to 1073 K
n rate of 0.05 K s−1 (3 K min−1), and pre-treated at 1073 K in
% humidified H2 for 43.2 ks before electrochemical testing.
he impedance spectra of the cells were measured under near-
pen circuit condition in the range of 0.1 Hz to 1 MHz by the

ombination of a Solartron frequency response analyzer 1255
nd a Solartron electrochemical interface 1286, with 10 mV
eak-to-peak applied ac voltage. The current–voltage (I–V) char-
cteristics were measured between 973 and 1073 K, with an
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observed after impedance testing. Fig. 4 shows secondary elec-
tron micrographs of the anode microstructures of SYTO-YSZ,
SYTO-YSZ with ceria infiltration and SYTO-YSZ with Ru
infiltration. The particles of SYTO and YSZ were connected,
Fig. 2. Schematic diagram of experime

gilent 34970A data acquisition switch unit, and a Kepco BOP
0-5M bipolar power supply/amplifier. After electrochemical
esting, the cells were fractured and the microstructures were
xamined with a Hitachi S-4300SE/N field emission scanning
lectron microscope (FE-SEM).

. Results and discussion

.1. Electrochemical properties and microstructures

In an alternative anode design such as shown schematically
n Fig. 1, the dispersed catalysts in the anode structure play

very important role. The MIEC oxide of choice, Y-doped
rTiO3 has high electric conductivity under anode conditions,
ut has no reported catalytic activity. The performance of the
are SYTO-YSZ anode must thus be enhanced by catalytic
aterials to be of practical use. The anodes deposited on the

alf-cells were examined in 3% humidified H2. Fig. 3 shows the
C impedance spectra of these anode half-cells before and after

nfiltration. Both ceria and Ru infiltration significantly decrease
he polarization resistance, and improve the cell performance
hile the Ohmic resistance was hardly changed, as shown in
ig. 3(a and b). The area-specific polarization resistance for the
eria-infiltrated cell was about 1.3 � cm−2 at 1073 K while that
or non-infiltrated cell was about 2.6 � cm−2. The polarization
esistance for the Ru-infiltrated cell was about 0.8 � cm−2, while
hat for non-infiltrated cell was about 2.6 � cm−2. Ru infiltration
as also applied to ceria-infiltrated SYTO-YSZ. The combi-
ation of ceria and Ru infiltration decreased the polarization
esistance of the cell drastically as shown in Fig. 3(c). The polar-

zation resistance for the infiltrated cell was about 0.5 � cm−2 at
073 K while that for non-infiltrated cell was about 2.9 � cm−2.
hese impedance plots showed that ceria and Ru were effective
atalysts in the SYTO-YSZ anode.

F
i
c

pparatus for sulfur-tolerant anode test.

The microstructures of the anodes of the half-cells were
ig. 3. Impedance spectra at 1073 K for the cells: (a) before and after the ceria
nfiltration, (b) before and after the Ru infiltration and (c) before and after the
eria and Ru infiltration.
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Fig. 4. Secondary electron micrographs of anode microstructures; (a) SYTO-
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tration method, the necessary amount of Ru for a 1 cm2 anode
SZ, (b) SYTO-YSZ with ceria infiltration and (c) SYTO-YSZ with Ru
nfiltration.

orming a good network with appropriate porosity. The infil-
rated ceria covered most of the pore walls of the SYTO-YSZ
ackbone, as shown in Fig. 4(b). The size of the ceria particles
as 30–200 nm and the thickness of the layer was approximately
00 nm at the maximum. Assuming the porosity of the anode was
0%, the estimated volume ratio of ceria in the anode layer was
.3 vol.%. Sholklapper et al. [24] reported that catalyst infiltra-

ion with nitrate by vacuum impregnation method could deposit
0–100 nm LSM particles on the walls of a porous YSZ cath-
de. Fig. 4(b) indicated that this technique could be applied

