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a b s t r a c t

A solid-oxide fuel cell (SOFC) based upon Fe perovskites, has been designed and tested. Materials with
nominal compositions Sr0.9K0.1FeO3−ı (SKFO) and Sr1.6K0.4FeMoO6−ı (SKFMO) with perovskite structure
have been prepared and characterized as cathode and anode, respectively. The anode material exhibits
high electrical conductivity values of 407–452 S cm−1 at 750–820 ◦C in pure H2. In the test cells, the
electrodes were supported on a 300-�m-thick pellet of the electrolyte La0.8Sr0.2Ga0.83Mg0.17O3−ı (LSGM).
The single SOFC cells gave a maximum power density at 850 ◦C of 937 mW cm−2 with pure H2 as a
fuel. Sizeable power densities were also observed with alternative fuels: 694 and 499 mW cm−2 with H2

containing 5 parts per million of H2S and CH4, respectively, at 800 ◦C. Moreover, only a slight degradation
of about 3.6% of the power density has been obtained after 65 different cycles of fuel-cell test in H2 at
750 ◦C and 14% at 850 ◦C in 50 cycles using H2–H2S. This remarkable behavior has been correlated to
the structural features determined in a neutron powder diffraction experiment in the usual working
conditions of a SOFC for a cathode (air) and an anode (low pO2). On the one hand, the cubic Pm-3m

Sr0.9K0.1FeO3−ı cathode material is an oxygen deficient perovskite with oxygen contents that vary from
2.45(2) to 2.26(2) from 600 to 900 ◦C and high oxygen isotropic thermal factors (4.17(8) Å2) suggesting a
high ionic mobility. On the other hand, the actual nature of the anode of composition Sr1.6K0.4FeMoO6−ı

has been unveiled by neutron powder diffraction to consist of two main perovskite phases with the
compositions SrMoO3 and SrFe0.6Mo0.4O2.7. The association of two perovskites oxides, SrMoO3 with high
electrical conductivity, and SrFe0.6Mo0.4O2.7 with mixed ionic–electronic conductivity has resulted in an
extraordinarily performing anode material for SOFCs.
. Introduction

Solid oxide fuel cells (SOFCs) exhibit higher efficiency and
re less sensitive to fuel impurities than fuel cells working at
ow temperatures, so the former can operate under a wide vari-
ty of fuels (e.g. hydrogen, methane, carbon monoxide, naphtha,
as oil, kerosene, gases of biomass and landfill wastes). How-
ver, reduction of the operating temperature to the 500–850 ◦C
ange while keeping a high performance is one of the major

equirements for viable commercialization of these devices. To
his end, the development of mixed ionic–electronic conduc-
ors (MIECs) as electrodes with an adequate performance at
he lower temperatures is one of the challenges [1]. There-
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fore, extensive attempts to identify catalytically active MIECs
suitable for both the anode and the cathode continue to be
made.

Regarding the cathode, stabilization of a 3C perovskite frame-
work based upon the SrCoO3−ı system has been a widely used
strategy to obtain an adequate mixed ionic–electronic conduc-
tor in air at the operating temperature. For this purpose, several
chemical substitutions have been performed at either the Sr (par-
tially replaced by Ba, La, Sm) [2] or Co (partly replaced by Sc,
Fe, Ni, Sb, etc.) [3,4] positions, or at both. The most extensively
used derivatives of SrCoO3−ı are Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF)
[5], SrCo0.8Fe0.2O3−ı (SCF) [6,7] and La1−xSrxFe1−yCoyO3−ı [8–10]
due to their high oxygen fluxes and favorable oxygen-reduction

◦
performance at temperatures ≥600 C. However, these materials
show moderate electronic conductivities (∼35 S cm−1) [11], which
could be one of the problems responsible for their low perfor-
mance at temperatures below 600 ◦C [5,12]. The SrCo0.95Sb0.05O3−ı

perovskite has been shown to be an excellent cathode with high
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http://www.sciencedirect.com/science/journal/03787753
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lectronic conductivity (500 S cm−1 at 400 ◦C) and very low polar-
zation resistances [13,14]. Nevertheless, Co is too expensive even

hen partially substituted by other metals and it is associated with
too high thermal expansion related to the other cell components.

