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a b s t r a c t

Iron–cobalt-based perovskite oxides with general formula Ln0.7Sr0.3Fe0.8Co0.2O3−ı (where Ln = La, Pr and
Gd) have been investigated for their application as intermediate-temperature cathodes in solid oxide fuel
cells (SOFCs). Powdered samples of these materials were synthesized by a novel gel combustion process
and then characterized by X-ray powder diffraction (XPD) and scanning electron microscopy (SEM). XPD
eywords:
olid oxide fuel cells
athodes
erovskites
ingle-chamber SOFCs

patterns were satisfactorily indexed with an orthorhombic GdFeO3-type structure and, for all samples,
a mean particle size of less than 1 �m was estimated from the SEM data. Experimental single-chamber
SOFCs using with these materials as cathodes and NiO–SDC (samaria-doped ceria) and SDC as anode and
electrolyte, respectively, were evaluated at 600 ◦C in a methane/oxygen mixtures. Peak power densities
of 65.4, 48.7 and 46.2 mW cm−2 were obtained for Ag|Ln0.7Sr0.3Fe0.8Co0.2O3−ı|SDC|NiO–SDC|Pt cells with
Ln = Pr, La and Gd, respectively. The relatively high power density obtained for the Pr compound shows

ting
that it could be an interes

. Introduction

Depending on the specific composition, perovskite oxides of
eneral formula Ln1−xAxBO3−ı (Ln = rare earth; A = Sr, Ca, Ba; B = Cr,
n, Fe, Co or Ni) have been found to exhibit a wide variety

f magnetic and electronic properties. Members of the family
a1−xSrxMnO3 (LSM) are archetypal electronic conductors and have
een extensively used as cathodes in ZrO2-based solid oxide fuel
ells (SOFCs) [1]. However, the lack of oxide-ion vacancies and
ts conductivity at the SOFC working temperature, makes it nec-
ssary to use thick and porous electrodes containing an array of
riple-phase boundaries where gas, electrolyte and electrode meet,
hich limits their efficiency. Their use is further hindered by the

ormation, at the typical annealing temperatures for preparation of
OFCs (>1200 ◦C), of the insulating pyrochlore oxide La2Zr2O7 at the
oundary with the yttria-stabilized zirconia (YSZ) electrolyte. This
oses a major problem in the fabrication processes. Since the reac-
ivity depends on the Ln and Sr content, the use of Pr0.7Sr0.3MnO3

athodes, which exhibit better compatibility with YSZ, is an inter-
sting option [2].

The use of lanthanum cobaltites as cathodes has been intensively
nvestigated in the last years [3]. Initially, research focused on the

∗ Corresponding author. Tel.: +34 94 6012458; fax: +34 94 6013500.
E-mail address: teo.rojo@ehu.es (T. Rojo).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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material for cathode of single-chamber SOFCs.
© 2009 Elsevier B.V. All rights reserved.

La1−xSrxCoO3−ı (LSC) family due to its considerable ionic conductiv-
ity and sizeable electronic conductivity, which makes LSC materials
interesting mixed ionic–electronic conductors (MIECs) [4]. Their
disadvantage, however, is their high reactivity with the commonly
used YSZ electrolyte, which restricts its use and makes it necessary
the search for alternative electrolytes: LSC cathodes combined with
ceria-based ceramic electrolytes – particularly samaria-doped ceria
(SDC) – have been shown to outperform LSM cathodes.

More recently, further research has been aimed at attempt-
ing to overcome the shortfalls associated with LSC cathodes by
replacing La by other lanthanide such as Gd, Sm or Dy. Thus, for
example, the conductivity of Gd1−xSrxCoO3 has been investigated
by Takeda et al., who found that its performance as cathode mate-
rial, although somewhat worse than that of LSC, is still acceptable
for a working SOFC [5]. On the other hand, this material reacts
with YSZ forming the phase SrZrO3, which is a great disadvan-
tage for the cathode material. Nevertheless, the GdCoO3 compound
(non-Sr-doped) presents an acceptable behaviour even at temper-
atures as high as 1000 ◦C, without any reaction products in the
electrolyte/electrode interface after long operating times, turning
it into a good cathode for intermediate-temperature SOFC.
Finally, a large deal of research has been devoted to the develop-
ment of new materials that overcome the technological problems
associated with LSC materials at relatively high-temperatures. In
general, this effort has been focused on B-doped perovskites, among
which the La1−xSrxCo1−yFeyO3 (LSCF) series features as one of the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:teo.rojo@ehu.es
dx.doi.org/10.1016/j.jpowsour.2009.04.069
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chose a total flow rate of 300 ml min−1.
ig. 1. Schematic illustrations of SOFCs designs: (a) dual-chamber and (b) single-
hamber.

ost promising systems (appreciating a decrease of the conductiv-
ty with the iron content) [6,7].

