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Abstract

Reduced-temperature solid oxide fuel cells (SOFCs) – with thin Ce0.85Sm0.15O1.925 (SDC) electrolytes, thick Ni–SDC anode supports, and
composite cathodes containing La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) and SDC – were fabricated and tested with iso-octane/air fuel mixtures. An
additional supported catalyst layer, placed between the fuel stream and the anode, was needed to obtain a stable output power density (e.g.
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.6 W cm at 590 C) without anode coking. The Ru-CeO2 catalyst produced CO2 and H2 at temperatures <350 C, while H2 and CO became
redominant above 500 ◦C. Power densities were substantially less than for the same cells with H2 fuel (e.g. 1.0 W cm−2 at 600 ◦C), due to
he dilute (≈20%) hydrogen in the fuel mixture produced by iso-octane partial oxidation. Electrochemical impedance analysis showed a main
rc that represented ≈60% of the total resistance, and that increased substantially upon switching from hydrogen to iso-octane/air.

2005 Elsevier B.V. All rights reserved.
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. Introduction

There has been recent interest in the use of solid oxide fuel
ells (SOFCs) in applications for portable power generation
1–3] and Auxiliary Power Units (APUs) for transportation
4]. These applications involve the use of high energy density
uels such as propane, gasoline, diesel, and kerosene, which
ave two main advantages compared with the hydrogen com-
only used in fuel cells. First, the refining and distribution

nfrastructure for these fuels is well established. Secondly, the
nergy densities of these fuels are considerably larger than
or hydrogen, e.g. 34 MJ l−1 for gasoline versus 10 MJ l−1

or liquefied hydrogen. Typically, such fuels are reformed to
ydrogen-rich mixtures using an external partial oxidation
eformer. Especially for smaller-scale applications, it would
e useful to do internal reforming in the SOFCs in order to
educe power plant size, weight, and complexity, and to pro-

∗ Corresponding author. Tel.: +1 847 491 2447; fax: +1 847 491 7820.
E-mail address: s-barnett@northwestern.edu (S.A. Barnett).

vide a heat source within the stack. In addition, it would be
useful to minimize SOFC operating temperature in order to
minimize startup time as well as the thermal energy required
for startup.

There have been a number of recent examples of SOFCs
operating by direct internal partial oxidation (POx) reform-
ing of hydrocarbon fuels. Hibino et al. have reported the use
of internal POx reforming of various fuels in single-chamber
SOFCs, resulting, e.g. in a power density of 0.24 W cm−2

at 550 ◦C with propane/air mixtures [5]. Internal POx of
butane has been reported in micro-tubular SOFCs [2,3], yield-
ing a power density of 0.1 W cm−2 at 700 ◦C. Recently, we
reported an output power density of 0.70 W cm−2 at 790 ◦C or
0.38 W cm−2 at 690 ◦C with propane–air mixtures in conven-
tional dual-chamber YSZ-electrolyte anode-supported fuel
cells [6]. Ru-CeO2 layers have been added to SOFCs to
catalyze propane partial oxidation at temperatures down to
≈400 ◦C [7], helping to enable thermally self-sustaining
single-chamber SOFC stacks that yielded a power output of
∼350 mW (active area = 1.42 cm2) at 500–600 ◦C [8]. How-
ever, internal partial oxidation of heavier hydrocarbon fuels,
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.08.008
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e.g. gasoline and diesel, has not been demonstrated previ-
ously.

In this paper, we describe results on the operation of
reduced-temperature SOFCs on mixtures of air and iso-
octane, a common surrogate for gasoline. The cells, which
consisted of thin Sm-doped ceria (Ce0.85Sm0.15O1.925, SDC)
electrolytes with Ni–SDC anode supports, were operated at
temperatures ≤600 ◦C. An additional catalyst layer was uti-
lized in order to obtain stable operation without coking.

