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a b s t r a c t

Single-chamber fuel cells with electrodes supported on an electrolyte of gadolinium doped ceria
Ce1−xGdxO2−y with x = 0.2 (CGO) 200 �m thickness has been successfully prepared and characterized.
The cells were fed directly with a mixture of methane and air. Doped ceria electrolyte supports were
prepared from powders obtained by the acetyl-acetonate sol–gel related method. Inks prepared from
mixtures of precursor powders of NiO and CGO with different particle sizes and compositions were pre-
pared, analysed and used to obtain optimal porous anodes thick films. Cathodes based on La0.5Sr0.5CoO3

perovskites (LSCO) were also prepared and deposited on the other side of the electrolyte by inks pre-
ingle chamber fuel cells
lectrolyte-supported
eria
obaltite
ethane

pared with a mixture of powders of LSCO, CGO and AgO obtained also by sol–gel related techniques. Both
electrodes were deposited by dip coating at different thicknesses (20–30 �m) using a commercial resin
where the electrode powders were dispersed. Finally, electrical properties were determined in a single-
chamber reactor where methane, as fuel, was mixed with synthetic air below the direct combustion limit.
Stable density currents were obtained in these experimental conditions. Temperature, composition and
flux rate values of the carrier gas were determinants for the optimization of the electrical properties of

the fuel cells.

. Introduction

A new type of SOFC, the single-chamber fuel cell, which
hows very high current density at relatively low temperatures
450–630 ◦C), has been developed by different research groups
1–10]. The main difference between the one-chamber fuel cells and
he conventional two-chamber fuel cells is that, in the former, both
lectrodes are simultaneously in contact with both the fuel and the
ir. The advantages of such SOFCs are that they do not need expen-
ive materials, they are very simple to fabricate, and it is very easy to
ssemble them into multiple stacks. These SOFCs can work directly
ith hydrocarbons (internal reforming) because the temperature

t which they operate is adequate for hydrocarbon reforming in the
node. Moreover, the poisoning of the Ni by carbon or sulphur is
ot possible due to the presence of oxygen on the anode electrode
hich avoids the poisoning of the catalyst.

Solid oxide electrolytes based on ceria doped materials are con-

idered to be one of the most promising candidate materials for use
n single-chamber intermediate temperature solid oxide fuel cells,
ecause they offer considerably higher ionic conductivity than YSZ

n the range of 450–800 ◦C. The substitution of Ce4+ by suitable

∗ Corresponding author. Tel.: +34 93 580 18 53; fax: +34 93 580 57 29.
E-mail address: salva@icmab.es (S. Piñol).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.05.027
© 2009 Elsevier B.V. All rights reserved.

trivalent cations such as Gd3+, Sm3+, Y3+ or La3+ has been done in
ceria-based electrolytes because enhances the chemical stability,
increases the ionic conductivity and suppresses the reducibility of
ceria-based materials. The most effective substitutes are Gd2O3 and
Sm2O3 possibly due to the fact that they minimize the changes in
lattice parameter.

Both, electrolyte-supported and anode-supported fuel cells
have been reported for these doped ceria fuel cells based in one
chamber reactor. However, there is some difficulty to find stable
cathodes in one-chamber fuel cells under the proposed reduc-
ing conditions. Hibino et al. [8] reported a relatively high peak
power density at 500 ◦C for an electrolyte-supported fuel cell
using Sm0.5Sr0.5CoO3−ı mixed with Ce0.8Sm0.2O1.9 (SSC + CSO) as
the cathode and ethane as the fuel. However, they found that this
cathode was incompatible with propane at temperatures higher
than 450 ◦C. It should be noted that, because of the heat release
during partial exothermic oxidation at the anode, the actual tem-
perature of the fuel cell is higher than the furnace temperature,
depending on the operation conditions [9]. This self-heating in
single-chamber fuel cells explains the higher power densities

obtained from single-chamber, as compared with dual-chamber,
fuel cells at lower apparent furnace temperatures. Shao et al. have
presented a new cathode (Ba0.5Sr0.5Co0.8Fe0.2O3−ı), which works
well with propane or methane as fuel in an anode-supported sin-
gle chamber fuel cell based on CSO electrolytes generating power