a
o
o

r Sources 164 (2007) 510–518

ffectively to ceria infiltration into porous anodes. The advan-
age of this method is not only that various kinds of sub-micron
ize oxides can be deposited effectively into porous electrodes,
ut also that it is a simple procedure. Ceria is well known as
catalytic material, and is a MIEC in reducing atmospheres as
ell. Placing mixed conducting materials as a continuous thin

ayer on the walls of the anode backbone extends both ionic
nd electronic character of the anode, making the whole wall
urface catalytically active, leading to significant improvements
n anode performance. Rare-earth elements can further be used
oped to enhance the electrical and ionic conductivity of the
eria, as is known, e.g., for Sm-doped ceria (SDC) and Gd-doped
eria (GDC) [30]. Doped ceria has a high resistance to carbon
eposition but its activity for hydrocarbon oxidation was lower
han that of undoped ceria, and the requirement for adding an
ctive oxidation catalyst has been proposed [12]. Since undoped-
eria infiltration already decreased the polarization resistance of
YTO-YSZ anode, an alternative anode using with doped ceria

nfiltration may improve performance even more.
Introducing a second active catalyst onto the thin ceria layer

s another option for further improving the anode performance.
he impedance spectra of ceria and Ru dually infiltrated SYTO-
SZ anodes support this idea as shown in Fig. 3(c). We used
u as a dispersed catalyst because it is known as a good cata-

yst for hydrogen oxidation and hydrocarbon oxidation. Suzuki
t al. [26] demonstrated that the Ru/YSZ cermet has a high
atalytic activity and a high resistance to carbon deposition.
hey reported that the polarization resistance of Ru/YSZ cer-
et was smaller than that of Ni/YSZ at 1273 K. Sun et al.

27] investigated flowerlike, mesoporous ceria-Ru as a reform-
ng catalyst layer and reported that a pronounced performance
mprovement was observed when a catalyst layer was added
n a Ni-SDC anode layer. Zhan and Barnett [28] examined the
ffect of a ceria-Ru catalyst layer in combination with traditional
nodes, Ni-YSZ and Ni-SDC, and reported that the catalyst
ayer allowed internal reforming of iso-octane without coking.
hough the ceria-Ru catalyst layer showed very good perfor-
ance for hydrocarbons, they described also three drawbacks

f the catalyst layer: reduced fuel diffusion to the anode, current
ollection problems and the cost of Ru. However, applying a
ow catalyst loading by infiltration in non-Ni based anode struc-
ures such as SYTO-YSZ can remove these drawbacks for the
eria-Ru catalyst.

Small particles of Ru were observed on SYTO-YSZ network
s shown in Fig. 4(c). The size of the particles was 30–200 nm
nd the particles were dispersed onto the pore walls of the anode
ackbone. The amount of Ru particles was low because the con-
entration of the precursor was 0.1 M, and the estimated volume
atio of Ru in the anode layer was only 0.04 vol.%. Yet, infil-
rated Ru improved significantly the cell performance as shown
ig. 3(b) in spite of this very low loading. Though Ru is one
f noble metals, the current price is relatively low among the
latinum-group noble metals as shown in Table 1. In the infil-
rea is at most 1 �mol. If a cell would operate at power density
f only 100 mW cm−2, the cost metallic Ru for 1 kW stack is
nly US$ 1.85. Catalyst infiltration with Ru can therefore be a
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Table 1
Price of platinum-group metals

Price/US$ (oz t)−1a Molecular weight Cost for 1 mol/US$ Cost for 1 kW/US$ (in case of 100 mW cm−2)

Platinum, Pt 852 195.08 5344 53.44
Palladium, Pd 252 106.42 862 8.62
R
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sphere was changed as shown in Fig. 7. The cell voltage quickly
dropped only from 0.79 to 0.78 V in 1.6 ks when H2S was added
to hydrogen and the cell voltage recovered in ∼4 ks after H2S
hodium, Rh 736 102.91
uthenium, Ru 57 101.07

a Quoted from Ref. [31], oz t: troy ounce = 31.1035 g.

ost-effective method to improve the catalytic performance of
nodes.