n a previous work, we have developed a Co-free Sr0.9K0.1FeO3−ı

erovskite with very appealing properties as a SOFC cathode; the
ntroduction of K in the SrFeO3−ı perovskite has a twofold effect
15]: on the one hand, the larger ionic radius of K+ (1.64 Å) with
espect to Sr2+ (1.44 Å) combined with the hole-doping effect
nduces an increase of the tolerance factor, favoring the stabi-
ization of an untilted crystal structure with Fe–O–Fe angles of
80◦, which maximizes the Fe–O–Fe interactions. On the other
and, the presence the K would boost the Fe valence, which favors
he introduction of oxygen vacancies at high temperature, to pro-

ote an adequate ionic conductivity at the working temperature. A
ingle-cell test based upon Sr0.9K0.1FeO3−ı as cathode, Sr2MgMoO6
s anode, and La0.8Sr0.2Ga0.83Mg0.17O3−ı (LSGM) as electrolyte
ave maximum power densities of 680 mW cm−2 at 800 ◦C and
50 mW cm−2 at 850 ◦C with pure H2 as fuel [15].

Concerning the anode, the conventional Ni-YSZ cermets catalyze
arbon formation during direct oxidation of hydrocarbon fuels and
uffer from sintering problems during the cell operation [16–18].
oreover, Ni-based anodes are susceptible to sulphur poisoning

19], whereas copper–ceria cermets (Cu–CeO2) lack adequate cat-
lytic activity and thermal stability. The development of MIEC
xides stable under reducing atmosphere is one important topic
nder investigation. Several works have demonstrated a great per-
ormance of Mo-based double perovskites operating in H2 or CH4
s a fuel [20]. The development of a Co-free anode based upon the
r2FeMoO6 system with adequate mixed ionic–electronic conduc-
ivity, sulphur tolerance, and operating either in H2 or CH4 as a fuel
as our goal. For this purpose, single cells have been set up and

ested using Sr1.6K0.4FeMoO6 (SKFMO) as anode, Sr0.9K0.1FeO3−ı

SKFO) as cathode and LSGM as electrolyte. The present NPD study
f the thermal evolution of the crystal structure of both electrodes
elped to unveil several key features to understand their perfor-
ance in a single cell.

. Experimental

The syntheses of the Sr0.9K0.1FeO3−ı (SKFO) and
r1.6K0.4FeMoO6−ı (SKFMO) materials were performed with a
tandard ceramic procedure. For SKFO, stoichiometric amounts
f analytical grade Sr(CH3COO)2, K2C2O4·H2O and Fe(CH3COO)2
ere heated in air in alumina crucibles at 900 ◦C for 15 h, 1000 ◦C

or 15 h, and 1100 ◦C for 10 h with intermediate grindings,
ollowed by ball milling for 40 min. For SKFMO, stoichiomet-
ic amounts of Sr(CH3COO)2, K2C2O4·H2O, Fe(NO3)9·H2O and
NH4)6Mo7O24·4H2O were ground and calcined at 800 ◦C for 10 h
nd 1200 ◦C for 20 h and, after ball milling the powder, reduced at
50 ◦C for 12 h in pure H2.

In order to assess phase purity, X-ray diffraction (XRD) anal-
sis was performed with a Philips X-pert diffractometer (40 kV,
0 mA) in Bragg–Brentano reflection geometry with Cu K� radi-
tion (� = 1.5418 Å). For the characterization of the electrodes,
eutron powder diffraction (NPD) is a powerful tool [21] to exam-

ne, in situ, the electrodes under the usual conditions of a SOFC (air
or the cathode, and low pO2 atmosphere for the anode). Neutron
owder diffraction (NPD) patterns were collected at the Institut
aue-Langevin, Grenoble (France) as a function of temperature at

he D2B diffractometer with � = 1.594 Å. The SKFO cathode mate-
ial was contained in a quartz tube open to the air and placed in a
anadium furnace. The NPD patterns were collected at RT, 600, 800
nd 930 ◦C. On the other hand, SKFMO was placed in a vanadium
an introduced into a vanadium furnace and the experiment was
urces 196 (2011) 5478–5484 5479

carried out under vacuum. The NPD patterns were collected at 250,
500, 750, 850 and 930 ◦C. NPD diffraction patterns were analysed by
the Rietveld method [22] with the FULLPROF refinement program
[23]. A pseudo-Voigt function was chosen to generate the line shape
of the diffraction peaks. The coherent scattering lengths for K, Sr, Fe,
Mo and O were: 3.67, 7.020, 9.75, 6.715 and 5.803 fm, respectively.
The following parameters were refined in the final run: scale factor,
background coefficients, zero-point error, pseudo-Voigt corrected
for asymmetry parameters, positional coordinates, and isotropic
displacement factors.