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:salva@icmab.es
dx.doi.org/10.1016/j.jpowsour.2009.05.027
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ig. 1. Variation of the porosity as a function of CGO/Co composition for different e
o, (c and d) 98% CGO + 2% Co at different magnifications.

ensities above 700 mW cm−2 at 760–790 ◦C using methane as fuel
nd He as carrier gas [10–12]. We show in the present work that
he cathode La0.5Sr0.5CoO3 (LSCO) is also stable up to 800 ◦C in
n electrolyte-supported single chamber fuel cell with methane
s fuel diluted in air. We have obtained power densities up to
00 mW cm−2 at 780 ◦C in methane/air mixtures. This lower den-
ity power may be attributed to the thickness of the electrolyte.
oreover, we have found that fuel cells with LSCO as cathode are

lso stable with anode-supported CGO electrolyte with propane as
uel mixed in air and operating at lower temperatures (∼640 ◦C)
13].

Some authors have reported that ceria-gadolinia (CGO) pos-
esses the highest values of ionic conductivity with respect to other
eria-doped electrolytes [14] and this was confirmed by computer
tomistic simulations based on a combination of coulomb inter-
ctions and lattice relaxation [15]. This interaction is dependent
n the size of the trivalent additive and the simulations suggest
hat the optimum radius for the trivalent cation in ceria-based
xide nearly corresponds to Gd3+. Nevertheless, other authors have
eported higher values of ionic conductivity for ceria-samaria (CSO)

aterials [16,17]. It is thus far from clear whether the properties of
GO exceed those of CSO. The differences between results reported
y different authors can also be related to differences in powder
reparation and the corresponding effects on the relative role of
he resistive grain boundary [18,19]. For this reason one may expect
ome improvements by optimizing the sample preparation method.
n this work, we present the results with CGO as electrolyte. The
bjective of this work is the preparation of a single-chamber fuel cell
ed with methane and air with high current densities. We have opti-

ized the electrodes and electrolyte compositions and preparation
o obtain high current densities at relatively lower temperatures.
or this purpose we have utilized Co additions in the GDC pow-

er preparation in order to increase the density of the electrolyte
t lower sintering temperatures without density current losses, as
as been demonstrated in our previous work [13,20]. Moreover, we
ave added AgO in the LSC powder for the cathode preparation
o increase the electrical and ionic conductivity of the electrode.
lytes calcined at a constant temperature of 1400 ◦C. (a) 100% CGO, (b) 99% CGO + 1%

We have found that AgO is a good electrical and ionic conductor in
the cathode which stabilises the adherence of the cathode to the
electrolyte and do not disturbs the fuel-cell working. Probably, AgO
catalyses the dissociation of the oxygen molecule but do not catal-
yses the methane oxidation, because losses in the current density
of the fuel cell has not been observed.

2. Experimental

2.1. Powder preparation

Electrolyte and electrode powders for single-chamber fuel cells
were prepared by sol–gel related methods. Powders of LSCO for
cathodes were prepared by the citrate sol–gel method starting from
nitrate solutions of the different elements. The powders for the
Ce0.8Gd0.2O1.9 electrolytes were prepared by the sol–gel acetyl-
acetonate method starting from acetates: Ce(C2H3O2)3·1.5H2O
(Alfa Aesar, 99.9% purity), Gd(C2H3O2)3·xH2O and Co(C2H3O2)2
(Alfa Aesar, 99.9% purity) as described elsewhere [19]. Finally, pow-
der mixtures of 90% of Ni and 10% of CGO for anodes were prepared
from commercial Ni powders (ALDRICH, particle size 2.2–3 �m) and
CGO prepared by the acetyl-acetonate method. All of these powders
were characterized by XRD before his utilization and the patterns
showed no evidences of secondary phases.

