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SraFeys3Moy306 has been synthesized by a combustion method in air. It shows a single cubic per-
ovskite structure after being reduced in wet H, at 800°C and demonstrates a metallic conducting
behavior in reducing atmospheres at mediate temperatures. Its conductivity value at 800°C in wet H,
(3% H,0) is about 16 Scm~!. This material exhibits remarkable electrochemical activity and stability in
H,. Without a ceria interlayer, maximum power density (Pmax) of 547 mW cm~2 is achieved at 800°C
with wet H, (3% H,0) as fuel and ambient air as oxidant in the single cell with the configuration of
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Sgﬁ‘évgllze fuel cells SI'zFE4/3 M02/305\L30_35r0_2G30_33Mg0_1703 (LSGM)\ Lao_GSro_4C00_2 Fe0_303 (LSCF) The Pmax even increases to
Anode 595 mW cm~2 when the cell is operated at a constant current load at 800 °C for additional 15 h. This anode
Perovskite material also shows carbon resistance and sulfur tolerance. The Ppay is about 130 mW cm~—2 in wet CHy

Electrochemical performance (3% H,0) and 472 mW cm~2 in H, with 100 ppm H;S. The cell performance can be effectively recovered

after changing the fuel gas back to Hs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

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

Ceramic oxides have emerged as the potential candidates
for the direct oxidation anodes in the past few years, among
which perovskite oxides have received the most attention due
to the exhibited high mixed conductivity and good electro-
chemical activity in reducing atmospheres [8]. For instance,
(La1_xSrx)o.9CrgsMng 503 was reported to show reasonably good
performance at 900°C in wet CHy (3% H,0) without carbon
formation when used as an anode material in SOFCs [9-11].
LasSrgTi;1Mng5Gag 50375 is another example of potential anode
exhibiting good catalytic activity to wet H, and CH4 at 950°C
[12]. At lower SOFC operating temperatures, however, the cat-
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alytic activity of these materials is insufficient. Recently, Huang
and Goodenough have demonstrated a new class of anode
materials Sr;MMoOg (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. Sr;NiMoOg was also reported to have excellent performance
with H, 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, Sr,FeMoOg is another interesting candidate. It has
beeninvestigated as a ferromagnetic material and is stable in reduc-
ing atmospheres due to the protection of the Mo**/Mo>* 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
Sr,FeMoOg would not form in air. Special cares are needed during
SOFC fabrication in order to ensure the formation of the desirable
phase. Although Sr,FeMoOg has recently been reported as an anode
in SOFCs by firing the anode in a protective atmosphere [18], it is
still needed to explore SryFe1.xMo1_,Og 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, SryFej.xMo;_4Og (x=0, 0.15, 1/3) have been
synthesized by a combustion method. The SryFes3Mo,/306
composition can be easily reduced at 800°C to form
a single phase double perovskite. The performance of
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the single cell Sr2F64/3M02/305\Lao.gsr0.2G30.83Mg0‘]703
(LSGM)|LaggSrp.4Cop2Fegg0O3 (LSCF) has been evaluated by
using Hy, CHy, or sulfur-containing H; as fuel.

2. Experimental
2.1. Synthesis

SroFe1.xMo01_xOg (x=0, 0.15, 1/3) were synthesized by a
glycine-nitrate combustion process (GNP). In a typical process,
strontium nitrate (99%, Alfa Aesar), iron nitrate (99%, Alfa Aesar)
and ammonium molybdate (99%, Mallinckrodt Baker) were dis-
solved in de-ionized water according to the stoichiometry. Citric
acid was used to adjust the pH value of the solution and to prevent
any precipitation, while glycine was used as a fuel for combustion.
After being stirred for several hours, the solution was heated in a
microwave oven until self-ignition. The combustion product, ash,
was collected and subsequently calcined at 600°C for 2 h and at
1100°C for 5 h to remove any organic residues. The powders were
then reduced in a flowing wet H, (3% H,0) at 800°C for 5h for
phase and structure analysis.

The LaggSrp2GaggsMgp1703 (LSGM)  electrolyte  and
Lag gSrg4CogFegg03 (LSCF) cathode powders were also pre-
pared by the GNP method which was described elsewhere
[19,20].

2.2. Characterizations

The powder X-ray diffraction (XRD) patterns were recorded on a
D/MAX-3C X-ray diffractometer with graphite-monochromatized
Cu-Ko radiation (A=1.5418A) at a scanning rate of 5min~! in
the 20 range of 10-90°. MDI-Jade program was used to identify
the phases and to analyze crystal structures of the samples. The
microstructural morphology was characterized by scanning elec-
tron microscopy (SEM, FEI Quanta and XL 30).