This paper describes the initial stages of the development of
new series of high-performance Ln0.7Sr0.3Fe0.8Co0.2O3−ı (Ln = La,
d, Pr) cathodes (hereafter LnSFC) for SOFC use. The samples under
tudy were synthesized by a novel gel combustion process and char-
cterized by X-ray powder diffraction (XPD) and scanning electron
icroscopy (SEM). Their performance as cathodes was evaluated in

n experimental single-chamber SOFCs (SC-SOFCs). While conven-
ional dual-chamber SOFCs rely on the strict separation of fuel and
xidant (Fig. 1b), SC-SOFCs consist of only one gas chamber and,
herefore, both electrodes are exposed to a uniform mixture of fuel
nd oxidant gases (Fig. 1b). The operation of these cells relies on
he use of highly selective cathode and anode catalysts. In the case
f the anode, it is possible to take advantage of the presence of O2
o produce the partial oxidation of the fuel (a hydrocarbon, usually

ethane), reaction that can be catalyzed at intermediate temper-
tures. The concept of SC-SOFC, put forward by Hibino [8–12],
vercomes many difficult problems of conventional SOFCs that are
nresolved so far.

. Experimental

.1. Synthesis and structural characterization
Powders of LnSFC compounds were prepared following a novel
ombustion route using arginine as fuel. Appropriate amounts
f the nitrates [Pr(NO3)3·5H2O; Sr(NO3)2; Fe(NO3)3·9H2O and
o(NO3)2·6H2O] were dissolved in distilled water and arginine was
dded to the solution in the proportion required for a stoichiomet-
wer Sources 193 (2009) 774–778 775

ric combustion reaction. A concentrated gel formed as the solvent
evaporated, which finally burned due to the exothermic redox reac-
tion between nitrate ions and the fuel. This exothermic reaction was
relatively mild except for the case of Gd, for which a vigorous flame
was observed. The resulting powders were calcined in air at 800 ◦C
for 2 h.

The crystal structure of the as-synthesized powders was deter-
mined by X-ray powder diffraction (XPD). Data were collected with
a Philips X’Pert-MPD diffractometer operated with Cu K� radiation
and fitted by the Rietveld least-square method using the FULL-
PROF program [13]. The microstructure of the obtained particles
was observed by scanning electron microscopy (SEM) using a JEOL
JSM-6400 microscope at 20 kV accelerating voltage.

2.2. Manufacture of the single-chamber SOFCs

Based on the previous results on the system Ln0.7Sr0.3
Fe0.8Co0.2O3−ı (Ln = La, Pr, Gd), SDC was chosen as electrolyte
material [14]. SDC electrolytes were prepared from commercial
CeO2–10 mol% Sm2O3 powders (Nextech Materials) by uniaxial
pressing at 200 MPa followed by sintering in air at 1500 ◦C dur-
ing 2 h. The relative density of the obtained pellets was of 95%. The
surface of these electrolyte pellets was polished with 100 grit SiC
paper in order to control their thickness and get a good adhesion
to the cathode. The electrolytes used in this study were polished
down to a thickness of about 0.3 mm in order to increase the power
density.

NiO–SDC (Nextech Materials—NiO:SDC = 60:40 in weight)
mixed with the vehicle ink (Nextech Materials) composite was
used as anode. The resulting paste, of suitable fluidity, was painted
onto one of the faces of the electrolyte pellets and then sintered at
1250 ◦C for 2 h.