2.2. Electrolyte preparation

Cylindrical pellets of CGO electrolytes with different amounts of
cobalt additions in order to reduce the sintering temperature (from
0.5% to 4% in weight) 10 mm of diameter and a thickness of ∼0.2 mm,
were prepared by uniaxial pressing at 3 ton cm−2 during 30 s. Then,
the pellets were heated between 1350 and 1440 ◦C during 10 h in

order to ensure the electrolyte densification. The microstructural
analysis of the sintered samples was performed by scanning elec-
tron microscopy (SEM). A homogeneous particle size distribution
and a very high density for the CGO electrolyte pellets were found
for the CGO electrolytes with ∼2% of Co additions. Higher Co addi-
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ions do not increase the density of the electrolytes because Co
vaporations and/or liquid losses by the crucibles take place [20].
ig. 1 shows the variation of the porosity as a function of CGO/Co
omposition for different electrolytes calcined at a constant tem-
erature of 1400 ◦C during 10 h. We can see that porosity of CGO
aterials decreases with Co proportion. So, the greatest density of

GO pellets was observed for samples with 2% of Co after 10 h at
400 ◦C. Optimal fuel cell electrical properties were also found for
his composition after this annealing treatment. We have also stud-
ed the variation of the CGO/Co electrolyte grain size as a function
f annealing temperature. We have observed that the diameter of
he CGO/Co grains increases drastically from 1350 to 1440 ◦C, but
he densification of the electrolyte is not obtained at temperatures
elow 1340 ◦C even at higher Co additions. For these reasons, we
ave prepared the electrolytes characterized in the present work at
400 ◦C.

.3. Electrode preparation

Anodes powders were prepared in an agate mortar from a mix-
ure of Ni + CGO 10% by weight mixed with a commercial resin.

e have mixed metallic Ni 99.9% purity, 2.2–3 �m average parti-
le size (ALDRICH) and CGO powders prepared as described above
y the sol–gel acetyl-acetonate method. The ink so fabricated was
eposited by dip coating on one side of the CGO cylindrical elec-
rolyte and the pellets (anode + electrolyte) were annealed 5 h at
00 ◦C in Ar/H2 5% before the cathode deposition on the other elec-
rolyte side in order to obtain good electrical contacts avoiding the
i oxidation.

For cathode preparation, mixtures of LSCO + CGO 10% by weight
ere prepared also in an agate mortar from the powders obtained

y the sol–gel methods described above. Then, the powders
ere homogenized with 10% weight of nanometric AgO par-

icles obtained by precipitation in water and mixed with the
ame commercial resin used for anode preparation. The ink so
ormed was deposited by dip-coating directly on the other side
f the dense CGO electrolyte. Finally, the samples (cylindrical
node/electrolyte/cathode) were annealed at 900 ◦C for 10 h in
rgon atmosphere to ensure good electrolyte-electrodes contacts.

.4. Fuel cell electrical properties

Platinum wires were attached to the electrode surfaces of the
uel cells for current collection using the different ink composi-
ions for anodes and cathodes described above. So, Ni + CGO 10%
y weight for anodes and LSCO + CGO 10% + AgO 10% by weight for
athodes were used, respectively. Both anode and cathode contacts
ere performed with the same ink that was used for electrodes
lm deposition by dip coating. An additional thermocouple Pt ver-
us Pt–10% Rd was placed in direct contact with the centre of the
node surface in order to determine the real temperature of the fuel
ells. The fuel cells were placed in a quartz tube reactor of 23 mm of
nternal diameter, where a mixture of N2 + O2 close to the air com-
osition (80:20%, respectively) was circulated at different flux rates

rom 200 to 450 ml min−1. The influence of methane flux rate for
lectrochemical evaluation was analysed from 0 to 100 ml min−1.
inally, the fuel cells were heated inside the quartz tube by a tubu-
ar furnace. It was found that the fuel cells were operatives at actual
emperatures between 675 and 775 ◦C giving considerable density
urrents.

The organic part of the inks for electrical contacts was eliminated

y the carrier gas during the heating at relatively low temperature
300–500 ◦C). Electromotive forces (emfs) were measured using a
eithley 617 electrometer with an input resistance of 1014 �. The
alue of current was measured by reading the voltage drop in an
uxiliary known resistance. I–V characteristics were determined
Sources 194 (2009) 961–966 963

by using the equipment for measuring current and voltage under
variable loads.

