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Novel anode materials for multi-fuel applicable solid oxide fuel cells
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Abstract

New anode materials based on Fe-doped CaTiO3 and ruthenium were examined to enhance the fuel flexibility of SOFCs. An optimum
weight ratio between NiO and Ca(Fe)TiO3, RuO2 and YSZ (yttria-stabilized zirconia) was determined for Ni–Ca(Fe)TiO3 and Ru–YSZ
anodes, respectively, and sintering temperature was investigated to achieve high power generation characteristics. The Ni–Ca(Fe)TiO3 anode
of NiO:Ca(Fe)TiO3 = 4:1 sintered at 1300◦C showed better current–voltage characteristics than those sintered at 1200 and 1400◦C, which
was comparable to Ni–YSZ anode. When a constant current of 200 mA/cm2 was applied by feeding a gas mixture of methane, H2O, and N2
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t steam-to-carbon (S/C) ratio of 1.6 at 1000C, terminal voltage over SOFCs with the Ni–Ca(Fe)TiO3 and Ru–YSZ anode was stable
0 h, whereas that over Ni–YSZ decreased significantly. The catalytic activity of the anode materials for carbon formation was ev
ethane decomposition rate measurements. Carbon deposition rates over the Ni–Ca(Fe)TiO3 and Ru–YSZ were found to be lower than t

ver Ni–YSZ, possibly leading to the stable power generation at the low S/C ratio.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are operated at high temper-
tures and so have advantageous features such as fuel flexibil-

ty and high efficiency in conversion of chemical energy into
lectrical energy[1]. The fuel flexibility is derived from the
igh temperature operation that allows reforming of carbon-
ontaining fuels and from oxygen ionic conductivity of the
olid oxide electrolytes. In order to achieve high conversion
fficiency, it is needed to attain high ionic conductivity of

he electrolytes and to reduce overpotentials associated with
he electrode reactions. Rare-earth elements play important
oles in SOFCs such as solid oxide electrolyte itself[2–5],
omponents for cathode and interconnect materials[6,7], and
dditives to the electrolytes to improve the ionic conductiv-

ty as well as the stability of the electrolytes[8,9]. Transition
etals are also important and used in SOFCs as the addi-
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tives to anode and cathode to improve the electroche
performances, chemical and thermal stability, and fuel
ibility of the anode. Among the various materials use
SOFCs including rare-earth materials and transition me
this paper examines the effect of Fe, Ti, and Ru on the a
performance, and on coke formation characteristics ove
anode materials.

When multi-fuels such as hydrocarbons and alcohol
directly applied to SOFCs, deactivation of the anode du
carbon deposition and pore closure in the anode will be
ous problems. An excess amount of steam is usually a
to the fuels to avoid carbon formation. However, even w
higher hydrocarbons are mixed with a sufficient amoun
H2O and introduced to SOFCs, carbon formation on a
ventional Ni–YSZ anode can proceed, and deterioratio
power generation characteristics is inevitable (e.g.[1]). In
addition, an excess amount of steam decreases electrom
force, and thus, gives rise to decrease in power gene
efficiency. Therefore, it would be desirable to reduce
amount of steam introduced to the anode as low as pos
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.12.179
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New SOFC anodes have been proposed for direct introduc-
tion of hydrocarbons and for suppression of carbon formation
during power generation such as Cu-containing anodes[10],
alkali earth oxide additives to Ni–YSZ anode[11], CeO2-
based oxides[12], TiO2-based oxides[13]. In the present
paper, novel anode materials based on Ni–Ca(Fe)TiO3, and
Ru–YSZ were examined to enhance the fuel flexibility of
SOFCs. Since Ca(Fe)TiO3 has electron conductivity, oxygen
ion conductivity comparable to YSZ, and proton solubility,
it is expected to lower the amount of Ni in the cermet anode,
and thus, to decrease carbon formation rate on the anode.
The oxygen ion conductivity and proton solubility may be
effective in suppressing carbon formation[14]. Ruthenium
is well known as an excellent catalyst for steam reforming
of hydrocarbons[15], and thus, carbon formation would be
suppressed by substituting Ru for Ni in the anode. In this
study, preparation of the anodes with the novel materials was
optimized to achieve maximum power generation character-
istics. Catalytic activity of the materials for carbon formation
was also investigated.

2. Experimental

2.1. Preparation of cermets and power generation
experiments
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cined at 1150◦C for 5 h in air. Prior to the power generation
experiments, the anodes were reduced in a 50% H2/N2 stream
from room temperature to 1000◦C at a constant heating rate
of 200◦C/h.