The as-synthesized LnSCF powders were dispersed in a com-
mercial organic vehicle (Nextech Materials) forming a paste. For the
praseodymium sample, a powder/vehicle ratio of 1:0.50 in weight
was used to achieve a homogeneous paste. In case of the compounds
of gadolinium and lanthanum, it was necessary to dilute the pow-
der in larger quantity of vehicle, obtaining a powder/vehicle ratio
of 1:0.75. This paste was painted on the surface of SDC pellets as
thinly as possible with a brush and, finally, it was sintered at 1050 ◦C
during 90 min to ensure relatively high porosity and good adhesion.
The choice of the above-mentioned conditions for the preparation
of LnSCF cathodes materials was based on their performance for
electrochemical oxygen reduction evaluated in a previous study by
electrochemical impedance spectroscopy (EIS) [14].

Finally, the current collectors were painted with Pt and Ag on
the anode and cathode, respectively. Taking into account that it
is very important to keep the selectivity of the electrodes, this
choice was based on the fact that Ag exhibits lower catalytic activity
for methane oxidation than Pt. Ag coating was sintered at 750 ◦C,
whereas Pt one was treated at 950 ◦C. Five cells were tested to
confirm the reproducibility of the system.

Methane (CH4) is a viable fuel for SC-SOFCs, as has been demon-
strated for several authors, and the development of devices using
this fuel is very important for several applications. For this reason,
a mixture of methane/air was chosen to study the operation of the
cells that are described along this paper. It was used a mixture of
CH4 and air in a CH4:O2 ratio of 2:1 since this is the optimal condi-
tion to promote the partial oxidation of CH4. After several tests, we
Details of our experimental setup are described in Fig. 1b. The
outer and inner quartz tubes have inner diameters equal to 40 and
15 mm, respectively. In order to let the gas mixture flow on both
sides, the current collector wires were welded to the corresponding
side of the cell.
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Table 1
Crystal structure and lattice parameters for Ln0.7Sr0.3Fe0.8Co0.2O3−ı (Ln = La, Pr, Gd).

Ln Structure a (Å) b (Å) c (Å)

La Orthorhombic 5.3376 (29) 5.4353 (25) 7.7193 (26)
ig. 2. XPD patterns of LnSFC samples showing observed (points) and calculated
line) profiles.

. Results and discussion

.1. X-ray powder diffraction
As explained above, XPD data refinements were per-
ormed by the Rietveld method. The patterns of the different
n0.7Sr0.3Fe0.8Co0.2O3−ı (Ln = La, Pr, Gd) samples are shown in
ig. 2. Lattice parameters are summarized in Table 1. In general,
PD results showed high crystallinity for powders fired at 1050 ◦C.

Fig. 3. SEM top-view micrographs of LnSFC thick films on
Pr Orthorhombic 5.3732 (15) 5.4144 (19) 7.7069 (19)

Gd
Orthorhombic 5.3155 (30) 5.5384 (31) 7.6314 (48)
Rhombohedral 5.4393 (22) 13.2641 (11)

XPD patterns were indexed with a single orthorhombic ortho-
ferrite structure (SG = Pbnm) in the case of the La and Pr samples,
whereas for Ln = Gd segregation into two phases (SG = Pbnm and R-
3c) was observed. A similar result has been previously reported in
the Gd1−xSrxFeO3−ı system where the Gd/Sr size mismatch induces
a structural strain that leads to phase segregation [15]. In addition, it
has been reported that the (Gd0.6Sr0.4)0.99Fe0.8Co0.2O3−ı compound
consists of two phases with different Sr content [16].

3.2. Scanning electron microscopy

The effect of grain size on the conductive properties of electrode
materials is a well-established fact: their performance improves
with decreasing particle size. Porosity is also a major factor affecting
it, as the presence of pores facilitates the gas transfer thus increasing
the number of active reaction sites.

The results of the morphological study of the LnSFC phases are
shown in Fig. 3. The La and Pr phases exhibit a very similar appear-
ance with relatively homogeneous particle size. The Gd compound,
on the other hand, shows a more heterogeneous aspect with regions
of larger sintered grains. At the same time, La and Pr phases present
a higher volume of pores than that of Gd, which, in principle,
will favour transport within the electrode. These SEM observa-
tions seem to agree with the presence of two phases detected for
the Gd compound in our XPD experiments and also reported by

other authors [15,16], as discussed in the above section: two phases
were observed by SEM, one with small average particle size (less
than 1 �m) and the other one form by relatively large particles
(3–4 �m). These results agree with those described in the literature
[16].