2. Experimental

The SOFCs were prepared as follows. Anode powders
of SDC (18 m2 g−1, Nextech) and NiO (3.6 m2 g−1, J.T.
Baker) in a weight ratio of 60:40 were ball-milled for 20 h
with ethanol as the medium, then 10% starch was added
and ball-milled for 4 h. The powders were dried at 80 ◦C,
screened with 120-mesh sieve, and pressed into pellets,
which were bisque fired at 800 ◦C for 4 h. A NiO–SDC
anode active layer and a thin SDC-electrolyte layer were
then colloidally deposited on the NiO–SDC support. The
colloidal solutions were prepared by ball-milling the solid
powder (SDC electrolyte or NiO–SDC anode) in ethanol
containing 1% polyethyleneimine as a dispersant and 3%
poly(vinyl butyral)–1% ethyl cellulose as a binder. The thick-
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Fig. 1. Fracture cross-sectional SEM micrograph from the catalyst layer,
showing both Ru-CeO2 layers and the PSZ–CeO2 support, taken after stable
SOFC operation in iso-octane/air fuel mixtures at 590 ◦C (1: Ru-CeO2; 2:
PSZ–CeO2).

gen was flowed through the anode compartment with the cell
at ≈500 ◦C for ≈12 h, by which time the anode was reduced
to Ni–SDC. After baseline testing in humidified hydrogen,
testing was done in iso-octane/air mixtures obtained by flow-
ing 100 sccm air through a bubbler containing iso-octane at
296 K (yielding ≈6.2% iso-octane). This corresponded to an
O2 to C8H18 ratio of 3.2, slightly lower than the ideal ratio
for partial oxidation of 4. This ratio was used to avoid the
flammability range (1–6%) for iso-octane–air mixtures. Tests
were done both in the conventional geometry, i.e. with no
catalyst layer, and with a catalyst layer as shown in Fig. 2.
The PSZ–CeO2 supported catalyst layer and the anode side
of the cell were sealed to alumina tubes using Ag ink. Cur-
rent collector grids were painted on the electrodes using Ag
inks. The I–V curves and electrochemical impedance spectra
(EIS) were obtained using an IM6 Electrochemical Work-

F
t

ess of the deposited layer was controlled by the volume
f the colloidal solution applied. After co-sintering of the
node/electrolyte at 1400 ◦C for 6 h, La0.6Sr0.4Co0.2Fe0.8O3
LSCF)–Ce0.85Sm0.15O1.925 (SDC) cathode layers were
pplied. LSCF–SDC cathode inks were prepared by mix-
ng LSCF powder (6 m2 g−1, Praxair) with SDC powder
NexTech) in a weight ratio of 7:3, and then mixing with
screen-printing vehicle (Heraeus) in a three-roll mill. The

athode ink was printed onto the SDC electrolyte and fired
t 1100 ◦C for 4 h. A second layer of pure LSCF, prepared as
oted above, was then applied and fired at 900 ◦C for 4 h.

The catalyst layers were supported on a porous disc con-
isting of partially stabilized zirconia (PSZ, 7 m2 g−1, Tosoh)
nd CeO2 (15 m2 g−1, Inframat). PSZ and CeO2 powders in
50:50 weight ratio were ball-milled with 20% starch for

bout 24 h. The powders were dried at 80 ◦C, passed through
120-mesh sieve, and pressed into pellets that were sintered
t 1400 ◦C for 4 h. RuO2 (45–70 m2 g−1, Aldrich) and CeO2
15 m2 g−1, Inframat) powders in a 1:10 weight ratio were
ombined in a colloidal suspension with ethanol as the sol-
ent, deposited on both sides of the PSZ–CeO2, and fired at
00 ◦C for 4 h to form a 10–20 �m-thick catalyst layer. Fig. 1
hows a low magnification SEM image of a typical catalyst
ayer, with a porous 0.3–0.4 mm-thick PSZ–CeO2 support
nd porous 10–20 �m-thick Ru-CeO2 catalysts on both sides.