In power generation experiments, H2 humidified by bub-
bling at 0◦C or a gaseous mixture of CH4, H2O, and N2 was
supplied as anode gas to the cermets at 150 ml(STP)/min.
Gaseous oxygen was fed to the La0.6Sr0.4MnO3 cathode, and
current–voltage characteristics as well as impedance spec-
tra at open circuit condition were measured at 1000◦C on
a Solartron 1287 potentiostat/galvanostat with a Solartron
1260 frequency response analyzer.

2.2. Evaluation of carbon deposition rate

Methane was decomposed at atmospheric pressure using a
thermogravimetric analyzer (Shimadzu, TGA-50), with cat-
alyst sample loaded in the basket of the balance. The catalyst
samples were prepared by applying a paste of the cermet
powder obtained as mentioned above onto an YSZ disk of
200�m in thickness and 8 mm in diameter. Prior to the reac-
tion, catalysts were reduced in the stream of 5% H2/Ar from
the room temperature to 1000◦C at a constant heating rate
of 10◦C min−1, and the temperature was held at 1000◦C for
10 min. Then, the H2/Ar flow was changed to the flow of 67%
methane and 33% N. The carbon deposition rate for the first
1
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NiO, RuO2 (Wako Pure Chemical Industries), F
oped CaTiO3 (Praxair, hereafter abbreviated as F
aFe0.1Ti0.9O3−δ), and 8 mol% Y2O3-stabilized ZrO2

Tosoh Co., TZ-8YS, hereafter abbreviated as YSZ) w
sed to prepare cermets in a disk electrode. A mixtur
iO and FCT, RuO2 and YSZ, or NiO and YSZ was mille

or 24 h, the mixture was calcined in air for 5 h. The wei
atio of NiO:FCT was 6:1, 4:1, and 1:1, RuO2:YSZ was 7:1
:1, and 2:1, NiO:YSZ was 4:1. The calcination tempera
as 1200◦C for NiO/FCT mixture, 900◦C for RuO2/YSZ
ixture, and 1400◦C for NiO/YSZ mixture. The calcine

amples were then pulverized into powder or granular sh
his cermet powder was mixed with polyethylene gly
Wako Pure Chemical Industries) to form slurry, with wh
ne side of an YSZ disk of 20 mm in diameter and 0.5 m

hickness was painted. Then the disk with the Ni–FCT ce
owder painted was calcined at 1200, 1300, and 1400◦C for
h in air, Ru–YSZ was at 1100 and 1400◦C for 5 h in H2,
nd Ni–YSZ was at 1400◦C for 5 h in air. In the following
art of this paper, an anode prepared using cermet powd

or example, NiO:FCT = 4:1, is represented as Ni–FCT (4
A perovskite-type La0.6Sr0.4MnO3 mixed oxide was pre

ared as follows: La, Sr, and Mn acetates (Wako Pure Ch
al Industries) with the stoichiometric ratio were dissolve
ater and then water was removed from the solution at 10◦C
nd dried at 120◦C overnight. Resulting powders were mil

or 24 h and calcined at 900◦C for 10 h, and subsequent
ixed with polyethylene glycol to form slurry. This slur
as applied on the other side of the YSZ disk. It was
2
min was given by:

arbon deposition rate (C (g)/cermet (g min))

= weight increase by deposited carbon

cermet weight× reaction period
(1)

. Results and discussion

.1. Power generation characteristics of SOFCs with
i–FCT, Ru–YSZ, and Ni–YSZ anodes

The Ni–FCT anode (4:1) was sintered on an YSZ dis
200, 1300, and 1400◦C, and the power generation charac

stics at 1000◦C using H2 as fuel were investigated, as sho
n Fig. 1. The current–voltage characteristics of SOFCs
he Ni–FCT anode (4:1) sintered at 1300◦C were signifi-
antly higher than those at 1200 and 1400◦C. The Ni–FCT
node (4:1) sintered at 1300◦C exhibited a power gener

ion performance comparable to that with Ni–YSZ ano
hough the difference in the terminal voltage between
nodes gradually increased in higher current densities.
isual observation, no apparent change was recognized f
i–FCT anodes sintered at 1200 and 1300◦C in air for 5 h,
hereas the anode sintered at 1400◦C turned to be metallic a