The electrical conductivity of dense bars was measured for the
reduced SKFMO sample from 200 to 850 ◦C in pure H2, 5% H2–95%
Ar, CH4, and air by the dc four-probe method. A current load of
10–100 mA was applied and the potential drop was recorded in an
RG&G Princeton Applied Research 273 Potentiostat-Galvanostat.

Single-cell tests were carried out on electrolyte-supported cells
using La0.8Sr0.2Ga0.83Mg0.17O3−ı (LSGM) as electrolyte. The LSGM
pellets of 20-mm diameter were sintered at 1450 ◦C for 20 h and
then polished with a diamond wheel to a thickness of 300 �m.
La0.4Ce0.6O2−ı (LDC) was used as a buffer layer between the anode
and the electrolyte in order to prevent the interdiffusion of ionic
species between perovskite and electrolyte. Inks of LDC, SKFO and
SKFMO were prepared with a binder (V-006 from Heraeus). LDC
ink was screen-printed onto one side of the LSGM disk followed
by a thermal treatment at 1300 ◦C in air for 1 h. SKFMO was sub-
sequently screen printed onto the LDC layer and fired at 1275 ◦C
in air. SKFO was finally screen printed onto the other side of the
disk and fired at 1100 ◦C for 1 h. The working electrode area of
the cell was 0.24 cm2 (0.6 cm × 0.4 cm). Reference electrodes of the
same materials as the working electrodes were used to monitor
the overpotentials of the cathode and anode in the cell config-
uration [24,25]. The reference electrodes were deposited 5 mm
apart from the working electrodes and with an area of 0.04 cm2

(0.2 cm × 0.2 cm). Pt gauze with a small amount of Pt paste in sep-
arate dots was used as current collector at both the anodic and the
cathodic sides for ensuring electrical contact. The cells were tested
in a vertical tubular furnace at 750, 800, and 850 ◦C; the anode side
was fed with different fuels of pure H2, H2–H2S, and CH4 with a
flow of 20 ml min−1, whereas the cathode worked in an air flow of
100 ml min−1.

The fuel-cell tests were performed with an EG&G potentio-
stat/galvanostat by changing the voltage of the cell from 1.28 to
0.2 V, with steps of 0.030 V, holding 10 s at each step. Current
density was calculated by the recorded current flux through the
effective area of the cell (0.24 cm2). The electrolyte voltage drop
was calculated from the electrolyte conductivity obtained by ac
impedance spectroscopy in air in previous experiments [24,25]. The
stability of the cell was evaluated by performing the fuel-cell test
from 1.28 V to 0.2 V and back to 1.28 V in several cycles.

Scanning electron microscopy was used to study the cross-
sectional layers of the SKFO/LSGM/LDC/SKMFO cells in a JEOLJSM-
5610 instrument.

3. Results and discussion

3.1. In situ NPD determination of the crystal structures

SKFO was prepared as a polycrystalline powder; its crystal struc-
ture at room temperature (RT) was defined from XRD data as
tetragonal P4/mmm with minor amounts of Sr3Fe2O6.75 as a sec-

ondary phase [15]. The SKFMO oxide was successfully obtained
as a black, well crystallized powder. As shown in Fig. 1a, XRD
data showed no evidence of impurities or starting materials in the
prepared powders and all the reflections were apparently char-
acteristic of a cubic perovskite for both the SKFO and the SKFMO
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Fig. 2. Observed (open circles), calculated (full line) and difference (at the bottom)
NPD profiles for Sr0.9K0.1FeO3−ı at 600 ◦C in air refined in the cubic Pm-3m. The ver-
tical markers correspond to the allowed Bragg reflections. The irregular background
is due to the quartz container.

Table 1
Unit-cell, thermal parameters and main bond distances (Å) for K0.1Sr0.9FeO3−ı

refined in the cubic Pm-3m space group from NPD data at 600 ◦C, 800 ◦C and 930 ◦C
in air. Reliability factors are also included.