SDC electrolytes: (a) LaSFC, (b) PrSFC and (c) GdSFC.
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Table 2
Performance of SC-SOFCs at 600 ◦C with Rmix = 2 under 300 ml min−1 of a SDC
electrolyte-supported cell using Ni–SDC cermet and Ln0.7Sr0.3Fe0.8Co0.2O3−ı (Ln = La,
Pr, Gd) materials as anode and cathode, respectively.

Cathode material OCV (mV) Short-circuit
current (mA cm−2)

Peak power density
(mW cm−2)
I. Ruiz de Larramendi et al. / Journa

.3. Electrochemical performance of single-chamber SOFCs

The Ag|Ln0.7Sr0.3Fe0.8Co0.2O3−ı|SDC|NiO–SDC|Pt SC-SOFCs were
laced in the support described in Fig. 1b. The oxygen partial pres-
ures at the anode and cathode sides in these conditions cannot be
ssumed as fixed, since they depend on the catalytic activity of the
lectrodes, the temperature and fuel and oxidant ratio and its flow
ate. For the working conditions used in this study (CH4:O2 ratio of
:1), the most favourable reaction is the partial oxidation of CH4:

H4+(1/2)O2 → CO + 2H2 (1)

H2 and CO are then oxidized to H2O and CO2, respectively, by
2− anions coming from the electrolyte.

However, the real situation can be more complex, particularly
f the working temperature is relatively high, since many other
hemical reactions can happen between the products of the above
eaction (Eq. (1)) and the reagents. Besides, the selectivity of the
lectrodes can be affected if the working temperature increases,
articularly because the cathode can start to promote the oxidation
f the fuel. In addition, several dynamic phenomena taking place
n the Ni catalysts in the case of partial oxidation of CH4 have been
eported [17,18]. For these reasons, it is important to pay attention to
he selection of an appropriate temperature in order to control the
yclic oxidation and reduction processes occurring on the surface
f the anode.

The working temperature also affects the transport properties of
he electrolyte. In the case of SDC electrolyte, for T > 700 ◦C, a size-
ble electronic conductivity takes place. This causes a decrease of
he open-circuit voltage of the cell, thus reducing its power density.

Taking into account all the above factors, we fixed the working
emperature at a moderate value of 600 ◦C. A recent study of the
atalytic properties of NiO–SDC composites for partial oxidation of
ethane has shown that these materials have good performance at

his temperature [19].
The performance of the Ag|Ln0.7Sr0.3Fe0.8Co0.2O3−ı|SDC|NiO–

DC|Pt SC-SOFCs at 600 ◦C under a CH4/air mixture with a CH4:O2
atio of 2:1 is shown in Fig. 4. Open-circuit voltages (OCVs),
hort-circuit currents and peak power densities obtained for each

ompound are listed in Table 2. After the initial reduction of the
node, SC-SOFCs with La, Pr and Gd cathodes exhibited OCV val-
es of 756, 730 and 675 mV, respectively. The cell prepared with La
ompound showed the highest OCV value, but it decayed fast as the
pplied current density was increased, presenting a short-circuit

ig. 4. Discharge curves at 600 ◦C under a CH4/air mixture with a CH4:O2 ratio of
:1 (flow rate: 300 ml min−1) of electrolyte-supported single-chamber SOFCs for
n0.7Sr0.3Fe0.8Co0.2O3−ı (Ln = La, Pr, Gd) cathodes, SDC electrolyte and NiO–SDC com-
osite anode.
Pr0.7Sr0.3Fe0.8Co0.2O3−ı 730 171 65.4
La0.7Sr0.3Fe0.8Co0.2O3−ı 756 125 48.7
Gd0.7Sr0.3Fe0.8Co0.2O3−ı 675 137 46.2

current of 125 mA cm−2. For the Gd0.7Sr0.3Fe0.8Co0.2O3−ı material,
a lower OCV value was observed (675 mV), but the voltage drop in
this cell was lower than that observed for the La compound. On
the other hand, the cell using the Pr0.7Sr0.3Fe0.8Co0.2O3−ı cathode
shows an OCV of 730 mV, with a voltage drop similar to the gadolin-
ium cell. Peak power densities of 48.7, 65.4 and 46.2 mW cm−2

were obtained for the La, Pr and Gd cells, respectively. The above
results agree with the behaviour observed in our previous EIS study
of LnSFC materials, since the Pr compound exhibited the low-
est area-specific resistance (ASR = 0.30 � cm2 at 700 ◦C), followed
by that of La (ASR = 0.42 � cm2 at 700 ◦C) and, finally, that of Gd
(ASR = 1.05 � cm2 at 700 ◦C) [14].

