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Abstract

New anode materials based on Fe-doped Ca @ ruthenium were examined to enhance the fuel flexibility of SOFCs. An optimum
weight ratio between NiO and Ca(Fe)BRuUG; and YSZ (yttria-stabilized zirconia) was determined for Ni-Ca(FejTa@d Ru-YSZ
anodes, respectively, and sintering temperature was investigated to achieve high power generation characteristics. The Niz-&ag&e)TiO
of NiO:Ca(Fe)TiQ = 4:1 sintered at 1300 showed better current—voltage characteristics than those sintered at 1200 an@,bigh
was comparable to Ni-YSZ anode. When a constant current of 200 MAvamapplied by feeding a gas mixture of methang)Hand N
at steam-to-carbon (S/C) ratio of 1.6 at 1000 terminal voltage over SOFCs with the Ni-Ca(Fe)J#@&hd Ru-YSZ anode was stable in
20 h, whereas that over Ni-YSZ decreased significantly. The catalytic activity of the anode materials for carbon formation was evaluated by
methane decomposition rate measurements. Carbon deposition rates over the Ni-Ca@re) RO-YSZ were found to be lower than that
over 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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1. Introduction tives to anode and cathode to improve the electrochemical
performances, chemical and thermal stability, and fuel flex-
Solid oxide fuel cells (SOFCs) are operated at high temper- ibility of the anode. Among the various materials used in
atures and so have advantageous features such as fuel flexibilSOFCs including rare-earth materials and transition metals,
ity and high efficiency in conversion of chemical energy into this paper examines the effect of Fe, Ti, and Ru on the anode
electrical energyl]. The fuel flexibility is derived from the  performance, and on coke formation characteristics over the
high temperature operation that allows reforming of carbon- anode materials.
containing fuels and from oxygen ionic conductivity of the When multi-fuels such as hydrocarbons and alcohols are
solid oxide electrolytes. In order to achieve high conversion directly applied to SOFCs, deactivation of the anode due to
efficiency, it is needed to attain high ionic conductivity of carbon deposition and pore closure in the anode will be seri-
the electrolytes and to reduce overpotentials associated withous problems. An excess amount of steam is usually added
the electrode reactions. Rare-earth elements play importanto the fuels to avoid carbon formation. However, even when
roles in SOFCs such as solid oxide electrolyte it§2H5], higher hydrocarbons are mixed with a sufficient amount of
components for cathode and interconnect matdiéarg, and H>0 and introduced to SOFCs, carbon formation on a con-
additives to the electrolytes to improve the ionic conductiv- ventional Ni-YSZ anode can proceed, and deterioration in
ity as well as the stability of the electrolytf%9]. Transition power generation characteristics is inevitable (gld). In
metals are also important and used in SOFCs as the addi-addition, an excess amount of steam decreases electromotive
force, and thus, gives rise to decrease in power generation
* Corresponding author. Tel.: +81 75 383 7059; fax: +81 75383 2521, €ficiency. Therefore, it would be desirable to reduce the
E-mail address: rkikuchi@mbox.kudpc.kyoto-u.ac.jp (R. Kikuchi). amount of steam introduced to the anode as low as possible.
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New SOFC anodes have been proposed for direct introduc-cined at 1150C for 5 h in air. Prior to the power generation

tion of hydrocarbons and for suppression of carbon formation experiments, the anodes were reduced in a 5 stream

during power generation such as Cu-containing anfidis from room temperature to 100C at a constant heating rate

alkali earth oxide additives to Ni-YSZ ano(el], CeQ- of 200°C/h.

based oxide$12], TiO,-based oxide$13]. In the present In power generation experiments; Humidified by bub-

paper, novel anode materials based on Ni—-Ca(Fe)Tadd bling at 0°C or a gaseous mixture of GHH>O, and N was

Ru-YSZ were examined to enhance the fuel flexibility of supplied as anode gas to the cermets at 150 mI(STP)/min.

