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Abstract

Solid oxide fuel cell (SOFC) operation with a nickel-scandia stabilized zirconia (Ni-ScSZ) cermet anode was carried out with liquid hydrocarbon
of n-dodecane (Ci,Hy), used as a model fuel of kerosene, without fuel dilution by inert carrier gas. Continuous operation was achieved for more
than 120 h at S/C =2.0 and at 800 °C. The obtained open circuit voltage was about —0.97 V and the average current density was about 140 mA cm~?2
under the constant anode potential of —0.75V versus air. This current density corresponded to fuel utilization of 55%. In the impedance spectra
for the anode, two semicircles were observed not only for hydrogen but also for C1 to C12 paraffin. Electrode conductivity for each semicircle, oy

for high frequency part and o for low frequency part, were calculated by following equation:

Sem™?) = —
o(Scm™°) iR

where A (cm?) is electrode area and R (2) is electrode resistance determined from each semicircle. Electrode conductivities for hydrocarbon fuels
showed the same water partial pressure dependence as that for hydrogen whether fuel is diluted or not. Hydrogen produced by reforming reaction
was the most active element for electrochemical oxidation at the anode even for hydrocarbon fuels.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are strong candidates to
become the most efficient electricity generation system. In
SOFC, oxygen is reduced at cathode, oxide ion is transported
through the electrolyte and fuel is oxidized at the anode at high
temperature, ranging between 600 and 1000 °C. This basic prin-
ciple of SOFCs operation implies that not only hydrogen but also
many kinds of fuels, such as hydrocarbons, can be directly used
as fuel. There are several ways to use hydrocarbon fuels for
SOFCs. One is by external reforming, the second is by internal
reforming and the other, and very important one, is fuel reform-
ing directly on the anode. By the last method, the heat generated
by electrochemical oxidation reaction can be used most effec-
tively for the reforming reaction. At the same time, it does not
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require any precious metal for reforming catalyst, and the over-
all stack and system will be simplified. From these features, the
highest efficiency can be expected for SOFCs designed to reform
fuels directly on the anode. As a drawback, carbon deposition on
the anodes and in the feeding tubes becomes a serious problem.
It is important to recognize that when conventional nickel—yttria
stabilized zirconia (Ni-YSZ) cermet anode is used for hydrocar-
bon fuel feeding without previous reforming, carbon deposition
occurs and leads to anode degradation [1,2].

In Japan, kerosene is consumed in very large amount for
house using, especially for heating and hot water supply [3].
The kerosene-supplying infrastructure has been already well
developed. Needless to say that liquid hydrocarbons are easy
to distribute and to storage and have a high energy density per
volume, and that their use is widespread in rural areas. On the
other hand, the gas fuel distribution network covers only city
areas. Therefore, it is natural to think that kerosene will be
come an important fuel for practical use of SOFCs in Japan.
To make it possible the use of liquid hydrocarbons in SOFCs,
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Fig. 1. Equilibrium phase diagram for the C-H-O ternary system. A hatched
area shows the carbon deposition region at 800 °C.

it is important to avoid carbon deposition on the anode and to
promote reforming reactions. Important information to avoid
carbon deposition was suggested from thermodynamic calcula-
tion. Fig. 1 shows the equilibrium phase diagram for the C-H-O
ternary system. The hatched area shows the carbon deposition
region at 800 °C. It is clear that carbon deposition become criti-
cal for higher hydrocarbons. On the other hand, at a high steam
to carbon ratio (S/C) region, or at a high fuel utilization (Us)
region, the carbon deposition is avoidable.

The SOFC operating with direct feeding of hydrocarbon
fuels without reformer have been reported for methane with
a nickel-scandia stabilized zirconia (Ni—-ScSZ) cermet anode
[4,5] and for liquid hydrocarbons with a Cu—CeO,—YSZ anode
[2,6,7]. We have succeeded in a stable operation of SOFC with
the Ni—-ScSZ anode for more than 150h, using a n-dodecane
(C12Hp6, model fuel of kerosene) with dilution by inert gas
[8—10]. Neither carbon deposition on the Ni-ScSZ anode nor on
the gold or nickel mesh current collector was observed. How-
ever, under the fuel-diluted condition, carbon deposition could
be suppressed owing to the low fuel concentration which is a con-
dition far from practical usage. In the present study, we intended
to operate a SOFC with the Ni-ScSZ anode under more practi-
cal condition, i.e. without inert gas as a diluent. For this purpose
we have used n-dodecane (C2Hyg) as a model fuel of kerosene.
Similarities in the reaction process between hydrogen and hydro-
carbon fuels and the influence of fuel dilution on the reaction
process were also examined.