To check the reproducibility of the Ag|Ln0.7Sr0.3
Fe0.8Co0.2O3−ı|SDC|NiO–SDC|Pt SC-SOFCs, five identical cells
were prepared and tested for several hours. A highly reproducible
cell performance was observed in all the studied systems. Under the
described conditions, it has been observed that the OCV decreases
slightly after 10 h operation time and the cell performance decayed
relatively rapid with increasing current density. The complete
study of the stability of these systems will be carried out in further
works under way.

The obtained OCV values are similar to those reported in cells
based on doped ceria electrolytes, which are relatively low due to
the reduction of the Ce4+ to Ce3+ in the SDC electrolyte under the
operation conditions. Nonetheless, in this type of systems using
ceria the discharge is slower and the ohmic resistance is lower
than those observed using YSZ or LSGM (La0.9Sr0.1Ga0.8Mg0.2O3)
as electrolyte [11].

The obtained results show the clear influence of the cathode
composition on the OCV and the performance of the SC-SOFCs.
Highly active standard materials used in conventional SOFCs, such
as La0.8Sr0.2MnO3−x (LSM) and La0.8Sr0.2Co0.2Fe0.8O3−x (LSCF), are
not applicable in SC-SOFC because they do not exhibit enough selec-
tivity [20]. Besides, we have shown that the Pr0.7Sr0.3Fe0.8Co0.2O3−ı

compound shows higher performance than that reported for con-
ventional cathode materials [20,21]. It, therefore, appears as an
interesting potential cathode material for SC-SOFCs.

The main drawback of SC-SOFCs is their very low fuel utiliza-
tion. Typical values are usually lower than 1% and even cells with
high performance only reach about 3.6% [22]. In the present work,
the fuel utilization was about 0.4%, similar to the values that can
be calculated from the results reported by other authors (see, for
example, the summary of results reported in Ref. [22]). However,
a recent numerical study [23] demonstrated that high efficiency
and fuel utilization can be obtained by optimizing all the relevant
parameters, such as CH4 flow rate, CH4:O2 ratio, the use of a balance
gas, the flow geometry, etc. In addition, the same study showed that
much better performance can be obtained in stacks (for example, a
simple two-cell one). Experimental works confirming these results
would be very important in order to enable the use of SC-SOFCs in
practical applications.
4. Conclusions

The perovskite-type Ln0.7Sr0.3Fe0.8Co0.2O3−ı (Ln = La, Gd, Pr)
compounds have been evaluated for their use as cathodes for
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ntermediate-temperature SC-SOFCs. This series of compounds was
ynthesized using a novel gel combustion process. For Ln = La and
r, single orthorhombic phases were found, while for Gd compound
n orthorhombic–rhombohedral phase segregation was detected.
hese LnSCF powders were used to prepare pastes with a com-
ercial vehicle, which were then deposited over SDC electrolytes

nd sintered at high-temperature. Scanning electron microscopy
howed that the surface of the painted pellets are highly porous,
acilitating gas transfer and maximizing the number of active sites
or the oxygen reduction reaction.

Electrolyte-supported SOFCs with Ln0.7Sr0.3Fe0.8Co0.2O3−ı

Ln = La, Gd, Pr) materials as cathode have been shown to provide
ood performance when operated in a single-chamber design. The
eak power density of Ag|Ln0.7Sr0.3Fe0.8Co0.2O3−ı|SDC|NiO–SDC|Pt
ells, evaluated at 600 ◦C, was of 65.4, 48.7 and 46.2 mW cm−2 for Pr,
a and Gd cathodes, respectively. However, our preliminary study
learly suggests new prospects for the Pr0.7Sr0.3Fe0.8Co0.2O3−ı

aterial as cathode in intermediate-temperature single-chamber
OFCs.
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seful discussions.