SOFCs. Since Ca(Fe)Tias electron conductivity, oxygen Gaseous oxygen was fed to theylg®ry 4MnO3 cathode, and

ion conductivity comparable to YSZ, and proton solubility, current—voltage characteristics as well as impedance spec-

it is expected to lower the amount of Ni in the cermet anode, tra at open circuit condition were measured at 100®n

and thus, to decrease carbon formation rate on the anodea Solartron 1287 potentiostat/galvanostat with a Solartron

The oxygen ion conductivity and proton solubility may be 1260 frequency response analyzer.

effective in suppressing carbon formatifi®]. Ruthenium

is well known as an excellent catalyst for steam reforming 2.2. Evaluation of carbon deposition rate

of hydrocarbong$15], and thus, carbon formation would be

suppressed by substituting Ru for Ni in the anode. In this  Methane was decomposed at atmospheric pressure using a

study, preparation of the anodes with the novel materials wasthermogravimetric analyzer (Shimadzu, TGA-50), with cat-

optimized to achieve maximum power generation character- alyst sample loaded in the basket of the balance. The catalyst

istics. Catalytic activity of the materials for carbon formation samples were prepared by applying a paste of the cermet

was also investigated. powder obtained as mentioned above onto an YSZ disk of
200pm in thickness and 8 mm in diameter. Prior to the reac-
tion, catalysts were reduced in the stream of 5364 from

2. Experimental the room temperature to 100Q at a constant heating rate
of 10°C min~1, and the temperature was held at 100Cor

2.1. Preparation of cermets and power generation 10 min. Then, the LYAr flow was changed to the flow of 67%

experiments methane and 33%NThe carbon deposition rate for the first

1 min was given by:

NiO, Ru® (Wako Pure Chemical Industries), Fe- » )
doped CaTi@ (Praxair, hereafter abbreviated as FCT, Carbondepositionrat€((g)/cermet(g min))
CaFe.1Tipg03-5), and 8mol% Y¥%Os-stabilized ZrQ weightincrease by deposited carbon
(Tosoh Co., TZ-8YS, hereafter abbreviated as YSZ) were — cermetweightx reaction period @
used to prepare cermets in a disk electrode. A mixture of
NiO and FCT, Ru@ and YSZ, or NiO and YSZ was milled
for 24 h, the mixture was calcined in air for 5h. The weight 3. Results and discussion
ratio of NiO:FCT was 6:1, 4:1, and 1:1, RyOSZ was 7:1,
4:1, and 2:1, NiO:YSZ was 4:1. The calcination temperature 3.1. Power generation characteristics of SOFCs with
was 1200C for NiO/FCT mixture, 900C for RuG/YSZ Ni—FCT, Ru-YSZ, and Ni-YSZ anodes
mixture, and 1400C for NiO/YSZ mixture. The calcined
samples were then pulverized into powder or granular shape. The Ni—FCT anode (4:1) was sintered on an YSZ disk at
This cermet powder was mixed with polyethylene glycol 1200, 1300, and 140, and the power generation character-
(Wako Pure Chemical Industries) to form slurry, with which istics at 1000 C using H as fuel were investigated, as shown
one side of an YSZ disk of 20 mm in diameter and 0.5 mm in in Fig. 1L The current-voltage characteristics of SOFCs with
thickness was painted. Then the disk with the Ni-FCT cermet the Ni—-FCT anode (4:1) sintered at 13@ were signifi-
powder painted was calcined at 1200, 1300, and 2@0f@r cantly higher than those at 1200 and 1400 The Ni-FCT
5h in air, Ru-YSZ was at 1100 and 1400 for 5h in H, anode (4:1) sintered at 130G exhibited a power genera-
and Ni—-YSZ was at 1400C for 5 h in air. In the following tion performance comparable to that with Ni-YSZ anode,
part of this paper, an anode prepared using cermet powder ofthough the difference in the terminal voltage between the
for example, NiO:FCT =4:1, is represented as Ni-FCT (4:1). anodes gradually increased in higher current densities. From