2.5. Catalytic measurements

For catalytic experiments, 20 mg of the LSCO + CGO 10% + 10%
AgO and 20–300 mg of Ni + CGO powders were placed on a gold
crucible positioned inside the same horizontal tubular quartz tube
of 23 mm internal diameter used for fuel cell characterization and
heated at 500 ◦C h−1 from room temperature to 800 ◦C into the
same tubular furnace 30 cm length in methane–air mixtures. Exper-
iments were performed at different atmosphere compositions of
N2, O2 and CH4 monitored by mass flow controllers. The stirring
rate influence was explored until a total flux rate of gas mixtures
∼500 ml min−1. Catalytic activity in front of methane oxidation was
analysed by gas chromatography. A part of the gas exiting the reac-
tor was analysed using a gas chromatograph equipped with thermal
conductivity detectors. The temperature of the furnace was con-
trolled by a temperature controller, and the temperature of the
samples was measured using a Pt versus Pt–10% Rd thermocouple
placed in the same experimental conditions that the sample. The
catalytic activity of the Pt wires and gold crucibles were negligible
due to the very small specific surface area.

3. Results and discussion

3.1. Fuel cells temperature characterization

We have found that the temperature of the fuel cells was approx-
imately the same as that of the furnace at relatively low values,
during heating. But, the temperature of the fuel cells is higher once
considerable oxidation of methane takes place (T > 690 ◦C). Then, an
electromotive force and an electrical current at 0 V appear and the
temperature of the fuel cells increases drastically. The actual tem-
perature of the fuel cells was ∼35–40 ◦C higher than the furnace
temperature during optimal operation of the fuel cells in our exper-
imental conditions. Similar differences between the temperature of
the fuel cells and the temperature of the furnace have been char-
acterized and reported recently in the literature by other authors
[9,13]. We have observed that the open circuit voltage (O.C.V.) and
the current density drop to zero when the fuel cells operational
temperature reaches ∼850 ◦C, which corresponds to a furnace tem-
perature of ∼800 ◦C. This deterioration of the electrical properties
could be recovered again by decreasing the temperature of the
furnace until 740 ◦C which corresponds to a fuel cell temperature
of 775 ◦C. We have analysed the atmosphere composition by gas
chromatography in these conditions at furnace temperature higher
than 800 ◦C. But, we have found that the O2 composition inside the
quartz tube decreases drastically to zero at these critical temper-
atures. On the other hand, we have observed the same behaviour
when we have analysed the gases inside the quartz tube without the
fuel cell device in the same experimental conditions. Then, H2, CO
and CO2 composition in the atmosphere increases drastically but
the O2 composition decreases to zero and the fuel cells are deacti-
vated due to the low oxygen partial pressure. So, we conclude that
homogeneous oxidation of methane takes place in the atmosphere
at these higher temperatures and the oxygen supply to the cathode
is not possible.

The fuel cells density current seems to be stable at fuel cell
temperatures lower than 775 ◦C and shows the same electrical char-

acteristics after more than 3 h of reaction. Then, the total resistance
drops to a few k� at 650–775 ◦C depending on the electrolyte
thickness and the active surface of the cathode. Typical values of
∼1–3 k� were found for a 200 �m thickness electrolyte and an
active surface of 10 mm2.
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because the H2 produced in the anode reacts directly with the O2
from the atmosphere as occurs when we decrease the CH4/O2 ratio
to <1 at lower temperatures (see above). Similar limit in the tem-
perature has been found by other authors in ∼20 �m thin films
ig. 2. Power density at 0.4 V and 770 ◦C cell temperature as a function of fuel to
xygen ratio for a fixed oxygen flow rate of 92 ml min−1 and a nitrogen flow rate of
50 ml min−1.