he surface. In the comparison of the impedance spectra
t OCV condition with 10 mV amplitude, an expansion w
bserved in the semicircle at the characteristic frequen
.1–10 Hz, when the sintering temperature was raised
300 to 1400◦C, which indicates that the porous struct
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Fig. 1. Effect of sintering temperature on current–voltage characteristics of
SOFCs with Ni–Ca(Fe)TiO3 and Ni–YSZ as anode at 1000◦C using H2

humidified by bubbling at 0◦C. Ni–FCT and Ni–YSZ were prepared using
cermet powder of NiO:FCT = 4:1 and NiO:YSZ = 4:1, respectively. Cell: H2,
Ni–FCT/YSZ/La0.6Sr0.4MnO3, O2, or H2, Ni–YSZ/YSZ/La0.6Sr0.4MnO3,
O2.

of the Ni–FCT anode was collapsed by sintering at the high
temperature. It was confirmed by SEM observation that the
porous structure of the Ni–FCT anode was clogged by the
grain particle growth during the sintering at 1400◦C. It can
be, therefore, considered from these results that the anode
structure was considerably changed during the sintering at
1400◦C, giving rise to the degradation in the power genera-
tion characteristics.

Fig. 2 shows the effect of the weight ratio of NiO and
FCT on current–voltage characteristics of H2-fueled SOFCs

F es of
N t
0

Fig. 3. Power generation characteristics of SOFCs with Ru–YSZ anodes of
RuO2:YSZ = 7:1, 4:1, and 2:1 at 1000◦C using H2 humidified by bubbling
at 0◦C. The Ru–YSZ anodes were sintered at 1100 and 1400◦C in H2 for
5 h. Cell: H2, Ru–YSZ/YSZ/La0.6Sr0.4MnO3, O2.

at 1000◦C. The weight ratio of NiO to FCT was varied in
the range of 1:1, 4:1, and 6:1, and the Ni–FCT anodes were
sintered to an YSZ disk at 1300◦C. The Ni–FCT anode (4:1)
showed the best power generation characteristics among the
Ni–FCT anodes tested. Considering the catalytic activity for
carbon formation, it would be desirable to reduce the amount
of nickel contained in the cermet anode, in order to attain sta-
ble power generation characteristics by suppressing carbon
formation. The Ni–FCT (1:1) displayed the power genera-
tion characteristics comparable to the more Ni-containing
Ni–FCT anode (6:1), and thus, the Ni–FCT anode (1:1) can
be expected to show better stability under power generation
at low steam/carbon ratio.

In Fig. 3, power generation characteristics with H2 humid-
ified by bubbling at 0◦C are shown for SOFCs with Ru–YSZ
anodes prepared via various weight ratios between RuO2 and
YSZ, and sintered at different temperatures. The Ru–YSZ
cermet powders were sintered to an YSZ disk at 1100,
or 1400◦C in a reducing atmosphere by feeding H2 to
avoid evaporation of ruthenium. When the Ru–YSZ was
sintered at 1100◦C, Ru–YSZ anode (4:1) exhibited bet-
ter current–voltage characteristics than those with the other
weight ratios. In the case of RuO2:YSZ = 7:1, the activa-
tion and concentration resistances measured by ac impedance
spectroscopy increased significantly, giving rise to the steep
decrease in the terminal voltage from the open circuit volt-
a may
b r
l e in
t e the
v
m ode
s cen-
t the-
ig. 2. Power generation characteristics of SOFCs with Ni–FCT anod
iO:FCT = 6:1, 4:1, and 1:1 at 1000◦C using H2 humidified by bubbling a
◦C. Cell: H2, Ni–FCT/YSZ/La0.6Sr0.4MnO3, O2.
ge for the slight increase in the current density. This
e partly because the excess amount of RuO2 caused smalle

ength of triple phase boundary that led to the increas
he activation polarization resistance, and partly becaus
olumetric change of the anode during reduction of RuO2 to
etallic Ru by H2 reduction treatment destroyed the an

tructure that possibly resulted in the increase in the con
ration polarization resistance. When the amount of ru
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Fig. 4. Power generation characteristics of SOFCs with Ni–FCT (4:1),
Ru–YSZ (4:1), and Ni–YSZ (4:1) anodes at 1000◦C using H2 humidified
by bubbling at 0◦C and methane at steam/carbon ratio of 1.6.

nium in the Ru–YSZ anode was lowered by changing the
weight ratio of RuO2:YSZ from 4:1 to 2:1, the power gener-
ation characteristics was slightly degraded, and this degrada-
tion was accompanied by the expansion of high frequency
arc with the characteristic frequency of ca. 1 kHz on the
impedance spectra. This result indicates that smaller amount
of Ru gave rise to smaller length of triple phase boundary,
and consequently resulted in the increase in the activation
polarization resistance.