A perovskite-type LggSrp.4aMnOs mixed oxide was pre-  visual observation, no apparentchange was recognized for the
pared as follows: La, Sr, and Mn acetates (Wako Pure Chemi-Ni—FCT anodes sintered at 1200 and 13G0n air for 5h,
cal Industries) with the stoichiometric ratio were dissolved in whereas the anode sintered at 14CGQurned to be metallic at
water and then water was removed from the solutionaf@O0 the surface. In the comparison of the impedance spectra taken
and dried at 120C overnight. Resulting powders were milled at OCV condition with 10 mV amplitude, an expansion was
for 24 h and calcined at 90@ for 10 h, and subsequently, observed in the semicircle at the characteristic frequency of
mixed with polyethylene glycol to form slurry. This slurry  0.1-10 Hz, when the sintering temperature was raised from
was applied on the other side of the YSZ disk. It was cal- 1300 to 1400C, which indicates that the porous structure
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Fig. 1. Effect of sintering temperature on current—voltage characteristics of Fig. 3. Power generation characteristics of SOFCs with Ru-YSZ anodes of

SOFCs with Ni—-Ca(Fe)Ti@and Ni-YSZ as anode at 100G using H
humidified by bubbling at 0C. Ni-FCT and Ni—YSZ were prepared using
cermet powder of NiO:FCT =4:1 and NiO:YSZ = 4:1, respectively. Cell: H
Ni—FCT/YSZ/La gSrp.4MnQO3, Oy, or Hy, Ni-YSZ/YSZ/La ¢Sry.4MnOs3,
0y.

of the Ni-FCT anode was collapsed by sintering at the high

RuG,:YSZ=7:1, 4:1, and 2:1 at 100@ using H humidified by bubbling
at 0°C. The Ru-YSZ anodes were sintered at 1100 and 106 H, for
5h. Cell: b, Ru-YSZ/YSZ/La gSrp.4MnO3, Os.

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 130C. The Ni-FCT anode (4:1)

temperature. It was confirmed by SEM observation that the showed the best power generation characteristics among the
porous structure of the Ni-FCT anode was clogged by the Ni-FCT anodes tested. Considering the catalytic activity for

grain particle growth during the sintering at 14@ It can

carbon formation, it would be desirable to reduce the amount

be, therefore, considered from these results that the anodef nickel contained in the cermet anode, in order to attain sta-
structure was considerably changed during the sintering atble power generation characteristics by suppressing carbon

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 offdeled SOFCs
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Fig. 2. Power generation characteristics of SOFCs with Ni-FCT anodes of
NiO:FCT=6:1, 4:1, and 1:1 at 100C using H humidified by bubbling at
0°C. Cell: Hp, Ni-FCT/YSZ/La 6SIp.4MnO3, Oy.

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 kumid-
ified by bubbling at 0C are shown for SOFCs with Ru-YSZ
anodes prepared via various weight ratios betweenRund
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 b
avoid evaporation of ruthenium. When the Ru-YSZ was
sintered at 1100C, Ru-YSZ anode (4:1) exhibited bet-
ter current—voltage characteristics than those with the other
weight ratios. In the case of RyYSZ=7:1, the activa-
tion and concentration resistances measured by acimpedance
spectroscopy increased significantly, giving rise to the steep
decrease in the terminal voltage from the open circuit volt-
age for the slight increase in the current density. This may
be partly because the excess amount of Regused smaller
length of triple phase boundary that led to the increase in
the activation polarization resistance, and partly because the
volumetric change of the anode during reduction of Rt®
metallic Ru by B reduction treatment destroyed the anode
structure that possibly resulted in the increase in the concen-
tration polarization resistance. When the amount of ruthe-
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1000°C under constant current density of 200 mAfcm
Fig. 4. Power generation characteristics of SOFCs with Ni-FCT (4:1),
Ru-YSZ (4:1), and Ni-YSZ (4:1) anodes at 10@using H humidified forthe case of Ni-FCT than Ni-YSZ, giving rise to a decrease
by bubbling at 0C and methane at steam/carbon ratio of 1.6. in the active sites for Clisteam reforming and consequently
to the larger deviation in Clifueled power generation.
Fig. 5 shows the variation in the terminal voltage at