The cathode support cells with ceria- and Ru-infiltrated
YTO-YSZ anode were prepared to investigate the sulfur toler-
nce of the anode. Fig. 5 shows current–voltage characteristics
nd power density of a cathode support cell with ceria- and Ru-
nfiltrated SYTO-YSZ anode at 973–873 K in 3% humidified H2.
he peak power density of the cell was 510 mW cm−2 at 1073 K,
t 0.85 mA cm−2 and 240 mW cm−2 at 973 K, at 0.5 mA cm−2.
he impedance spectra of the cells were measured at 1073 K in
umidified H2, and in humidified H2 + H2S mixtures as shown
n Fig. 6. Two arcs were observed in the spectra, and the summit
requencies of the high and low frequency arcs were 1 kHz and
3 Hz, respectively. Though the analysis of impedance spectra
f multi-player fuel cells is complicated, the low frequency arc
s generally considered to be associated with a gas diffusion and
onversion processes [32], while the high frequency arc is con-
idered to be related to charge transfer process of electrodes. The
ize of the high frequency arcs did not change very much, while
hat of low frequency arcs changed by the presence of H2S. The
ize of the low frequency arc was increased by 5, 8 and 21% in 10,
0 and 40 ppm H2S, respectively (an arc fitting calculation was
arried out between 1 and 100 Hz to obtain these values). The
olarization resistance of the anode quickly changed after H2S

as introduced because the arcs at 1.2 and at 3.6 ks were almost

he same. After the cell was exposed to 10 ppm H2S for 3.6 ks,
2S gas was stopped and the low frequency arc of the impedance

pectra was completely recovered within 10.8 ks, while the arc

ig. 5. Cell voltage and power density as a function of current density for a cath-
de support cell with ceria- and Ru-infiltrated SYTO-YSZ anode at 973–873 K.

F
a
(

2435 24.35
185 1.85

id not recover completely within 10.8 ks in the case of 40 ppm.
or comparison, for a Ni-YSZ anode the polarization resistance
lmost doubled in response to only a 1 ppm H2S contamination
t 1173 K, and took 90 ks to recover [4]. The SYTO-YSZ anode
ith ceria and Ru infiltration clearly showed a superior sulfur

olerance compared to conventional Ni-YSZ anodes. Though the
nfiltrated SYTO-YSZ anode materials must be stable and can-
ot react with H2S, the impedance was increased and recovered
uickly in the ppm-level H2S atmospheres. This phenomenon
ight be associated with the reversible adsorption of gaseous

ulfur species, which block active triple phase boundaries for
xidation of hydrogen.

A constant current was applied to check stability of the cell in
he 10 ppm H2S/H2 atmosphere. The cell voltage was monitored
nder a fixed current density of 0.5 A cm−2, and the fuel atmo-
ig. 6. Impedance spectra at 1073 K for a cathode support cell with ceria-
nd Ru-infiltrated SYTO-YSZ anode, (a) 10 ppm H2S, (b) 20 ppm H2S and
c) 40 ppm H2S.
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ig. 7. Cell voltage as a function of time for a cell exposed to 10 ppm H2S at
073 K.

as stopped. These degradation and recovery times correspond
o the impedance spectra of Fig. 6(a). Note though that the recov-
ry time was longer than the degradation time. Fig. 8 shows
urrent–voltage characteristics and power density of the cell
xposed to 10 ppm H2S at 1073 K. The peak power density of the
ell dropped slightly from 510 to 470 mW cm−2 after H2S was
dded. The current–voltage characteristics was constant from
0.8 to 21.6 ks during H2S exposure, and it almost recovered in
0.8 ks after H2S stopped even though the power density curve
as very slightly shifted to the right. Figs. 7 and 8 indicate that

he performance of ceria- and Ru-infiltrated SYTO-YSZ anode
id not decline very much in 10 ppm H2S under current. The
icrostructure of the cathode support cell was observed after

he sulfur test as shown in Fig. 9. The thickness of the elec-
rolyte and anode layer was about 10 and 20 �m, respectively,
nd both electrode layers have appropriate porosity for gas diffu-
ion as shown in Fig. 9(a). In the anode layer, very small particles

overed the SYTO-YSZ backbone, as shown in Fig. 9(b). It was
ifficult to distinguish ceria and Ru, but according to Fig. 4, most
f particles must be ceria and only some particles would be Ru.