.2. Electrical measurements

In a first series of experiments, we have explored the influ-
nce of the CH4/O2 ratio on the electrical properties of the fuel
ells at a constant voltage load of 0.4 V and a furnace tempera-
ure of 740 ◦C. So, we have increased the CH4 flow rate from 0 to
10 ml min−1 maintaining a fixed oxygen and nitrogen flow rate of
2 and 350 ml min−1, respectively. Fig. 2 shows the power density
ependence of a fuel cell with an active surface of 10 mm2 annealed

n the furnace at a constant temperature of 740 ◦C, which corre-
ponds to a fuel cell temperature of 779 ◦C and a constant fuel cell
oltage of 0.4 V. A current density appears at a critical CH4 flow
ate value of ∼55 ml min−1 and increases with CH4 partial pres-
ure until a P(CH4)/P(O2) ∼1 ratio is attained. Then, power density
uel cell remains constant and higher CH4 partial pressures do not
ncrease the power density of the fuel cell. The fuel cell power den-
ity increases until a maximum constant value which corresponds
o ∼300 mW cm−2 when the CH4/O2 ratio is >1. Similar results have
een observed by other authors using YSZ as electrolyte [21]. The
rigin of this behaviour was attributed to oxidation and reduction
ycles ongoing on the nickel surface that depends on the oxygen
oncentration of the gas mixture. We have observed that catalytic
easurements carried out on isolated powders of the same catalyst

n the same reactor at similar experimental conditions show that
he H2 production by the catalyst decreases when the CH4/O2 ratio
s also <1. Probably, the H2 generated by the catalyst reacts with the
dditional O2 from the atmosphere in these conditions giving H2O
s reaction product of the methane oxidation. Normally, the H2 gen-
rated in the anode reacts with electrochemical oxygen produced in
he cathode at CH4/O2 ratio >1 in a single-chamber fuel cell at our
xperimental conditions. Nevertheless, some H2 produced in the
node reacts directly with the O2 from the atmosphere when the
H4/O2 ratio is <1 and the powder density decreases drastically. We
ave observed that this critical CH4/O2 ratio depends on tempera-
ure, internal diameter of the reactor tube and on the total flux rate
f the carrier gas for our CGO electrolytes. Oxidation and reduction
ycles ongoing on the CGO electrolytes (Ce+4 to Ce+3) could also be
appen at our experimental temperatures. For this reason, further
esearch is carried out in our laboratory in order to understand this

ehaviour.

In another series of experiments, we have explored the influence
f the total flux rate of the carrier gas for a constant CH4:O2:N2
ases composition. Furnace temperature and voltage load were
Fig. 3. Power density at 0.4 V and 740 ◦C furnace temperature (cell temperature
changes from 768 to 779 ◦C for 266 and 525 ml min−1, respectively) as a function of
total flow rate for a fixed CH4:O2:N2 ratios of 0.9:1:3.8.

maintained also constant at 740 ◦C and 0.4 V, respectively. Fig. 3
shows the power density dependence of the fuel cell as a function
of total flow rate for a fixed CH4:O2:N2 ratio of 0.9:1:3.8 at a con-
stant furnace temperature and voltage load. We have observed that
the power density increases progressively with the total flow rate
indicating that the reaction is controlled by diffusion process. Prob-
ably the elimination of reaction products like H2O and CO2 through
the porosity of the anode by the stirring rate increases the power
density of the fuel cells. We have observed that the O.C.V. is not
very sensitive to the flux rate variation. On the other hand, the fuel
cell temperature increases only a few degrees (from 768 to 779 ◦C)
for 266 and 525 ml min−1, respectively. The increase in the fuel cell
temperature by the total flux rate of the carrier gas at a constant
furnace temperature is due to the exothermic character of the reac-
tion, but cannot to explain the drastic power density increase of the
fuel cells.