nium in the Ru-YSZ anode was lowered by changing the : . I
. : i i ) 1000°C in 20h measured for SOFCs with the optimized
weight ratio of Ru@:YSZ from 4:1 to 2:1, the power gener- Ni—FCT and Ru—YSZ, and conventional Ni—-YSZ anodes

a}tlon characterlstlcs'was slightly degrqded, anq this degrada—under a constant current load of 200 mAfchy feeding a
tion was accompanied by the expansion of high frequency

arc with the characteristic frequency of ca. 1kHz on the gaseous mixture of CH H>0, and N with steam-to-carbon

impedance spectra. This result indicates that smaller amountratlo of 1.6 at 150 mi(STP)/min. The terminal voltage mea-

. ; sured for the Ni-YSZ anode (4:1) was drastically dropped
of Ru gave rise to smaller length of triple phase boundary, :
) ; . . .7" and almost stable at 0.3 V, which was almost half of the value
and consequently resulted in the increase in the activation

o . at the beginning of this experiment. On the other hand, the
polarization resistance. ) : )
o . terminal voltage for the Ni-FCT anode (4:1) was almost sta-
When the sintering temperature was raised to 400 . :
. L . ble, though it gradually decreased from 0.57 to 0.5V during
the power generation characteristics were largely improved . . N .
2 : the operation for 20 h. This result implies that the Ni-FCT
as shown irFig. 3. It can be, therefore, considered that the ;
. : anode was thermally and chemically stable under the exper-
Ru-YSZ was not sintered well onto the YSZ disk at 11G0 . L . . )
- T . imental conditions investigated. As for the power generation
and indicated that sintering at the temperature as high as

o : - . with the Ru-YSZ anode (4:1), the terminal voltage was as
1400°C is needed to ?‘ta'” sufficient adhesion between the low as 0.3V at the initial stage of the constant current-load
anode and electrolyte in the case of Ru—YSZ.

: . . - experiment, and then it increased gradually up to 0.35V in
Fig. 4summarizes the power generation characteristics atthe continuous operation for 20 h. This might be because bet-
1000°C using H and CH, as fuel over the Ni-FCT, Ru-YSZ, P ' g

. L . . ter conduction passes for electric current were produced in
and Ni-YSZ anodes optimized, respectively, according to the : .

. o ! : .., the anode by passing continuously constant current.
preparation conditions determined as mentioned above: the
Ni—FCT anode (4:1) was sintered at 13@in air for 5 h, and
the Ru-YSZ (4:1) was sintered at 14@in H, for 5h. The
Ru-YSZ anode exhibited poorer power generation character-
istics than those of Ni-FCT and Ni-YSZ, irrespective of the Carbon deposition rates over Ni—FCT, Ru-YSZ, and
fuels used. When methane was used as a fuel with a steam-toni_ysz are summarized ifable 1 These carbon depo-
carbon ratio of 1.6, the Ni-FCT anode also displayed power
generation characteristics comparable to Ni-YSZ as in the 1apje 1

case of H fuel, although the Ni—YSZ anode exhibited still Comparison of carbon deposition rate over Ni-FCT, Ru-YSZ, and Ni-YSZ

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

better performance and the difference in the power genera-cermet Weight ratio Carbon deposition rate
tion characteristics between the Ni-YSZ and Ni-FCT anodes (C (g)/cermet (g min))
became larger inthe Gfueled SOFCs thanin thedfueled Ni—YSZ 4.0:1.0 (NiO:YS2) 0.199