When the sintering temperature was raised to 1400◦C,
the power generation characteristics were largely improved
as shown inFig. 3. It can be, therefore, considered that the
Ru–YSZ was not sintered well onto the YSZ disk at 1100◦C
and indicated that sintering at the temperature as high as
1400◦C is needed to attain sufficient adhesion between the
anode and electrolyte in the case of Ru–YSZ.

Fig. 4summarizes the power generation characteristics at
1000◦C using H2 and CH4 as fuel over the Ni–FCT, Ru–YSZ,
and Ni–YSZ anodes optimized, respectively, according to the
preparation conditions determined as mentioned above: the
Ni–FCT anode (4:1) was sintered at 1300◦C in air for 5 h, and
the Ru–YSZ (4:1) was sintered at 1400◦C in H2 for 5 h. The
Ru–YSZ anode exhibited poorer power generation character-
istics than those of Ni–FCT and Ni–YSZ, irrespective of the
fuels used. When methane was used as a fuel with a steam-to
carbon ratio of 1.6, the Ni–FCT anode also displayed power
g the
c till
b nera-
t odes
b
S YSZ
a me,
t e less

Fig. 5. Time dependence of terminal voltage of CH4–fueled SOFCs with
Ni–FCT (4:1), Ru–YSZ (4:1), and Ni–YSZ (4:1) anodes for S/C = 1.6 at
1000◦C under constant current density of 200 mA/cm2.

for the case of Ni–FCT than Ni–YSZ, giving rise to a decrease
in the active sites for CH4 steam reforming and consequently
to the larger deviation in CH4-fueled power generation.

Fig. 5 shows the variation in the terminal voltage at
1000◦C in 20 h measured for SOFCs with the optimized
Ni–FCT and Ru–YSZ, and conventional Ni–YSZ anodes
under a constant current load of 200 mA/cm2 by feeding a
gaseous mixture of CH4, H2O, and N2 with steam-to-carbon
ratio of 1.6 at 150 ml(STP)/min. The terminal voltage mea-
sured for the Ni–YSZ anode (4:1) was drastically dropped
and almost stable at 0.3 V, which was almost half of the value
at the beginning of this experiment. On the other hand, the
terminal voltage for the Ni–FCT anode (4:1) was almost sta-
ble, though it gradually decreased from 0.57 to 0.5 V during
the operation for 20 h. This result implies that the Ni–FCT
anode was thermally and chemically stable under the exper-
imental conditions investigated. As for the power generation
with the Ru–YSZ anode (4:1), the terminal voltage was as
low as 0.3 V at the initial stage of the constant current–load
experiment, and then it increased gradually up to 0.35 V in
the continuous operation for 20 h. This might be because bet-
ter conduction passes for electric current were produced in
the anode by passing continuously constant current.

3.2. Methane decomposition over Ni–FCT, Ru–YSZ, and
Ni–YSZ

and
N o-

T
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C ate
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R

eneration characteristics comparable to Ni–YSZ as in
ase of H2 fuel, although the Ni–YSZ anode exhibited s
etter performance and the difference in the power ge

ion characteristics between the Ni–YSZ and Ni–FCT an
ecame larger in the CH4-fueled SOFCs than in the H2-fueled
OFCs. Since FCT has smaller apparent density than
nd the weight ratio of nickel to FCT and YSZ was the sa

he amount of nickel exposed on the anode surface can b
-
Carbon deposition rates over Ni–FCT, Ru–YSZ,

i–YSZ are summarized inTable 1. These carbon dep

able 1
omparison of carbon deposition rate over Ni–FCT, Ru–YSZ, and Ni–

ermet Weight ratio Carbon deposition r
(C (g)/cermet (g min)