[

[

[

wer Sources 193 (2009) 774–778

References

[1] Y. Takeda, Y. Sakaki, T. Ichikawa, N. Imanishi, O. Yamamoto, M. Mori, N. Mori, T.
Abe, Solid State Ionics 72 (1994) 257–264.

[2] Y. Sakaki, Y. Takeda, A. Kato, N. Imanishi, O. Yamamoto, M. Hattori, M. Iio, Y.
Esaki, Solid State Ionics 118 (3/4) (1999) 187–194.

[3] R.H.E. van Doorn, A.J. Burggraaf, Solid State Ionics 128 (1–4) (2000) 65–78.
[4] V.V. Srdic, R.P. Omorjan, J. Seydel, Mater. Sci. Eng. B 116 (2) (2005) 119–124.
[5] Y. Takeda, H. Ueno, N. Imanishi, O. Yamamoto, N. Sammes, M.B. Phillipps, Solid

State Ionics 86–88 (1996) 1187–1190.
[6] L.-W. Tai, M.M. Nasrallah, H.U. Anderson, D.M. Sparlin, S.R. Sehlin, Solid State

Ionics 76 (3/4) (1995) 259–271.
[7] L.-W. Tai, M.M. Nasrallah, H.U. Anderson, D.M. Sparlin, S.R. Sehlin, Solid State

Ionics 76 (3/4) (1995) 273–283.
[8] T. Hibino, H. Iwahara, Chem. Lett. 7 (1993) 1131–1134.
[9] T. Hibino, S. Wang, S. Kakimoto, M. Sano, Electrochem. Solid-State Lett. 2 (7)

(1999) 317–319.
[10] T. Hibino, S. Wang, S. Kakimoto, M. Sano, Solid State Ionics 127 (1/2) (2000)

89–98.
[11] T. Hibino, A. Hashimoto, T. Inoue, J.-I. Tokuno, S.-I. Yoshida, M. Sano, Science

288 (2000) 2031–2033.
12] T. Hibino, A. Hashimoto, M. Yano, M. Suzuki, S.-I. Yoshida, M.J. Sano, J. Elec-

trochem. Soc. 149 (2) (2002) A133–A136.
[13] J. Rodríguez-Carvajal, Physica B 192 (1–2) (1993) 55–69.
[14] I. Ruiz de Larramendi, D.G. Lamas, A. Fernández, J.I. Ruiz de Larramendi, T. Rojo,

N.E. Walsöe de Reca, Electrochem. Soc. Trans.: Solid Oxide Fuel Cells 7 (2007)
1147–1155.

[15] J. Blasco, J. Stankiewicz, J. García, J. Solid State Chem. 179 (3) (2006) 898–908.
[16] K. Kammer, Solid State Ionics 177 (11–12) (2006) 1047–1051.
[17] X. Zhang, D.O. Hayward, D.M.P. Mingos, Catal. Lett. 86 (4) (2003) 235–243.
[18] Y.P. Tulenin, M.Y. Sinev, V.V. Savkin, V.N. Korchak, Catal. Today 91/92 (2004)

155–159.
[19] M.D. Cabezas, D.G. Lamas, M.G. Bellino, R.O. Fuentes, N.E. Walsöe de Reca, S.A.

Larrondo, Electrochem. Solid-State Lett. 12 (2009) B34–B37.
20] B. Morel, R. Roberge, S. Savoie, T.W. Napporn, M. Meunier, Appl. Catal. A: Gen.
323 (2007) 181–187.
21] M. Kuhn, T.W. Napporn, M. Meunier, D. Therriault, J. Electrochem. Soc. 155 (10)

(2008) B994–B1000.
22] T.W. Napporn, X. Jacques-Bédard, F. Morin, M. Meunier, J. Electrochem. Soc. 151

(12) (2004) A2088–A2094.
23] Y. Hao, D.G. Goodwin, J. Power Sources 183 (1) (2008) 157–163.


	Development of electrolyte-supported intermediate-temperature single-chamber solid oxide fuel cells using Ln0.7Sr0.3Fe0.8Co0.2O3-delta (Ln=Pr, La, Gd) cathodes
	Introduction
	Experimental
	Synthesis and structural characterization
	Manufacture of the single-chamber SOFCs

	Results and discussion
	X-ray powder diffraction
	Scanning electron microscopy
	Electrochemical performance of single-chamber SOFCs

	Conclusions
	Acknowledgments
	References