ig. 8. Cell voltage and power density as a function of current density for a cell
xposed to 10 ppm H2S at 1073 K.
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ig. 9. Secondary electron micrographs of cathode support cell tested in H2S
onditions.

Significant voltage drop for Ni-based anodes exposed to ppm-
evel H2S was reported by Sasaki et al. [5], e.g., the voltage of a
ell with Ni-YSZ anode dropped by about 0.5 V in 5 ppm H2S
t 0.2 A cm−2, at 1123 K. In general, 5–10 ppm is the maximum
mount of sulfur-containing compounds (added intentionally
s an odorant) for natural gas. This exceeds the tolerance of
raditional Ni-YSZ anodes. Sulfur removers need then to be
ncorporated in the SOFC system, when odorized natural gas
s contemplated as a fuel for SOFCs with conventional Ni-
SZ anode. If cost-effective high sulfur tolerant anodes were
sed as described here, sulfur removal is not needed, allowing
significant system cost reduction. In the present study, ceria-

nd Ru-infiltrated SYTO-YSZ anode showed much higher sul-
ur tolerance than traditional Ni-YSZ anodes, and demonstrated
he possibility of MIEC-YSZ anode and nano-sized catalytic
nfiltrations for SOFCs.

.2. Chemical stability of nano-sized catalysts

The MIEC oxide for the anode structure, Y-doped SrTiO3
ust be stable in SOFC anode conditions including ppm-level
ulfur since each single element of the material (Y, Sr and Ti)
oes not react with sulfur in the anode conditions. But the chem-
cal stability of the dispersed catalysts should be discussed since
he size of the catalysts was very small, and reaction with sul-
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ig. 10. Phase stability diagrams of M–O–S (M = Ce, Ru and Ni) at 1073 K.

ur could be detrimental. Ferrizz et al. [33] investigates Ce–O–S
hase diagrams between 873 and 1073 K, and reported that the
ormation of Ce2O2S requires higher sulfur partial pressures
han suggested in previous studies, especially at lower tem-
eratures. Phase stability diagrams of Ru–O–S and Ni–O–S
ere calculated from available thermodynamic data [34], and

ompared with reported Ce–O–S diagram [33] at 1073 K as
hown in Fig. 10. The oxygen partial pressure range of typical
OFC anode conditions corresponding to H2/H2O = 97/3–10/90
inlet–outlet) is log(PO2/Pa) = −16.4 to − 11.5 at 1073 K. In
his oxygen partial pressure range, cerium should exist as
e2O2S at higher sulfur and low oxygen partial pressure. Kim
t al. [6] reported that the cell performance with Cu-ceria-YSZ
node was stable in 100 ppm sulfur for 360 ks while it declined
n 5000 ppm sulfur. The phase diagrams of M–O–S should be
sed carefully because the actual PS2 in the anode is usually
uch less than the PH2S. Kim et al. reported that the actual val-

es of the PS2 were much lower than the PH2S ones, and the
xperimental results for ceria stability were in agreement with
he phase stability diagram. In the present study, the equilibrium
artial pressure of S2, PS2 , was estimated from the reactions:
2S + 3