Fig. 2 shows schematically the apparatus used for SOFC
lectrical testing and mass spectrometer measurements. Sin-
le SOFCs were tested in a tube furnace at setpoint tempera-
ures from 300 ◦C to 600 ◦C. Ambient air was maintained on
he cathode side. At the start of each test, humidified hydro-
ig. 2. Schematic illustration of the apparatus used for SOFC electrical
esting and mass spectrometer measurements.
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station (ZAHNER, Germany). The frequency range for the
impedance measurement was 0.1 Hz–100 kHz.

For catalysis measurements, the fuel exhaust gas was ana-
lyzed by a differentially pumped mass spectrometer. The
catalyst layer was placed against dense YSZ substrates and
sealed to alumina tubes using Ag ink, just like in the fuel
cell tests. Ar was used in place of nitrogen to facilitate mass
spectrometer measurements of the exhaust gas, in particular
to avoid the interference between N2 and CO at mass 28.

The SOFC temperature can increase substantially above
the furnace temperature when hydrocarbon–air mixtures
are used, due to the heat released by the partial oxidation
reaction [6]. We have calibrated the cell temperature by
observing changes in the ohmic portion of electrochemical
impedance spectra upon switching the fuel from hydrogen
to iso-octane/air. That is, the temperature was determined via
the temperature dependence of the electrolyte resistance. The
calibration was done using YSZ-electrolyte SOFCs (unpub-
lished), since the electrolyte resistance measurement is com-
plicated by electronic conductivity in the SDC-electrolyte
cells. The measurements indicated that the actual cell temper-
ature was ≈40 ◦C higher than the furnace temperature. Cell
temperature values in the results presented below include this
correction.
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Fig. 3. Thermodynamically predicted equilibrium product distribution as a
function of temperature for a 6% iso-octane–94% air inlet fuel mixture with
carbon formation allowed (a) and not allowed (b).

Fig. 4 shows the mass spectrometry measurements of the
exhaust gas composition versus furnace temperature during
ramping at a rate of 10 ◦C min−1, after flowing a 6% iso-
octane–94% air mixture at 100 sccm over a Ru-CeO2 catal-

Fig. 4. Mass spectrometer peak intensities vs. T while sampling the exhaust
gas from a 6% iso-octane–94% air fuel mixture flowed over a Ru-CeO2

catalyst layer at 100 sccm. The temperature ramp rate was 10 ◦C min−1.
. Results and discussion

.1. Thermodynamic and catalytic considerations

A thermodynamic calculation described previously [6]
as used to predict the equilibrium composition of a 6% iso-
ctane–94% air fuel versus temperature T (Fig. 3). The H2
ole fraction increases with increasing T, while H2O shows

he opposite trend. Similarly, the CO content increases with
ncreasing T, exceeding the gradually decreasing CO2 con-
ent at ≈600 ◦C. Significant CH4 is also present, but decreases
ith increasing T. Finally, coking is predicted at all temper-

tures for this relatively low O2 to C8H18 ratio of 3.2, with
he C content decreasing from 58% of the input C at 400 ◦C
o 20% at 800 ◦C.

Although Fig. 3a suggests that the formation of carbon was
xpected thermodynamically over temperature from 300 ◦C
o 800 ◦C, no carbon was observed on the catalyst layer by
EM–EDX even after extended exposure to these gas mix-

ures. The coking was presumably kinetically limited for the
u-CeO2 catalyst layer [9]. Thus, a calculation was done
here solid carbon was not allowed, potentially better match-