The peaks power densities for a fuel cell operating at 694, 732
and 779 ◦C, which correspond to a furnace temperatures of 650,
700 and 740 ◦C at a constant total flux rate of 525 ml min−1 are rep-
resented in Fig. 4. We have explored higher temperatures at the
same atmosphere, but the density power drops drastically to zero,
Fig. 4. Cell voltage and power density as function of current density for a fuel
cell of CGO electrolyte-supported (thickness = 200 �m), Ni–CGO as anode and
LSCO–CGO–AgO as cathode.
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work and has been attributed to a change in the reaction mecha-
nism, which corresponds at the pass from the total oxidation of
methane giving CO2 + H2O to a partial oxidation of methane giving
mainly CO2 + H2 [22]. This change in the reaction mechanism is due
ig. 5. Catalytic activity of LSCO + CGO + AgO (0.02 g, calcined at 900 ◦C) and Ni + CGO
0.02 g and 0.30 g, reduced at 1000 ◦C) for methane oxidation to CO2 (CO2 produced
rom methane flow rate of 100 ml min−1 and CH4:O2:N2 ratios of 1.1:1:3.8).

DC (787 ◦C in contrast to 779 ◦C) at a similar methane to oxygen
atio of ∼1:1 [11]. A maximum power density peak of 760 mW cm−2

as found by these authors to be compared with the 280 mW cm−2

easured in our fuel cell for an electrolyte of 200 �m thickness.
evertheless, the experimental conditions as the carrier gas (He

espect to N2), flux rates and geometry of the reactor were not
he same. For this reasons, it is not possible to compare the power
ensity of the fuel cells. In Fig. 4, we can see that the current den-
ity drops linearly with voltage load and the peak of the power
ensity is symmetrical and increases with temperature. On the
and, the O.C.V. is lower for the methane fed single-chamber fuel
ells than for propane single-chamber fuel cells (0.75 V respect to
.85 V for propane fed SOFCs) because the working temperatures
re higher (650–775 ◦C respect to 450–550 ◦C, respectively) [13].
robably, substantial reduction of Ce+4 to Ce+3 at high temperature
methane fed fuel cells) contributes to this reduction in the O.C.V.
e+4 ions are stable below 600 ◦C (propane fed fuel cells), but Ce+3

ons, which lead to n-type conductivity, appear at higher tempera-
ures and decrease the O.C.V. because the GDC electrolyte becomes
mixed conductor [20]. The Ni/CGO anode and the LSCO/CGO/AgO

athode seem to be stable under these experimental conditions.
evertheless, more long term behaviour and cycling properties
ust to be undertaken in order to determine the veritable stabil-

ty of the fuel cells here studied in a flowing mixture of methane
100 ml min−1) and synthetic air (442 ml min−1).

.3. Catalytic measurements

Catalytic research is necessary to understand the mechanisms
nvolved in these types of fuel cell. So, we have investigated
he catalytic activity of both electrodes: Ni + CGO (anode) and
SCO + CGO + AgO (cathode) in the methane oxidation reaction at
he same experimental conditions than the operating fuel cells.
or this reason, we have studied the catalytic activity of similar
uantities of anode and cathode powders used in the fuel cells but

ntroduced in a gold crucible. Fig. 5 shows the CO2 production for 20
nd 300 mg of powders of Ni + CGO in front of the methane oxida-
ion into the same reactor and at the same experimental conditions.
e have also represented in the same figure the CO2 production
or 20 mg of LSCO + CGO + AgO which is the estimated quantity
sed in the cathodes of the fuel cells. We can see that catalytic
ctivity of the cathode (LSCO + CGO + AgO) is negligible in front of
he activity of the anode (Ni + CGO) in the range of temperatures
Fig. 6. Catalytic activity of LSCO + CGO + AgO (0.02 g, calcined at 900 ◦C) and Ni + CGO
(0.02 g and 0.30 g, reduced at 1000 ◦C) for methane oxidation to H2 (H2 concentracion
produced from methane flow rate of 100 ml min−1 and CH4:O2:N2 ratios of 1.1:1:3.8).

considered for the fuel cells (650–775 ◦C). CO2 production by the
anode composition appears at 400 ◦C and increases continuously
with temperature until ∼720 ◦C. Then, the CO2 production increases
drastically at higher temperatures. On the other hand, CO2 pro-
duction is detected at ∼600 ◦C for the LSCO + CGO + AgO cathode,
but a substantial increase take place only at temperatures up to
830 ◦C. On the other hand, H2 production by the anode and cathode
compositions is represented in Fig. 6. Hydrogen generation appears
at ∼700 ◦C and ∼830 ◦C for the anode and cathode compositions,
respectively. These temperatures correspond approximately to the
drastic increase in the CO2 concentration represented in Fig. 5. So,
we have observed the appearance of the O.C.V. and considerable
density currents in the fuel cells at the same temperature where H2
is generated by the Ni catalyst ∼690 ◦C (see Fig. 7). We can conclude
that the generation of H2 by the partial oxidation of methane on
the anode produces the voltage and density currents of the single-
chamber fuel cells studied here.