2 O2 = SO2 + H2O and S2 + 2O2 = SO2 from thermo-
ynamic data [33], and was about 10−9 Pa at 10 ppm H2S, at
073 K. Ceria catalyst must be stable in ∼40 ppm H2S, and
he effect of sulfur on the performance ceria-based catalysts
nder reducing conditions should be negligible small in low
ulfur conditions. Partial pressure of sulfur, PS2 , at the phase
oundary of Ru/RuS2 is 6.9 × 10−2 Pa while that of Ni/Ni3S2
s 5.3 × 10−4 Pa, as shown in Fig. 10. In addition, it should
e noted that Ni3S2 is liquid at 1073 K [35] while RuS2 is
olid [34]. Shatynski [35] studied transition metal sulfides, and
eported on nickel sulfides; the melting point of Ni3S2 and NiS2

s 1063 and 1281 K, respectively, while Ni3S4 decomposes at
29 K. Formation of liquid Ni3S2 would deteriorate Ni-YSZ
node performance rapidly. In 10 ppm H2S at 1073 K, Ni must
eact with sulfur and formation of liquid sulfide will deteriorate

1
Y

Fig. 11. Partial pressures of catalytic metals.

he Ni–YSZ microstructure. Infiltrated nano-sized ceria and Ru
articles were observed even after significant sulfur exposure,
s shown in Fig. 9: these materials keep their structure in sulfur
onditions. The diagrams indicate that Ru is more stable than Ni
n sulfur conditions since the phase boundary of Ru/RuS2 is at
bout 2 orders of magnitude higher sulfur partial pressure than
or Ni/Ni3S2. As shown in Fig. 3, the polarization resistance
f ceria- and Ru-infiltrated anode increased quickly and com-
letely recovered for 10 ppm H2S. The calculated equilibrium
artial pressure of S2 of 10 ppm H2S condition at 1073 K was
bout 10−9 Pa, much lower than the PS2 at the phase boundary of
u/RuS2. It may be concluded that Ru was thermodynamically

table in the present conditions.
In addition to stability in sulfur, agglomeration and vapor-

zation should be discussed for Ru. The melting point of Ru is
uch higher (2523 K) than Ni (1728 K) [34], and therefore Ru

s significantly less prone to sintering than Ni [26]. The esti-
ated amount of Ru particles was only 0.04 vol.% as shown in
ig. 4(c), and this dispersion does not cause agglomeration of
u. Vaporization of Ru could also be a concern because nano-

ized particles would disappear if the vaporization rate is high at
perating temperatures. Partial pressures of potential catalytic
etals were calculated from thermodynamic data [36] as shown

n Fig. 11. The partial pressure of Ru is the smallest among the
atalytic metals (Pt, Pd, Rh, Ru, Ni and Ag), and vanishingly
mall at operating temperatures of SOFCs. These low values of
artial pressures should allow long-term stability of nano-sized
u particles.

As a consequence, the infiltrated catalysts ceria and Ru have
igher sulfur tolerance than Ni and are stable at ppm levels
f sulfur. As described above, the maximum amount of sulfur-
ontaining odorant for natural gas is 5–10 ppm. Ceria and Ru are
herefore promising sulfur tolerant anode catalysts for SOFCs
hat are operated with natural gas or hydrocarbon gases contain-
ng sulfur odorants.

. Conclusions
A sulfur tolerant SOFC anode was demonstrated for
0–40 ppm H2S fuel streams. The anodes were composed of
-doped SrTiO3 infiltrated with ceria and Ru. The infiltrated cat-
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lytic materials, ceria and Ru, decreased the polarization resis-
ance of SYTO-YSZ anode respectively and the combination
f these two materials improved the anode performance signif-
cantly. A cathode supported cell with ceria- and Ru-infiltrated
YTO-YSZ anodes showed a constant maximum power density
70 mW cm−2 in 10 ppm H2S/H2 at 1073 K. Dispersed nano-
ized ceria and Ru particles were stable in such sulfur-containing
uels. The sulfur tolerance of the ceria- and Ru-infiltrated SYTO-
SZ anode was much higher than that of traditional Ni-YSZ

nodes. The present study indicates the possibility of using cost-
ffective MIEC-YSZ anodes with infiltrated nano-sized catalytic
aterials as sulfur tolerant anodes of SOFCs.
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