600 ◦C 800 ◦C 930 ◦C

a (Å) 3.91298(7) 3.9397(1) 3.9597(2)
V (Å)3 59.913(2) 61.149(3) 62.084(4)

(Sr, K) 1b (1/2 1/2 1/2)
B (Å)2 1.92(4) 2.49(5) 3.16(6)

(Fe) 1a (0 0 0)
B (Å)2 1.81(4) 2.52(4) 3.21(5)

O1 3d (1/2 0 0)
Focc 0.82 0.77 0.75
B (Å)2 2.72(5) 3.42(7) 4.17(8)
Reliability factors
�2 6.85 6.31 5.32
Rp% 2.90 2.82 2.51
Rwp% 3.90 3.83 3.47
Rbragg% 3.25 3.64 2.83
AO12 polyhedra A = Sr, K
A–O1 2.76688(4) 2.78576(6) 2.79992(8)
FeO6 octahedra
Fe–O1 1.95648(4) 1.96983(6) 1.97981(8)
ig. 1. (a) X-ray diffraction diagrams of Sr0.9K0.1FeO3−ı and Sr1.6K0.4FeMoO6−ı . (b)
ietveld plot of Sr1.6K0.4FeMoO6−ı refined with a two-perovskite phase model.

hases. However, a more exhaustive Rietveld analysis of the crystal
tructure of SKFMO at RT reveals a very poor fitting between the
xperimental and the calculated XRD profiles due to the appearance
f extra features or shoulders in the experimental profile. Attempts
o refine the structure in less symmetric space groups did not
mprove the fitting. Finally, the introduction of two cubic Pm-3m
hases with slightly different unit-cell parameters (a = 3.98135(4)
nd a = 3.9561(9) Å) allowed us to satisfactorily improve the profile
tting. Fig. 1b illustrates the final Rietveld plot obtained, where all
he shoulders are accounted for by the second perovskite phase.

ore details on the nature of both perovskite oxides were deter-
ined from the neutron experiments.
The thermal evolution of the crystal structure of the SKFO cath-

de material was studied by NPD; the data were collected in situ in a
uartz tube open to the air in the usual working temperature range
f a SOFC, 600–930 ◦C. At 600 ◦C the crystal structure of the sam-
le was Rietveld-refined in the cubic Pm-3m space group. In spite
f the irregular background due to the quartz container, a good
greement between observed and calculated profiles was achieved
Fig. 2). Subsequent structural refinement of NPD data collected at
00 and 930 ◦C was also successfully refined in this Pm-3m space
roup. Table 1 summarizes the main structural features determined
or this cathode material.

The thermal evolution of the oxygen content in air was also

tudied by neutron powder diffraction. Fig. 3 shows the temper-
ture dependence of the concentration of oxygen vacancies (ı)
nd unit-cell parameters for SKFO. The oxygen content decreases
hen heating the sample in air from a virtually stoichiomet-

Fig. 3. Thermal variation of unit-cell parameters and oxygen vacancies (ı) contents
of Sr0.9K0.1FeO3−ı from in situ NPD data. A phase transition from tetragonal to cubic
occurs between RT and 600 ◦C.



S.-e. Hou et al. / Journal of Power Sources 196 (2011) 5478–5484 5481

F
P
m

r
a
a
t
(
o
i
i
c
i
e
e
o
F
2

S
t
h
5
s
o
a
d
o
a
t
f
i
fi
u
t
o
m
c
s
s
F
s
a
c
m
r
u

Table 2
Unit-cell, thermal parameters and main bond distances (Å) for two main crystal-
lographic phases required to describe K0.4Sr1.6FeMoO6−ı in the cubic Pm-3m space
group from NPD data at 750 ◦C. Reliability factors are also included.