2. Experimental

The half-cell used in the present study is the same as the pre-
vious reports [8§—10]. Electrolyte disks (0.5 mm thickness) were
prepared from commercial powder of 10 mol% Sc>O3—1 mol%
Ce02—89 mol% ZrO;, (ScSZ, Daiichi Kigenso Kagaku Kogyo
Co. Ltd.). 50 vol.% Ni—ScSZ cermet anode was used. NiO-ScSZ

mixed powder calcined at 1573 K was painted on the polished
electrolyte surface with 10 mm diameter and fired at 1673 K for
5h. Platinum (Pt) paste was fired on the opposite side of the
electrolyte as cathode and Pt wire was attached on the side edge
of the electrolyte as reference electrode (RE). Dry air fed to the
cathode and RE was exposed to the air.

For introduction of n-dodecane without diluent, n-dodecane
and water were fed to the anode by using syringe pump with a
small constant flow rate of 0.382 wlmin~! (1.68 wmol min~")
and 0.734 pl min~! (40.8 pmol min_l), respectively, to realize
the high Us. The fuel was changed from the H,—H> O—Ar mixture
ton-dodecane (S/C =2.0) by the following step: (1) Hy>—-H,O—Ar
mixture was fed to the anode. At this time, water was supplied by
syringe pump. (2) n-Dodecane was pumped into the anode cham-
ber. (3) H, was stopped. (4) Carrier gas (Ar) was stopped under
the cell operation. The cell configuration for the test without
dilution is shown in Fig. 2.

To investigate the effect of carbon number on the reaction
process, methane (CHg), propane (C3zHg), n-octane (CgHjig)
and n-dodecane (Cj2Hyg) are used as model fuels of city gas,
LPG, gasoline and kerosene, respectively. Fuel concentrations
for diluted feeding of various hydrocarbons are listed in Table 1.
Fuels were diluted with argon gas to about 2 vol.%. Detail of
feeding method of diluted liquid hydrocarbons was described in
earlier reports [8—10].

Electrochemical measurements for anode versus RE of
impedance measurement and anodic polarization measure-
ment were carried out with an electrochemical interface
and an impedance/gain-phase analyzer (Solartron, 1287A and
1255B, Hampshire, UK) or electrochemical measurement sys-
tem (Hokuto Denko, HZ-3000, Tokyo, Japan). Impedance
spectra were measured in the frequency range from 50,000 to
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Fig. 2. Schematic drawing of the cell configuration for the cell test without inert
gas fuel diluent.
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Table 1
Flow rates of hydrocarbon fuels and water, and S/C ratio for each hydrocarbon
fuel

Fed fuel Fuel (wmol min~1) Water (pmol min—") S/C
Methane, CHy 15.5 31.1 2.0
Propane, C3Hg 5.4 359 2.3
n-octane, CgH g 2.4 39.0 2.0
n-dodecane, C12Hog 1.9 43.7 1.9

Fuels were diluted by 50 mI min~! of argon gas.
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Fig. 3. The result of current density measurement with n-dodecane fuel with-
out inert gas diluent at S/C=2.0 and at 7=800 °C. Anode potential was set at
constant value of —0.75V vs. RE (air).

0.1 Hz. The outlet gas was analyzed with a gas chromatography
(Agilent Technologies, Micro GC 3000, CA, USA), a dew point
meter (Vaisala, DM-500, Helsinki, Finland, or General Eastern
Instruments, Optica, MA, USA) and a film flow meter (STEC,
SF-1, Kyoto, Japan).

3. Results and discussion

3.1. Cell operation with n-dodecane without inert gas
diluent

Fig. 3 shows the result of current density measurement for
direct feeding of n-dodecane without inert gas diluent at S/C =2
under the potentiostatic condition with constant anode potential
of —0.75V versus RE (air) at 800 °C. The open circuit volt-
age (OCV) in this measurement was about —0.97 V and this
value was about the same as previous diluted feeding test [9,10].
After carrier gas was stopped at 7= 1 h, continuous operation was
achieved for more than 120 h. The average current density was
about 140 mA cm ™2, which corresponded to 55% of fuel utiliza-

Table 2

tion (Ur). The output power for the cell test without dilution was
also about the same as that for previous diluted test [9,10]. In this
measurement, the current density fluctuation became large for
about 10 h around #=75, 100 and 120 h. The fluctuations were
synchronized with the air conditioner (AC) cycle in the labo-
ratory. Hence, the surrounding conditions of the experimental
equipment, such as temperature and atmospheric pressure, are
affected; especially flow rates of fuel and water, which were very
small, are sensitive to the experimental environment. After this
measurement, carbon deposition was observed only on the inside
of the inlet tube, however, no carbon deposition was observed
on the Ni—ScSZ anode nor the nickel mesh current collector.
It is clear that the Ni-ScSZ anode can survive without carbon
deposition on the anode under the direct feeding of liquid hydro-
carbon fuel without inert gas as diluent when the S/C is enough
high as 2.0 and the Uy is as high as 50%.

