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a b s t r a c t

Sr2Fe4/3Mo2/3O6 has been synthesized by a combustion method in air. It shows a single cubic per-
ovskite structure after being reduced in wet H2 at 800 ◦C and demonstrates a metallic conducting
behavior in reducing atmospheres at mediate temperatures. Its conductivity value at 800 ◦C in wet H2

(3% H2O) is about 16 S cm−1. This material exhibits remarkable electrochemical activity and stability in
H . Without a ceria interlayer, maximum power density (P ) of 547 mW cm−2 is achieved at 800 ◦C
eywords:
olid oxide fuel cells
node
erovskite
lectrochemical performance

2 max

with wet H2 (3% H2O) as fuel and ambient air as oxidant in the single cell with the configuration of
Sr2Fe4/3Mo2/3O6|La0.8Sr0.2Ga0.83Mg0.17O3 (LSGM)| La0.6Sr0.4Co0.2Fe0.8O3 (LSCF). The Pmax even increases to
595 mW cm−2 when the cell is operated at a constant current load at 800 ◦C for additional 15 h. This anode
material also shows carbon resistance and sulfur tolerance. The Pmax is about 130 mW cm−2 in wet CH4

(3% H2O) and 472 mW cm−2 in H2 with 100 ppm H2S. The cell performance can be effectively recovered
s bac
after changing the fuel ga

. Introduction

As one of the cleanest and most efficient power generation
evices, solid oxide fuel cell (SOFC) has drawn considerable atten-
ions from worldwide researchers in the past few decades. In
articular, the high operating temperature makes SOFC directly
tilize hydrocarbon fuels possible [1–5]. This feature makes the
ystem design much simplified and reduces the cost. However,
he state-of-the-art Ni-containing anodes presently used in SOFC
re susceptible to carbon formation and sulfur poisoning, both of
hich would severely deteriorate the cell performance, making the
irect oxidation of sulfur-containing hydrocarbon fuels impossible
6,7]. Therefore, there is a growing need in developing a new class
f anode materials with carbon resistance and sulfur tolerance for
he low-cost, direct hydrocarbon fueled SOFCs.

Ceramic oxides have emerged as the potential candidates
or the direct oxidation anodes in the past few years, among
hich perovskite oxides have received the most attention due

o the exhibited high mixed conductivity and good electro-
hemical activity in reducing atmospheres [8]. For instance,
La1−xSrx)0.9Cr0.5Mn0.5O3 was reported to show reasonably good
erformance at 900 ◦C in wet CH4 (3% H2O) without carbon

ormation when used as an anode material in SOFCs [9–11].
a4Sr8Ti11Mn0.5Ga0.5O37.5 is another example of potential anode
xhibiting good catalytic activity to wet H2 and CH4 at 950 ◦C
12]. At lower SOFC operating temperatures, however, the cat-

∗ Corresponding author. Tel.: +1 803 777 4875; fax: +1 803 777 0106.
E-mail address: chenfa@cec.sc.edu (F. Chen).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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k to H2.
© 2010 Elsevier B.V. All rights reserved.

alytic activity of these materials is insufficient. Recently, Huang
and Goodenough have demonstrated a new class of anode
materials Sr2MMoO6 (M = Mn, Ni, Co) with double perovskite
structure [13,14]. The SOFCs using such anode compositions have
showed good electro-catalytic activities and sulfur tolerance. When
combined with ceria based interlayer and Pt current collector,
impressive performance was obtained at intermediate tempera-
tures. Sr2NiMoO6 was also reported to have excellent performance
with H2 in absence of ceria interlayer and Pt current collector
[15]. These results suggest that the double perovskite type oxides
have resistance to carbon formation and tolerance to sulfur, and
therefore have a great potential to be anode materials for direct
hydrocarbon fueled SOFCs.

In addition to the double perovskite type anode materials men-
tioned above, Sr2FeMoO6 is another interesting candidate. It has
been investigated as a ferromagnetic material and is stable in reduc-
ing atmospheres due to the protection of the Mo4+/Mo5+ redox
couple that prevents Fe3+ from being reduced to Fe2+ [16,17]. Since
in air the most preferable oxidation state of Mo is +6, the phase of
Sr2FeMoO6 would not form in air. Special cares are needed during
SOFC fabrication in order to ensure the formation of the desirable
phase. Although Sr2FeMoO6 has recently been reported as an anode
in SOFCs by firing the anode in a protective atmosphere [18], it is
still needed to explore Sr2Fe1+xMo1−xO6 with different Fe and Mo
ratios, so that it can be synthesized in air, or at least it can be formed

under the fuel cell operating condition.