SrMoO3 SrFe0.6Mo0.4O3−ı

a (Å) 4.0048(1) 3.9830(2)
V (Å)3 64.229(4) 63.187(4)

(Sr) 1b (1/2 1/2 1/2)
B (Å)2 2.55(8) 2.7(1)

(Mo) 1a (0 0 0) (Fe, Mo) 1a (0 0 0)
B (Å)2 0.98(7) 2.36(7)

O1 3d (1/2 0 0)
Focc 1.0 0.93
B (Å)2 2.53(5) 3.28(9)
Fract (%)a 49.9 32.3
Rbragg% 4.55 6.9
AO12 polyhedra A = Sr
A–O1 2.83182(5) 2.8164(5)
Fe,MoO6 octahedra
B–O1 2.00240(5) 1.9915(1)
Reliability factors
�2 2.75
ig. 4. Rietveld refinement of the Sr1.6K0.4FeMoO6−ı structure at 850 ◦C using a two-

m-3m phases model. The two last series of Bragg-reflection markers correspond to
inor SrMoO4 and Fe impurity phases.

ic Sr0.9K0.1FeO2.96(4) at RT to a highly reduced Sr0.9K0.1FeO2.26(2)
t 930 ◦C. The oxygen contents at 600 and 800 ◦C were 2.45(2)
nd 2.32(2), respectively. The isotropic displacement factors (B) of
he oxygen atoms increase from 2.72(5) Å2 (600 ◦C) to 4.17(8) Å2

930 ◦C) indicating a high mobility or chemical lability of these
xygens, thus suggesting a high ionic conductivity at the work-
ng temperatures of the SOFC. It is important to note that there
s a change of the slope in the thermal evolution of the a unit-
ell parameter at 600 ◦C. Above this temperature the expansion
s higher; this might be due to the association of two effects at
levated temperatures; on the one hand the expected thermal
xpansion due to the increase in the lattice vibrations and, on the
ther hand, the expansion due to the progressive reduction of the
e oxidation state from 4+ at RT to 3+ at 600 ◦C, 2.74+ at 800 ◦C and
.62+ at 930 ◦C.

Secondly, the thermal evolution of the crystal structure of the
KFMO material used as anode was also evaluated by NPD. For
his purpose, the sample was contained in a vanadium can under
igh vacuum (10−6 torr) and the NPD data were collected at 250,
00, 750, 850, and 930 ◦C. An initial attempt to refine the crystal
tructure in the cubic Pm-3m space group showed the existence
f some extra reflections corresponding to the SrMoO4 scheelite
nd Fe metal as secondary phases. Furthermore, the analysis of the
iffraction data with the simple cubic perovskite and the two sec-
ndary phases reveals a very poor fitting between the experimental
nd the calculated NPD profiles due to the appearance of extra fea-
ures or shoulders in the experimental profile, as commented above
or the treatment of the XRD data; attempts to refine the structure
n less symmetric space groups did not improve the quality of the
tting. The introduction of two cubic phases with slightly different
nit-cell parameters and with a strong degree of overlapping of
he low-angle reflections led to a satisfactorily agreement between
bserved and calculated profiles. Fig. 4 illustrates the final refine-
ent at 850 ◦C, successfully performed with a four-phase model

onsisting of two cubic perovskite phases and the two SrMoO4
cheelite and Fe metal minor impurity phases. Table 2 lists the
tructural parameters obtained for both cubic phases at 750 ◦C.
rom the refinement of the occupancy factors of both perovskite
tructures, the following compositions have been determined for

ll the temperatures: SrMoO3 and SrFe0.6Mo0.4O3−ı. The SrMoO3
ubic perovskite is oxygen stoichiometric (according to the refine-
ent of the occupancy factors for the oxygen atoms) and has been

eported to present one of the highest electrical conductivity val-
es at room temperature for a ceramic material (∼104 S cm−1) [26].
Rp% 3.21
Rwp% 4.08

a The remain is 17% SrMoO4 and 0.5% Fe.

Moreover, the accompanying SrFe0.6Mo0.4O3−ı oxygen-defective
perovskite, containing about 0.3 oxygen vacancies per formula unit,
seems to contribute sufficiently high oxide-ion conductivity in the
usual working conditions of an anode in a SOFC. Fig. 5 displays the
thermal evolution of the lattice parameters and isotropic thermal
factors of the oxygen atoms for both perovskite phases; no struc-
tural transitions have been observed in the measured temperature
range.