Table 2 shows the result of the outlet gas analysis under
the operation without dilution at the Uy =46% compared with
that of the diluted test at similar Ut of 44% [9,10]. The present
result shows that the hydrogen concentration and CO,/CO ratio
were higher and C2 hydrocarbon concentration was lower than
the result for diluted test. This suggests that CO shift reaction
and hydrocarbon reforming reaction, except methane, were pro-
moted for direct feeding of n-dodecane without inert gas diluent.
This behavior should be related to the increase of contact time
between fuel molecules and nickel surface because of lower flow
rate (about 1/25) compared with the diluted test, and/or higher
Pu,0 around the nickel surface as shown in Table 2.

3.2. Anode reaction process

Fig. 4(a) and (b) shows the impedance spectra for the
anode with various fuels of diluted methane, propane, n-octane
and n-dodecane (a), and of hydrogen and n-dodecane with
and without diluent (b). All results were obtained about the
anode against RE (air), so the resistance for cathode were not
included. Ohmic resistances (Rg) were almost the same for
all fuels. In all impedance spectra, there were two semicircles
for electrode resistance; the left side electrode resistance was
at high frequency (indicated as Ry), and that at right side was
at low frequency (indicated as Ry). The top of each semicircle
was at about 1kHz for Ry and about 1 Hz for Ry, respectively,
for the Ni-ScSZ anode and these values were about the same
among hydrogen and hydrocarbon fuels. From Fig. 4(a), the
features of spectra were the same for all hydrocarbon fuels
with about the same fuel concentration as listed in Table 1.
This suggests that the rate determining process related to each

Outlet gas concentration under the Ur =46% operation for the n-dodecane fueled cell test at S/C =2.0 without inert gas diluent compared with that for diluted test

under the Uy =45% operation

H; (%) H>O (%) CO (%) CO2 (%) CHy (%) C2Hy (%) C2Hs (%)
Without diluent (Uy =46%) 29.5 46.5 (Pu,0 =47 kPa) 16.3 (CO,/CO=3.1) 2.4 0.1 0
Diluted fuel (Ur=45%) 21.2 53.3 (Py,0 =2kPa) 10.9 12.0 (CO/CO=1.1) 1.9 0.9 0.1

For diluted test, inert gas (Ar) was excluded for calculation. For the test without diluent, water vapor composition was calculated from the inlet fuel composition and

outlet fuel concentration.
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Fig. 4. Impedance spectra under the OCV condition at 800 °C for (a) diluted hydrocarbon fuels shown in Table 1 and for (b) hydrogen and n-dodecane with and
without inert gas diluent. Impedance spectra for anode vs. RE (air) were measured. The fuel composition of hydrogen was 48.5% Ar-48.5% H,—3% H,O.

electrode resistance is the same, although carbon number in
hydrocarbon fuels is different. On the other hand, both Ry and
Ry, were different among that for hydrogen and for n-dodecane
with and without dilution as shown in Fig. 4(b). The area
specific electrode conductivity, o (S cm’z), for each resistance
component was calculated as following:

1
- 1
OH ARn 1
1
oL = —— 2
ARy,

The apparent electrode area, A, was 0.785 cm?. Fig. 5 shows
the Py,0 dependence of the oy and the o1, under the OCV con-
dition. Dashed line and dot line show the Py,0 dependence of
the oy and the o1, respectively, for the use of hydrogen obtained
in the previous report [11]. Where the logarithmic oy and o,
for hydrogen fuel were linearly increased with increasing log-
arithmic Py,o. The similar relation was found in o1, between
for diluted hydrocarbon fuels and for hydrogen as shown by the
same closed and half closed symbols, respectively, in Fig. 5. For
OH, slopes between diluted hydrocarbon fuels and hydrogen for
the same batch anode, shown by the same open and crossed open
symbols, were almost the same as that observed in hydrogen
shown by dashed line. It suggested that the rate determining pro-
cesses related to each electrode conductivity for diluted hydro-
carbons could be regarded as the same as those for hydrogen. The
electrode conductivities for n-dodecane without diluent were
obtained from estimated Py,0 and are also plotted in Fig. 5. The
oy surely fulfilled the same relation as others. The oy showed
slightly small value from the obtained relation for others, but the
basic of the relation should be the same. These results indicate
that reaction processes related to oy and o1, should be essentially
the same between hydrogen and hydrocarbons, whether hydro-
carbons is diluted or not, and also suggest that hydrogen is the
most active element for electrochemical oxidation process even
for direct feeding of hydrocarbons without inert gas diluent.