In this paper, Sr2Fe1+xMo1−xO6 (x = 0, 0.15, 1/3) have been
synthesized by a combustion method. The Sr2Fe4/3Mo2/3O6
composition can be easily reduced at 800 ◦C to form
a single phase double perovskite. The performance of

dx.doi.org/10.1016/j.jpowsour.2010.07.036
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenfa@cec.sc.edu
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order to reduce the anode. Fig. 3 shows the cell voltage and power
density as a function of current density at different temperatures.
The maximum power density (PMax) of the cell reached 268, 392,
547 mW cm−2 at 700, 750 and 800 ◦C, respectively.
072 G. Xiao et al. / Journal of Pow

he single cell Sr2Fe4/3Mo2/3O6|La0.8Sr0.2Ga0.83Mg0.17O3
LSGM)|La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) has been evaluated by
sing H2, CH4, or sulfur-containing H2 as fuel.

. Experimental

.1. Synthesis

Sr2Fe1+xMo1−xO6 (x = 0, 0.15, 1/3) were synthesized by a
lycine–nitrate combustion process (GNP). In a typical process,
trontium nitrate (99%, Alfa Aesar), iron nitrate (99%, Alfa Aesar)
nd ammonium molybdate (99%, Mallinckrodt Baker) were dis-
olved in de-ionized water according to the stoichiometry. Citric
cid was used to adjust the pH value of the solution and to prevent
ny precipitation, while glycine was used as a fuel for combustion.
fter being stirred for several hours, the solution was heated in a
icrowave oven until self-ignition. The combustion product, ash,
as collected and subsequently calcined at 600 ◦C for 2 h and at

100 ◦C for 5 h to remove any organic residues. The powders were
hen reduced in a flowing wet H2 (3% H2O) at 800 ◦C for 5 h for
hase and structure analysis.

The La0.8Sr0.2Ga0.83Mg0.17O3 (LSGM) electrolyte and
a0.6Sr0.4Co0.2Fe0.8O3 (LSCF) cathode powders were also pre-
ared by the GNP method which was described elsewhere
19,20].

.2. Characterizations

The powder X-ray diffraction (XRD) patterns were recorded on a
/MAX-3C X-ray diffractometer with graphite–monochromatized
u-K� radiation (�=1.5418 Å) at a scanning rate of 5 min−1 in
he 2� range of 10–90◦. MDI-Jade program was used to identify
he phases and to analyze crystal structures of the samples. The

icrostructural morphology was characterized by scanning elec-
ron microscopy (SEM, FEI Quanta and XL 30).

The total electrical conductivity of Sr2Fe4/3Mo2/3O6 in a rect-
ngular bar shape was measured in wet H2 (3% H2O) using the
tandard four terminal DC method. The pressed green bar was first
intered at 1400 ◦C for 5 h and then reduced at 800 ◦C in wet H2 (3%
2O) for 10 h before the conductivity measurement.

.3. Single cell test

The single cell was fabricated on the LSGM electrolyte substrate
ade by pressing LSGM pellets and then sintering at 1400 ◦C for 5 h.

he thickness of the LSGM pellets was about 300 �m. The inks of
he Sr2Fe4/3Mo2/3O6 anode and the LSCF cathode were then screen
rinted on the two sides of the LSGM electrolyte pellet. The anode
nd the cathode together with the LSGM electrolyte were then co-
red in air at 1100 ◦C for 2 h. The thickness of the electrodes was
bout 20–30 �m. Au paste was printed on the anode surface while
t paste was printed on the cathode surface as the contact layers
or current collection. Au is inert to the fuel oxidation. Ambient
ir was used as oxidant. The flow rate of the fuel gases was set at
0 ml min−1. The Sr2Fe4/3Mo2/3O6 anode was reduced in situ upon
xposure to wet H2 (3% H2O) at 800 ◦C for 5 h. Before any electro-
hemical measurement, the cell was stabilized at least for 1 h each
ime when the fuel gas was switched.