3.2. Electrical conductivity

Fig. 6 shows the thermal variation of the electrical conductivity
of SKFMO measured in different atmospheres. In air the conduc-
tivity increases with temperature up to 0.6 S cm−1 at 600 ◦C. As the
atmosphere becomes more reducing, from 5% H2–Ar to pure H2, the
material becomes metallic and the electrical conductivity increases
reaching in the temperature range of 750–820 ◦C the values of
14.7–19.0 and 407–452 S cm−1, respectively, for the two atmo-
spheres. Under CH4, the SKFMO oxide shows a semiconductor-like
behavior in all the temperature range studied, displaying a maxi-
mum conductivity of 11.8 S cm−1 at 820 ◦C.

3.3. Fuel-cell test

The performance of Sr1.6K0.4FeMoO6−ı as anode and
Sr0.9K0.1FeO3−ı as cathode was tested in single cells in an
electrolyte-supported configuration using a 300-�m-thick LSGM
electrolyte. Fig. 7 shows the cell voltage and power density as a
function of current density at 750, 800 and 850 ◦C for the single
cells fed with pure H2, H2 containing 5 parts per million of H2S
and CH4 as fuels. In H2 the maximum power densities generated
by the cell are 586, 766 and 937 mW cm−2 for temperatures of
750, 800 and 850 ◦C, respectively. In H2–H2S the maximum power
densities yield 598, 695 and 797 mW cm−2 at 750, 800, and 850 ◦C,
respectively. The use of CH4 as fuel leads to a considerable decrease
of the cell performance; in this case the maximum power densities
drop to values of 109, 189 and 399 mW cm−2 at 750, 800, and

◦
850 C, respectively.
The anode and cathode overpotentials (�a and �c) as a function

of the current density for H2, H2–H2S and CH4 at 750, 800, and
850 ◦C are shown in Fig. 8. The dependences of �a and �c on the
current density agree well with that of the power density. For all
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ig. 5. Thermal variation of (a) unit cell a parameters and (b) isotropic thermal
actors for oxygen atoms for the two perovskite phases SrMoO3 and SrFe0.6Mo0.4O2.7.
he cases under study, the cathode overpotential is higher than that
f the anode as previously observed for other systems [20].

Fig. 9 shows a SEM micrograph of the cross section of the
athodic and anodic sides of the cell carried out after the single-

ig. 6. Electrical conductivity Sr1.6K0.4FeMoO6−ı under different atmospheres.
Fig. 7. Cell voltage (left axis) and power density (right axis) as a function of the
current density for the test cell with the configuration SKFMO/LDC/LSGM/SKFO (a)
in pure H2, (b) in H2–H2S and (c) in CH4.

cell tests. A good adherence between electrolyte and electrodes is
observed, without cracking problems after the temperature cycling
under H2. The thickness of SKFO is about 50 �m whereas a layer of
20 �m thick of SKFMO is deposited over a 30 �m thick LDC. It is
also apparent that the electrolyte presents high density and the
electrodes exhibit an adequate porosity.

In order to test the stability of the cell, we ran the cells for

repeated power cycles of 20 min from 1.28 V to 0.2 V and back
to 1.28 V. Fig. 10a shows the maximum power density at 750 ◦C
obtained in 65 different number of power cycles of fuel-cell test
in H2. A slight degradation of about 3.6% of the power density
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unravel the actual nature of the anodic material. In fact it is
ig. 8. Anodic and cathodic overpotentials for test cells with Sr1.6K0.4FeMoO6−ı and
r0.9K0.1FeO3−ı as anodic and cathodic materials (a) in pure H2, (b) in H2–H2S and
c) in CH4.

s observed at the end of the experiment. However, the stability
est performed at 850 ◦C in H2–H2S gave a more important perfor-

ance degradation of 14% after 50 cycles and 20% after 100 cycles
Fig. 10b), probably due to the sulphur poisoning of the anode.

The described test-cell shows an excellent performance of
he SKFO/LSGM/SKFMO SOFC configuration with a maximum
ower density of 937 mW cm−2 and a non-negligible power of
66 mW cm−2 at 800 ◦C with pure H2 as a fuel, amply surpassing
he requirements of 500 mW cm−2 at 800 ◦C for practical use of a

ingle cell. It also exhibits a good cyclability with little power loss
p to 65 cycles. The anode material shows a good fuel flexibility,
ielding almost 400 mW cm−2 with CH4 as a fuel. Moreover, both
athode and anode overpotentials take small values, below 0.1 V
Fig. 9. Cross-section SEM images of (a) the SKFO/LSGM cathode side and (b) the
anode side SKFMO/LDC/LSGM after the fuel cell test under H2.

at a current density of 500 mA cm−2 at 800 ◦C, and therefore the
cathodic/anodic losses are no longer rate-determining for the out-
put power of the cell. The ohmic loss across the electrolyte is now
rate limiting since the concentration overpotentials are not likely
to be rate limiting at those current densities with H2 fuel and thick
film electrodes. Therefore, a foreseeable way to improve the per-
formance would be to make either anode- or cathode-supported
cells, thus reducing the thickness of the electrolyte to a minimum
value.