It is interesting that the anode reaction process for liquid
hydrocarbon fuels would be the same as that for hydrogen
even under the practical condition, i.e. without inert gas diluent;
hydrogen is the most active species for electrochemical oxida-

tion reaction at the gas—nickel-electrolyte three-phase boundary
(TPB). Therefore, the problems for direct feeding of hydrocar-
bons to the Ni-ScSZ anode can separate into some independent
components although carbon number in the fuel is different and
diluent is used or not. The reaction process for direct feeding
of hydrocarbon fuels with water vapor to the Ni-ScSZ anode
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Fig. 5. Water partial pressure (Pn,0) dependence of electrode conductivities of
oy and o, of the Ni-ScSZ anode for hydrocarbon fuels at 800 °C. oy = 1/ARy
and o1, = 1/ARy, respectively, where A was anode area (0.785 cm?). For the result
without diluent, Py,o was estimated from the inlet fuel composition and outlet
fuel concentration. Results were compared with those with Hy—H O—Ar mixture
fuel at 1073 K. Dot line and dashed line were the Py,o dependence of oy and
o1, obtained for Hy—H, O system, respectively [11].
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is summarized as follows from the previous studies [9-11]:
(1) At first, hydrocarbon fuel thermally decomposes into active
hydrocarbon components such as CH3 and CH; at high temper-
ature zone of the anode chamber with slight carbon deposition.
(2) Active hydrocarbon components react with adsorbed water
(H20,q) and/or adsorbed oxygen (O,q) on the nickel surface and
as a result hydrogen and CO are formed (reforming reaction).
This reaction does not proceed without nickel catalyst. The so
formed CO also reacts with H>O,4 and/or O,q into hydrogen and
CO; (CO shift reaction). (3) Formed hydrogen is used for elec-
trochemical reaction at the TPB. The problems are separated as
following; carbon deposition caused by thermal decomposition
of hydrocarbon fuel (for the first process), acceleration of hydro-
gen producing reactions and its related carbon deposition (for
the second process), and reduce the anode reaction resistances
for electrochemical oxidation of hydrogen (at the last process).

In the present study, it becomes more serious condition for
the anode after inert gas diluent was stopped during the cell
operation. However, a continuous operation was achieved where
carbon deposition on the anode was suppressed and hydrogen-
producing reactions were promoted. We have also reported that
hydrogen producing reactions are enhanced by increasing Ug
rather than increasing S/C; water vapor produced by electro-
chemical reaction should be more effectively supplied to the
nickel surface rather than that fed with fuel [11]. High U leads
to form much water by electrochemical reaction at the TPB, and
adsorption of water molecule on the nickel surface increases
with increasing Us. As a result, hydrogen-producing reactions
on the Ni surface with HyO,g9 and/or O,g are promoted and
nickel surface is protected from the carbon deposition. More-
over, increasing of Py,o around the anode reduces the anodic
resistances related to the anode reactions (R, and Ry) as shown
in Fig. 5. When a high Uy is realized as well as a high S/C
condition, the Ni-ScSZ anode should be able to use for direct
feeding of higher hydrocarbons under the practical condition,
such as direct feeding of liquid hydrocarbon fuel without inert
gas diluent.

4. Conclusion

Feasibility of liquid hydrocarbon fuels for SOFC with
Ni—ScSZ was investigated.

Continuous operation of SOFC with the Ni-ScSZ anode is
obtained for direct feeding of n-dodecane with water vapor
without inert gas diluent under the potentiostatic condition
at S/C=2.0 at 800°C. The averaged current density was
about 140mAcm~2 under the constant anode potential of
—0.75V versus RE (air) and this corresponded to 55% fuel
utilization. The output power was about the same as that of
previous diluted test. Rate determining processes for anode reac-
tion was the same among hydrogen and hydrocarbon fuels;
i.e. hydrogen is the most active species for electrochemi-
cal oxidation for hydrocarbon fuels whether fuel is diluted
or not.

The Ni—ScSZ anode can be used for direct liquid hydro-
carbon fueled SOFCs without carbon deposition on the anode
with high S/C and high U;. High U leads to protect the nickel
from the carbon deposition because much water produced by
electrochemical reaction adsorbed on the nickel surface even
hydrocarbon fuel is not diluted. However, carbon deposition on
the inlet tube is still a problem to be solved.
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