. Results and discussion
.1. Phase, structure and conductivity

Fig. 1 shows the XRD patterns of Sr2Fe1+xMo1−xO6 (x = 0, 0.15,
/3) before and after reduction at 800 ◦C in wet H2 (3% H2O). It is
Fig. 1. XRD patterns of Sr2Fe1+xMo1−xO6 (x = 0, 0.15, 1/3) synthesized in air and
reduced at 800 ◦C in wet H2 (3% H2O).

evident that the oxidized samples (calcined at 1100 ◦C for 5 h in
air) contain multiple phases. The major impurity can be indexed
as SrMoO4 (JCPDS 08-0482). The impurity peaks become weaker
with the decrease of the Mo concentration in the compound. Upon
reduction at 800 ◦C in H2, Sr2Fe4/3Mo2/3O6 shows a cubic perovskite
structure with no impurity peak detectable in the XRD pattern. The
calculated lattice parameter of Sr2Fe4/3Mo2/3O6 is 7.878(3) Å, which
is consistent with the reported value [21].

The conductivity of Sr2Fe4/3Mo2/3O6 as a function of tempera-
ture is shown in Fig. 2. In the temperature range 370–830 ◦C studied,
the electrical conduction follows the metallic behavior that the
value decreased while the temperature increased. At 800 ◦C, it was
about 16 S cm−1.

3.2. Single cell performance

The LSGM electrolyte supported fuel cell with Sr2Fe4/3Mo2/3O6
as the anode was tested with wet H2 (3% H2O) as the fuel and air
as the oxidant. Before testing, the cell was held at 800 ◦C for 5 h in
Fig. 2. Conductivity measured in wet H2 (3% H2O) on the Sr2Fe4/3Mo2/3O6 bar sin-
tered in air at 1400 ◦C. The bar was reduced at 800 ◦C in the testing atmosphere for
10 h before test.
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ig. 3. Cell voltage and power density as a function of current density in wet H2

3% H2O) of the single cell with Sr2Fe4/3Mo2/3O6 anode, LSGM electrolyte and LSCF
athode at 700, 750 and 800 ◦C.

The electrochemical impedance spectra at different tempera-
ures were also measured under open-circuit conditions and the
esults are shown in Fig. 4a. The high frequency intercept on the
eal axis represents the total ohmic resistance of the cell (Rohm).
he low frequency intercept on the real axis represents the total cell
esistance (Rtotal). The difference between the two is the electrode
olarization resistance (Rp), including the contribution from both
he cathode and anode. The values of Rp, Rohm and Rtotal of the cell
t 700, 750 and 800 ◦C are plotted in Fig. 4b. It can be seen that the
otal resistance was mainly dominated by Rohm. The value of Rohm
t 800 ◦C was about 0.4 � cm2. It is higher than that reported with a

00-�m thick LSGM electrolyte supported cell using a Sr2FeMoO6
node due to the lower electrical conductivity of Sr2Fe4/3Mo2/3O6
ompared with that of Sr2FeMoO6, which is about 200 S cm−1 at
00 ◦C in H2 [18]. However, the Rp ∼ 0.2 � cm2 at 800 ◦C is lower
han that of Sr2FeMoO6, which is about 0.3 � cm2 at 800 ◦C [18].

ig. 4. Impedance spectra and resistances of a single cell measured at 700, 750 and
00 ◦C under open-circuit conduction: (a) impedance spectra of the single cell at dif-
erent temperature and (b) the ohmic resistance (Rohm), the polarization resistance
Rp) and the total resistance (Rtotal) of the single fuel cell.
Fig. 5. Electrochemcial stability of a single cell with Sr2Fe4/3Mo2/3O6 anode at 800 ◦C
in wet H2 (3% H2O).

The lower Rp is probably due to the increased concentration of
oxygen vacancies by increasing the Fe/Mo ratio in Sr2Fe4/3Mo2/3O6,
resulting in a higher catalytic activity [22].

3.3. Stability, carbon resistance and sulfur tolerance

The stability of the Sr2Fe4/3Mo2/3O6 anode was investigated by
operating the single cell at Pmax (the current density was set at
1020 mA cm−2 according to the voltage–current density curve) in
wet H2 for 16 h at 800 ◦C. As shown in Fig. 5, a slight improve-
ment in the cell performance was observed and the Pmax reached
595 mW cm−2 at 800 ◦C at the end of the tested period. This result
demonstrates that Sr2Fe4/3Mo2/3O6 is a very promising anode
material with very good performance stability under the fuel cell
operating conditions. It further indicates that there exists no com-
patibility issues between the Sr2Fe4/3Mo2/3O6 anode and LSGM
electrolyte and a ceria interlayer is not needed.