ng the experimental results for the catalyst layers. Fig. 3b
hows the gas composition for the same conditions as Fig. 3a
ut with no C. The main change with C eliminated is that the
mount of CH4 is much increased; methane forms because it
s the most stable C-containing species, other than solid car-
on, that can form. The formation of CH4 uses up much of
he available hydrogen, resulting in a reduction in the amount
f steam produced.
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ysis layer. There was no apparent reaction up to ∼280 ◦C,
where the O2 and C8H18 intensity began to decrease and
the CO, CO2, and H2 contents increased above the back-
ground levels. The O2 continued to decrease and these prod-
ucts increased until ≈600 ◦C. The oxygen was entirely con-
sumed by ≈600 ◦C, but for this gas composition there was
still considerable iso-octane remaining. The iso-octane peak
decreased and methane increased as T is increased above
600 ◦C; note that iso-octane accumulated in the gas lines dur-
ing temperature ramp measurement, making this peak a less
reliable indicator than the oxygen peak. Overall, comparison
with Fig. 3 indicates that the mixture tends to reach equi-
librium at T > 600 ◦C. The CO and H2 contents continued to
increase with increasing T above 600 ◦C, before saturating
above ≈750 ◦C. This change was due to the shift in equilib-
rium products from H2O to H2 and CO2 to CO, as shown in
Fig. 3. The rapid decrease in the CO2 peak with increasing T
above ≈600 ◦C provides evidence of this. Similar mass spec-
trometer results were observed previously for propane–air
mixtures with either Ru-CeO2 catalysts or using the Ni–YSZ
anode as the catalyst [6], i.e. there was not a large difference
in product selectivity.

Overall, comparison of Figs. 3 and 4 indicates that the
measured reaction products agreed reasonably well with
the thermodynamic prediction above 550–600 ◦C, but were
limited by reaction kinetics at lower T. The case where
n
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Fig. 5. Life tests results from SOFCs operated on 6% iso-octane–94% air at
100 sccm with or without catalyst layers at 590 ◦C.

the electrolyte. The structure in Fig. 7c is un-altered—similar
to that observed for anodes tested in hydrogen.

With the addition of a porous supported catalyst layer
between the fuel stream and the anode, the cell’s stability
was significantly improved. Particularly, a 60-h life test was
run at 590 ◦C on iso-octane carried by 100 sccm air (Fig. 5).
A constant power output of ∼0.46 W cm−2 was achieved.
No coking was observed on the catalyst layer or the Ni–SDC
anode after the tests, as shown in the SEM–EDX results in
Fig. 8. The C EDX peak is at the detection limit, and the SEM
microstructure appears identical to that from a cell tested in
hydrogen.

The catalyst layer effect on SOFC stability can be
explained with the aid of the schematic illustration shown
in Fig. 9. Carbon did not deposit on the Ru-CeO2 catalyst
layer, despite conditions that favored coking, presumably due
to the much lesser tendency of Ru for coking [9]. Coking is
also suppressed by electrochemical reaction products at high
current densities [10]. On the other hand, the Ru-containing
catalyst layer provided good catalytic activity for iso-octane
reforming. The fast reforming reactions at the catalyst layer
substantially reduced the hydrocarbon species in the refor-
mate before reaching the Ni–SDC anode, thereby suppressing

F
i

o C was allowed (Fig. 3b) showed better agreement with
ig. 4 at higher T, particularly the presence of a strong CH4
eak. These results show that the conversion of iso-octane
s incomplete at the temperatures of interest for SDC cells,
00–600 ◦C. However, this problem would be mitigated in
SOFC stack because there would be a larger catalyst area,

nd because additional oxygen will be added to the fuel mix-
ure by cell operation. Indeed, it may not be desirable to
ncrease catalyst activity, as this may result in too-fast reform-
ng and localized heating. However, it will likely be useful to
evelop catalysts that are more selective to CO and H2. Other-
ise, Fig. 3 suggests that at T < 600 ◦C, increasing amounts
f H2O and CO2 are produced, reducing the potential fuel
fficiency.

.2. Effect of catalyst layer

Attempts to operate the SOFCs on iso-octane/air mix-
ures, without the Ru-CeO2 catalyst layer, did not yield stable
erformance. The cell performance was initially good, but
he terminal voltage at 0.8 A/cm2 decreased by ≈37% over
3 h, as shown in Fig. 5. Subsequent visual observation indi-
ated the degradation was due to severe coke buildup on the
i–SDC anode. This was confirmed by the SEM–EDX spec-

rum in Fig. 6. Fig. 7a, the cross-sectional SEM image of the
ell anode, indicated a major change in the anode microstruc-
ure, due to infiltration of solid carbon in a 170-�m-thick layer
t the Ni–SDC anode-free surface. A magnified image of the
ltered layer (Fig. 7b) shows significant white contrast (car-
on) that is not present in Fig. 7c, taken from the anode near
ig. 6. SEM–EDX spectra taken from the anode surface after degradation
n iso-octane/air fuel mixtures at 590 ◦C.
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Fig. 7. Cross-sectional SEM micrographs taken from the anode after degradation in iso-octane/air fuel mixtures at 590 ◦C, including (a) a low magnification
image of the anode cross-section, and high magnification images of the anode cross-section from a region (b) near the anode-free surface or (c) near the
electrolyte.