We can correlate the good performance observed in the single-
cell test with the structural features obtained from the “in situ”
neutron powder diffraction experiment in the usual working condi-
tions of a cathode (air) and an anode (low pO2) in a SOFC. On the one
hand, we have observed that the cathode Sr0.9K0.1FeO3−ı is a cubic
Pm-3m perovskite with an oxygen content that varies from 2.45(2)
to 2.26(2) oxygens per formula unit from 600 to 900 ◦C. Remarkably,
it is among the most oxygen deficient perovskites ever reported,
comparable to Sr0.2Ba0.8CoO2.27(1) [27]. Furthermore, the isotropic
thermal factors (B) of the oxygen atoms increase from 2.72(5) to
4.17(8) Å2 in the same temperature range, indicating a high mobil-
ity or chemical lability of these oxygen atoms and suggesting a high
ionic conductivity.

On the other hand, the neutron experiment allowed us to
a composite consisting of two main cubic perovskite phases,
SrMoO3 and SrFe0.6Mo0.4O2.7, the former characterized by an ele-
vated electronic conductivity whereas the latter combines a mixed
ionic–electronic conduction mechanism. In fact, double perovskites
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ig. 10. Stability of the cell performance versus the number of power cycles in (a)
ure H2 and (b) H2–H2S. The cells for repeated power cycles of 20 min from 1.28 V
o 0.2 V and back to 1.28 V.

f the type Sr2BB′O6, containing two transition metal ions at the B
ositions, have been demonstrated to be an excellent alternative to
he standard cermets (Ni+YSZ) and to exhibit an excellent perfor-

ance in single cells in hydrogen and methane [20,28]. The double
erovskite Sr2FeMoO6 (written as SrFe0.5Mo0.5O3 in the absence of

ong-range Fe/Mo ordering) is well-known for its magneto resis-
ance properties, based upon its simultaneous ferromagnetic and
alf-metallic behavior [29,30]. The absence of potassium in the
efined stoichiometry of the present SrFe0.6Mo0.4O2.7 perovskite is
robably related to the high synthesis temperature, involving the
ublimation of this element. However, the presence of potassium in
he starting composition seems to be essential to produce an anode

aterial with adequate texture and final composition, giving rise
o the observed segregation into two main perovskite components.
rials to utilize directly the standard Sr2FeMoO6 double perovskite
s anode led to an extremely low performance. In the present case,

he association of these two main perovskite components results
n an anode material with an extraordinary performance in single-
ell tests, with a good stability along several operating cycles with
2 as fuel and non-negligible fuel flexibility in the 750–850 ◦C tem-
erature range.

[
[

[

urces 196 (2011) 5478–5484

4. Conclusions

SKFO and SKFMO have been successfully utilized as cathode
and anode materials, respectively, in single SOFC cells with LSGM
as electrolyte. A maximum power density of 937 mW cm−2 was
obtained at 850 ◦C with pure H2 as fuel, whereas non-negligible
power outputs were reached with alternative fuels such a CH4. We
can correlate the good performance observed in the single-cell tests
with the structural features obtained from NPD data collected in
the usual working conditions of a cathode (air) and an anode (low
pO2) in a SOFC. The cathode is a cubic perovskite Sr0.9K0.1FeO3−ı

between 600 ◦C and 800 ◦C displaying an oxygen content that varies
from 2.45(2) to 2.26(2), respectively. The oxygen atoms exhibit high
isotropic thermal factors suggesting a high ionic conductivity. The
extraordinary performance of the anode material relies on the asso-
ciation of the two main cubic perovskite phases, combining a high
electronic and ionic conductivity under reducing conditions and an
adequate fuel flexibility.
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