The electrochemical performance of the Sr2Fe4/3Mo2/3O6 anode
for direct utilization of hydrocarbon fuel and for sulfur tolerance
was also investigated by testing the cell in wet CH4 (3% H2O)
and H2 containing 100 ppm H2S. As shown in Fig. 6, the maxi-
mum power density, Pmax reached 130 mW cm−2 in wet CH4 at

◦
800 C. Further, post-test analysis showed no carbon deposition
on the Sr2Fe4/3Mo2/3O6 anode, indicating that Sr2Fe4/3Mo2/3O6 is
a promising anode for direct hydrocarbon utilization. On the other
hand, the maximum power density, Pmax was 472 mW cm−2 when
the fuel was switched from wet H2 to H2 containing 100 ppm H2S,

Fig. 6. Cell voltage and power density as a function of current density in wet CH4

(3% H2O) and H2 with 100 ppm H2S at 800 ◦C.
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Fig. 7. Voltage change of the single cell in different fuel gas at 800 ◦C at 240 mA cm−2

current density when switching the fuel gas between wet H2 (3% H2O), wet CH4 (3%
H2O) and H2 with 100 ppm H2S.
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ig. 8. EDX line scan of La. La signal was not found in the anode after the test.

howing very little cell performance drop in sulfur-containing fuels.
In order to investigate the performance stability of fuel cells with

he Sr2Fe4/3Mo2/3O6 anode in different fuels, a constant current
ensity of 240 mA cm−2 was applied to the cell at 800 ◦C and the
ell voltage was monitored while the cell was exposed to differ-
nt fuels. As shown in Fig. 7, a sharp decrease in cell voltage from
.96 V to around 0.5 V was observed after the fuel was switched
rom wet H2 to wet CH4 (3% H2O) due to the low catalytic activity
f Sr2Fe4/3Mo2/3O6 anode in CH4 compared with that in H2. The
ell voltage gradually became stable and it was about 0.45 V after
eing operating for 1 h in CH4. However, the cell voltage immedi-
tely recovered back to 0.94 V after the fuel gas was switched from
H4 back to wet H2. Similar behavior was also observed when the

uel gas was switched between wet H2 and H2 with 100 ppm H2S.
he cell voltage was 0.91 V in H2 with 100 ppm H2S and recovered
o 0.93 V after the fuel gas was switched from H2 with 100 ppm H2S
ack to wet H2 again. These results suggest that Sr2Fe4/3Mo2/3O6

s a very promising anode material to directly utilize hydrocarbon
nd sulfur contained fuels.

The EDX line scan result of the interface between the
r2Fe4/3Mo2/3O6 anode and LSGM electrolyte after the cell perfor-
ance testing is shown in Fig. 8. No La signal has been observed in

he anode region, indicating that there are no compatibility issues
hen using the Sr2Fe4/3Mo2/3O6 anode and LSGM electrolyte with-
ut the ceria interlayer.
As it is reported on Sr2MgMoO6, the properties of these dou-

le perovskite oxides are strongly affected by the states of B-site
ations, such as the ratio of the cations and the degree of the
ation ordering [21,23]. By comparing the single cell performance

[

[

[

rces 195 (2010) 8071–8074

of Sr2Fe1+xMo1−xO6 anode with different Fe/Mo ratios reported
recently [18,24], it can be found that both the Mo content and
the intrinsic oxygen vacancies determined by the Fe/Mo ratio play
important roles in the anode catalytic activity. However, further
fundamental studies are needed in order to elucidate the mecha-
nism of these influencing factors.

4. Conclusions

Sr2Fe4/3Mo2/3O6 has been synthesized in air by the
glycine–nitrate combustion method. A pure perovskite phase
was obtained by reducing the synthesized powder at 800 ◦C
in wet H2 (3% H2O). The electrical conductivity of the reduced
Sr2Fe4/3Mo2/3O6 shows a metallic behavior from 370 to 830 ◦C in
wet H2 (3% H2O). The single cell performance evaluation using
Sr2Fe4/3Mo2/3O6 as the anode indicates good catalytic activity and
stability in H2 and also shows the potential to utilize hydrocarbon
and sulfur-containing fuels directly. Although long term stability
test of Sr2Fe4/3Mo2/3O6 is still needed, this material shows the
potential to be a promising candidate anode material for SOFCs.
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