coking. This is illustrated in the schematic gas concentration
gradients in Fig. 9. The figure also illustrates that the H2 and
CO reaction products are at a maximum at the catalyst layer,
decreasing in either direction due to electrochemical oxida-
tion at the electrolyte and diffusion into the gas stream. Note
that the close proximity of anode and catalyst will tend to
couple catalytic and electrochemical reactions, e.g. H2/CO
consumption and H2O/CO2 production by the cell will tend
to shift the system towards producing more H2 and CO.

3.3. Cell performance with catalyst layer

Fig. 10 shows an example of the cell performance with
iso-octane/air fuel with the catalyst layer. Good stability
was achieved for this fuel composition, as demonstrated in
Fig. 5. A comparison of open circuit voltages (OCVs) and

peak P-values, for SOFC operation in iso-octane/air and pure
hydrogen, is shown in Fig. 11. Thermodynamically predicted
OCV values based on humidified hydrogen or the equilib-
rium mixed-gas fuel compositions (Fig. 3) are also shown in
Fig. 11. Measured OCV values in humidified hydrogen were
0.8–0.9 V, much lower than the predicted values of ≈1.1 V.
This behavior is typical for mixed-conducting SDC elec-
trolytes, although these values are lower than reported by
Xia et al. [11,12] and Doshi et al. for thick SDC-electrolyte
cells [13]. This is presumably explained by a higher electronic
leakage current for the present thinner electrolytes [14].

Power values with iso-octane/air and hydrogen were
similar at lower T, but at higher T the power values with
iso-octane/air were significantly lower. This was probably
due to the relatively low hydrogen content in the reformed
iso-octane/air fuel. The H2 partial pressure was predicted to
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Fig. 8. Fracture cross-sectional SEM micrographs from the anode (a) and
EDX spectra taken from (b) the anode or (c) the catalyst layer after stable
SOFC operation in iso-octane/air fuel mixtures with an addition catalyst
layer at 590 ◦C.

Fig. 9. Simplified schematic illustration of how reactant and product gas
concentrations are expected to vary with position for internal reforming
SOFCs with a catalyst layer.

be ≈20% at equilibrium (Fig. 3), but the actual value was
likely lower due to incomplete catalysis at low temperatures
(Fig. 4). Similar behavior was reported previously for
SOFCs operated on propane–air mixtures, where the H2
partial pressure in the reformed fuel was low, ≈20% [6].
The low hydrogen content gives rise to a limiting current
that reduces the maximum power density—this can be
seen clearly in Fig. 12, which shows the I–V curve for
iso-octane/air (590 ◦C, 30% fuel utilization at short circuit)
in comparison to that for humidified hydrogen (600 ◦C,
12% fuel utilization at short circuit). Nonetheless, the
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ig. 10. Voltage and power density vs. current density for the cell with a
eparate catalyst layer tested with 6% iso-octane–94% air at 100 sccm in the
node and ambient air in the cathode at different cell temperatures.
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Fig. 11. Open circuit voltage and maximum power density vs. temperature
for a cell with a catalyst layer operated with 6% iso-octane–94% air or
humidified hydrogen at 100 sccm in the anode, and ambient air in the cathode.

maximum power densities with iso-octane/air ranged from
0.15 W cm−2 at 440 ◦C to 0.6 W cm−2 at 590 ◦C. These
results suggest that the iso-octane/air cell performance can
be improved by improving the catalyst layer, i.e. activity and
selectivity to H2, and increasing anode porosity.