This effect has been also reported for LSCO powders in a previous
Fig. 7. Open circuit voltage (O.C.V.), CO2 and H2 composition as function of cell
temperature for a fixed methane flow rate of 100 ml min−1 and air flow rate of
442 ml min−1.
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ig. 8. Hydrogen composition produced by a fuel cell with 0.02 g of Ni + CGO as anode
nd by 0.02 g of isolated powders of Ni + CGO (methane flow rate = 100 ml min−1 and
H4:O2:N2 = 1.1:1:3.8).

o the decomposition of the cobaltite giving metallic cobalt, SrO and
a2O3 [23].

Finally, we have observed an apparent electrocatalytic effect
n the fuel cells. The same quantity of catalyst produces different
alues in the H2 concentration of the atmosphere, depending if
he catalyst is as isolated powder form in a gold crucible or it is
eposited as anode in a polarized fuel cell. Fig. 8 shows the H2
roduction inside the reactor when 20 mg of Ni + CGO are used in
owder form or as a painted anode on a polarized single chamber

uel cell. When the isolated powders of the catalyst are used, the
2 appears spontaneously at higher temperature (∼720 ◦C) than

n polarized fuel cells (∼685 ◦C). H2 production increases contin-
ously with the temperature when isolated powders of anode are
sed. However, H2 generation appears drastically at 700 ◦C for a
ingle-chamber fuel cell and its concentration decreases continu-
usly with temperature. This critical temperature corresponds to
he apparition of the maximum open circuit voltage (O.C.V.) of
he fuel cells. Then, CO2, H2 concentration and the O.C.V. values
ecrease progressively with temperature, probably because some
e+4 is reduced to Ce+3 and the electrocatalytic effect decreases. The
.C.V. drops to zero at higher fuel cell temperatures (T > 800 ◦C).
robably, the homogeneous reaction takes place in the reactor
tmosphere as have been explained above. So, there are a lower and
n upper temperature limit for the single-chamber fuel cells which
orrespond to the H2 generation by the anode or to the homoge-
eous reaction in the atmosphere, respectively. The same behaviour
as observed in propane fed single-chamber SOFCs at lower work-

ng temperatures due to the reactivity of this hydrocarbon at lower
emperatures on the same catalyst [13].
. Conclusions

The La0.5Sr0.5CoO3−ı (LSCO) is a stable cathode in diluted
ethane–air atmospheres for single-chamber solid oxide fuel cells

[

[

[
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based on CGO electrolytes at temperatures as high as 780 ◦C. There
is a considerable difference between the temperature of the fur-
nace and the temperature of the fuel cells due to the exothermic
character of the methane oxidation on the anode. It is possible to
increase the temperature difference between the furnace and the
single-chamber fuel cells by increasing the insulation of the reactor.
So, the heating produced by the partial oxidation of methane could
be used to help to maintain the fuel cell operational conditions.
Electrical properties of the fuel cells depend substantially on the
atmosphere composition (PCH4/PO2 ratio) and on the flux rates of
the total carrier gases, but the optimization of the parameters is pos-
sible in order to obtain good power densities. So, single-chamber
electrolyte-supported fuel cells are a promising alternative for the
fabrication of intermediate temperature solid oxide fuel cells oper-
ating between 650 and 780 ◦C in methane-diluted atmospheres.
There is an electrocatalytic effect produced by the polarization
of the fuel cells, because the same quantity of Ni + CGO catalyst
increases the H2 production by the methane partial oxidation,
depending if the catalyst is deposited as anode in a fuel cell or as
isolated powder form in an inert crucible.
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