i–YSZ 4.0:1.0 (NiO:YSZ) 0.199
i–FCT 4.0:1.0 (NiO:FCT) 0.089
u–YSZ 2.0:1.0 (RuO2:YSZ) 0.048
u–YSZ 4.0:1.0 (RuO2:YSZ) 0.062
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sition rates were determined by measuring weight change
with a thermogravimetric analyzer by feeding dry methane
to the catalyst samples at 1000◦C. The Ni–FCT, Ru–YSZ,
and Ni–YSZ catalyst samples were prepared in the way men-
tioned above. The weight ratio and sintering temperature was
as follows: Ni–FCT (4:1) was sintered at 1300◦C in air for
5 h, Ru–YSZ (2:1) and (4:1) were at 1400◦C in H2 for 5 h,
Ni–YSZ (4:1) was at 1400◦C in air for 5 h. It is obvious that
carbon deposition rates over the Ni–FCT and Ru–YSZ sam-
ples are much smaller than that over the Ni–YSZ sample.
These lower carbon deposition rates can explain the sta-
ble power generation characteristics of the SOFCs with the
Ni–FCT and Ru–YSZ anodes even at low steam/carbon rate
as shown inFig. 5. The effect of FCT on suppressing carbon
deposition can be explained as follows according to Horita et
al. [14]. In CH4 decomposition over Ni–FCT and Ni–YSZ,
dissociation of C–H bond and formation of C–C bond are cat-
alyzed by the nickel metal, and thus, carbonaceous species
is formed on the Ni surface. This carbonaceous species can
be removed by forming CO in the reaction with oxygenous
species formed by dissociation of H2O on the Ni surface and
those diffusing from FCT or YSZ to the Ni surface. Therefore,
carbon deposition is significantly affected by the concentra-
tion of the oxygenous species on the Ni surface. The atomic
hydrogen (H) produced via the dissociation of H2O on the
Ni surface is transported to the Ni/FCT interface and can be
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4. Conclusions

Novel anode materials employing Ni–Ca(Fe)TiO3 and
Ru–YSZ were investigated to improve the fuel flexibility of
SOFCs. Preparation procedure of the Ni–FCT and Ru–YSZ
anodes was optimized and evaluation of power generation
characteristics with the anodes was carried out. The weight
ratio of NiO and Ca(Fe)TiO3, and RuO2 and YSZ, as well
as sintering temperature was varied for optimization. The
Ni–FCT (4:1) anode sintered at 1300◦C gave the highest
performance comparable to that of a conventional Ni–YSZ
anode. Though the Ru–YSZ anode prepared using cermet
powder of RuO2:YSZ = 4:1 and sintered at 1400◦C in H2
displayed the best current–voltage characteristics among the
Ru–YSZ anodes, it was not so high performance as Ni–YSZ
and Ni–FCT. When a constant current of 200 mA/cm2 was
applied by feeding a gas mixture of methane, H2O, and N2
at steam-to-carbon (S/C) ratio of 1.6 at 1000◦C, terminal
voltage over SOFC with Ni–FCT (4:1) and Ru–YSZ (4:1)
anodes was stable with time, whereas that over Ni–YSZ
decreased significantly with time. Carbon deposition rate
over Ni–FCT, Ru–YSZ, and Ni–YSZ was evaluated with ther-
mogravimetric analyzer by feeding dry methane at 1000◦C.
Ni–FCT and Ru–YSZ exhibited lower carbon deposition rate
than Ni–YSZ. This low carbon deposition rate may result in
the stable power generation characteristics at the low S/C
c SZ
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Sci.
onized and dissolved in FCT as protons (H+) due to the elec
ronic conductivity and proton solubility of FCT. These p
ons can react with oxygen ion in FCT and be released as2O,
eading to an increase in the partial pressure of H2O in close
roximity of the Ni surface. As a consequence, adsorptio
2O onto the Ni surface can be promoted to raise event

he concentration of oxygenous species on the Ni surfac
he other hand, in the case of Ni–YSZ, because of low pr
olubility of YSZ, the H2O formation via the mechanis
bove-mentioned is confined to the gas/Ni/YSZ interf

eading to lower concentration of the oxygenous species
he increase in carbonaceous species on the Ni surface

In the case of Ru–YSZ, the measured carbon depos
ate was smaller than that over Ni–FCT and Ni–YSZ,
ncreased when the amount of ruthenium in Ru–YSZ
aised. Because Ru activates both dissociation and form
f C–H bond, it may be that the carbonaceous species o
u surface could be removed by forming methane, giving

o the lower carbon deposition rate. When a sufficient am
f H2O exists as in the case of the actual power gener
ondition for SOFCs, the carbon species decomposed o
u surface can effectively removed by the reactions
team such as[16]:

+ H2O → CO + H2 (2)

O + H2O → CO2 + H2 (3)

herefore, power generation using CH4 can be stably carrie
ut over Ru–YSZ even at low steam/carbon ratio, as sh

n Fig. 5.
onditions over the SOFC with the Ni–FCT and Ru–Y
nodes.
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