SOFCs. Since FCT has smaller apparent density than YSZNi-FCT 4.0:1.0 (NiO:FCT) 0.089

and the weight ratio of nickel to FCT and YSZ was the same, Ru-YSZ 2.0:1.0 (Ru@YS2) 0.048

the amount of nickel exposed on the anode surface can be les§4~YSZ 4.0:1.0 (Ru@YSZ) 0.062
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sition rates were determined by measuring weight change4. Conclusions
with a thermogravimetric analyzer by feeding dry methane
to the catalyst samples at 1000. The Ni-FCT, Ru-YSZ, Novel anode materials employing Ni—Ca(Fe)3i@nd
and Ni—YSZ catalyst samples were prepared in the way men-Ru-YSZ were investigated to improve the fuel flexibility of
tioned above. The weight ratio and sintering temperature wasSOFCs. Preparation procedure of the Ni-FCT and Ru-YSZ
as follows: Ni-FCT (4:1) was sintered at 130D in air for anodes was optimized and evaluation of power generation
5h, Ru-YSZ (2:1) and (4:1) were at 1400 in H, for 5h, characteristics with the anodes was carried out. The weight
Ni-YSZ (4:1) was at 1400C in air for 5 h. Itis obvious that  ratio of NiO and Ca(Fe)Tig and Ru@ and YSZ, as well
carbon deposition rates over the Ni-FCT and Ru-YSZ sam-as sintering temperature was varied for optimization. The
ples are much smaller than that over the Ni-YSZ sample. Ni-FCT (4:1) anode sintered at 1300 gave the highest
These lower carbon deposition rates can explain the sta-performance comparable to that of a conventional Ni-YSZ
ble power generation characteristics of the SOFCs with the anode. Though the Ru-YSZ anode prepared using cermet
Ni—-FCT and Ru-YSZ anodes even at low steam/carbon ratepowder of RuQ:YSZ=4:1 and sintered at 140C in H,
as shown irFig. 5. The effect of FCT on suppressing carbon displayed the best current—voltage characteristics among the
deposition can be explained as follows according to Horita et Ru-YSZ anodes, it was not so high performance as Ni-YSZ
al. [14]. In CH, decomposition over Ni-FCT and Ni-YSZ, and Ni-FCT. When a constant current of 200 mAfowas
dissociation of C—H bond and formation of C—C bond are cat- applied by feeding a gas mixture of methane(CHand N
alyzed by the nickel metal, and thus, carbonaceous speciesat steam-to-carbon (S/C) ratio of 1.6 at 10@) terminal
is formed on the Ni surface. This carbonaceous species carvoltage over SOFC with Ni-FCT (4:1) and Ru-YSZ (4:1)
be removed by forming CO in the reaction with oxygenous anodes was stable with time, whereas that over Ni-YSZ
species formed by dissociation of& on the Ni surface and  decreased significantly with time. Carbon deposition rate
those diffusing from FCT or YSZ to the Nisurface. Therefore, overNi—FCT, Ru-YSZ, and Ni-YSZ was evaluated with ther-
carbon deposition is significantly affected by the concentra- mogravimetric analyzer by feeding dry methane at 1GDO
tion of the oxygenous species on the Ni surface. The atomic Ni-FCT and Ru-YSZ exhibited lower carbon deposition rate
hydrogen (H) produced via the dissociation ofGHon the than Ni-YSZ. This low carbon deposition rate may result in
Ni surface is transported to the Ni/FCT interface and can be the stable power generation characteristics at the low S/C
ionized and dissolved in FCT as protons jidue to the elec-  conditions over the SOFC with the Ni-FCT and Ru-YSZ
tronic conductivity and proton solubility of FCT. These pro- anodes.
tons canreactwith oxygenionin FCT and be releaseg@s H
leading to an increase in the partial pressure ghh close
proximity of the Ni surface. As a consequence, adsorption of Acknowledgements
H>0 onto the Ni surface can be promoted to raise eventually
the concentration of oxygenous species on the Nisurface. On  Part of this work was supported by International Joint
the other hand, in the case of Ni-YSZ, because of low proton Research Grant Program in 2001-2003 from New Energy and
solubility of YSZ, the BO formation via the mechanism  Industrial Technology Development Organization (NEDO)
above-mentioned is confined to the gas/Ni/YSZ interface, of Japan.
leading to lower concentration of the oxygenous species and
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