Fig. 13 shows typical electrochemical impedance spectra
at open circuit from a SOFC at (A) high and (B) low tem-
perature. Each plot compares two fuels: humidified hydrogen
at 100 sccm and iso-octane/air at 100 sccm. At ≈600 ◦C, the
Nyquist plots consisted of a large higher-frequency depressed
arc and a small lower-frequency arc. With decreasing tem-
perature, the higher-frequency depressed arc increased, while
the lower-frequency disappeared, for example, at ≈450 ◦C in
Fig. 13B. Both arcs were generally larger for iso-octane/air
than hydrogen, while the high-frequency intercept changed
little with fuel as expected (the slight shift was explained by
the slightly different cell measurement temperatures). One
possible explanation is that the high-frequency arc corre-
sponds to a combination of the anode and cathode polar-
ization, while the low-frequency arc is associated with a gas

F
o
i

Fig. 13. Nyquist plot of the electrochemical impedance spectroscopy results
from a cell at open circuit at (A) high and (B) low temperatures. Each plot
compares the cell in humidified H2 fuel at 100 sccm and 6% iso-octane–94%
air at 100 sccm. The figure also shows fits to results and the equivalent
circuit used, with the elements—L: inductance from the connecting wires;
R: pure ohmic resistance; R1: anode polarization resistance; ZG: Gerischer
impedance; ZN: Nernst diffusion impedance; CPE1 or CPE2: constant phase
elements.

diffusion process. Although the gas diffusion effect is impor-
tant at high current density as shown in Fig. 12, it is less
important at open circuit, so attributing the small EIS arc to
diffusion is reasonable.

Quantitative analysis of the EIS results is complicated by
the asymmetrical geometry of the anode-supported SOFCs
[15] and the mixed electrolyte conductivity [16]. Thus, we
only present a brief semi-quantitative discussion here. Fig. 13
also shows fits to the EIS data obtained using the equivalent
circuit shown in the inset. Note that the pure ohmic resis-
tance from impedance was slightly lower than expected for
a SDC electrolyte, e.g. 0.039 � cm2 versus 0.048 � cm2 at
600 ◦C, or 0.51 � cm2 versus 0.58 � cm2 at 400 ◦C [17]. This
is reasonable given that the anode side of the SDC-electrolyte
is exposed to hydrogen, leading to an increased electronic
conductivity. Values from the EIS fits indicated that the inter-
facial polarization dominated the total cell resistance, e.g.
ig. 12. Comparison of the SOFC I–V curve of the cell with a catalyst layer
perated with 6% iso-octane–94% air or humidified hydrogen at 100 sccm
n the anode, and ambient air in the cathode at ≈600 ◦C.
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70% at 590 ◦C and 90% at 490 ◦C, in agreement with prior
results [11]. Improved electrode performance is thus required
to extend SOFC operation to still lower temperature.

4. Summary and conclusions

Operation of Ni–SDC anode-supported SOFCs directly
on iso-octane/air fuel mixtures was studied. Detailed SOFC
electrical testing and electron microscopy clearly showed
that conventional SOFCs degraded rapidly due to exces-
sive anode coking, whereas stable coke-free operation was
achieved with the addition of a Ru-CeO2 catalyst layer. This
is despite the use of fuel mixtures with compositions expected
to yield coking according to equilibrium predictions. Prod-
uct gas analysis showed the effectiveness of the Ru-CeO2
catalyst layer for reforming iso-octane. The SOFCs with cat-
alyst layer provided high power densities, e.g. 0.6 W cm−2

at 590 ◦C. This internal reforming catalyst layer method pro-
vides an alternative to direct-hydrocarbon SOFCs [18]; one
advantage of the present method is that novel anodes are not
needed to minimize coking problems, such that conventional
high-performance SOFCs can be used.

The choice of operating temperature for these SOFCs
involves trade-offs. On the one hand, operating temperatures
<600 ◦C yield higher open circuit voltage and less energy
l
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via California Institute of Technology, during the course of
this work. The authors thank Dr. Yi Jiang for describing the
colloidal “drop coating” technique used for depositing the
electrolyte layers.
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