The total electrical conductivity of SrpFes;3Mo0/306 in a rect-
angular bar shape was measured in wet Hy (3% H,0) using the
standard four terminal DC method. The pressed green bar was first
sintered at 1400 °C for 5 h and then reduced at 800 °C in wet H; (3%
H,0) for 10 h before the conductivity measurement.

2.3. Single cell test

The single cell was fabricated on the LSGM electrolyte substrate
made by pressing LSGM pellets and then sintering at 1400 °C for 5 h.
The thickness of the LSGM pellets was about 300 pm. The inks of
the SryFe43Mo,/306 anode and the LSCF cathode were then screen
printed on the two sides of the LSGM electrolyte pellet. The anode
and the cathode together with the LSGM electrolyte were then co-
fired in air at 1100°C for 2 h. The thickness of the electrodes was
about 20-30 wm. Au paste was printed on the anode surface while
Pt paste was printed on the cathode surface as the contact layers
for current collection. Au is inert to the fuel oxidation. Ambient
air was used as oxidant. The flow rate of the fuel gases was set at
40 mlmin—!. The SryFey3Mo,/306 anode was reduced in situ upon
exposure to wet H, (3% H,0) at 800 °C for 5 h. Before any electro-
chemical measurement, the cell was stabilized at least for 1 h each
time when the fuel gas was switched.

3. Results and discussion
3.1. Phase, structure and conductivity

Fig. 1 shows the XRD patterns of SroFei.xMo1_x0g (x=0, 0.15,
1/3) before and after reduction at 800°C in wet H; (3% H,0). It is

Fig. 1. XRD patterns of SryFej.xMo;_xOg (x=0, 0.15, 1/3) synthesized in air and
reduced at 800°C in wet H, (3% H,0).

evident that the oxidized samples (calcined at 1100°C for 5h in
air) contain multiple phases. The major impurity can be indexed
as SrMoOy4 (JCPDS 08-0482). The impurity peaks become weaker
with the decrease of the Mo concentration in the compound. Upon
reduction at 800 °Cin Hy, SrpFe4;3Mo0;/306 shows a cubic perovskite
structure with no impurity peak detectable in the XRD pattern. The
calculated lattice parameter of SrpFe43Mo0,/30g is 7.878(3) A, which
is consistent with the reported value [21].

The conductivity of SrpFe43Mo,/306 as a function of tempera-
ture is showninFig. 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 Scm~1.

3.2. Single cell performance

The LSGM electrolyte supported fuel cell with SryFe43Mo,/306
as the anode was tested with wet H; (3% H,0) as the fuel and air
as the oxidant. Before testing, the cell was held at 800°C for 5h in
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 (Pyax) of the cell reached 268, 392,
547 mW cm~2 at 700, 750 and 800 °C, respectively.

Fig. 2. Conductivity measured in wet H, (3% H,0) on the Sr,Fes3Mo,/306 bar sin-
tered in air at 1400 °C. The bar was reduced at 800°C in the testing atmosphere for
10 h before test.



G. Xiao et al. / Journal of Power Sources 195 (2010) 8071-8074 8073

Fig. 3. Cell voltage and power density as a function of current density in wet H,
(3% H,0) of the single cell with SrpFe43Mo,/306 anode, LSGM electrolyte and LSCF
cathode at 700, 750 and 800 °C.

The electrochemical impedance spectra at different tempera-
tures were also measured under open-circuit conditions and the
results are shown in Fig. 4a. The high frequency intercept on the
real axis represents the total ohmic resistance of the cell (Rypm).
The low frequency intercept on the real axis represents the total cell
resistance (Riota1)- The difference between the two is the electrode
polarization resistance (Rp), including the contribution from both
the cathode and anode. The values of Ry, Rohm and Rty Of the cell
at 700, 750 and 800 °C are plotted in Fig. 4b. It can be seen that the
total resistance was mainly dominated by Ry,,,. The value of Ryp,
at 800 °C was about 0.4  cm?2. It is higher than that reported with a
300-wm thick LSGM electrolyte supported cell using a SrFeMoOg
anode due to the lower electrical conductivity of SrpFe43Mo,/306
compared with that of Srp,FeMoOg, which is about 200Scm~! at
800°C in H; [18]. However, the Rp ~0.2 €2 cm? at 800°C is lower
than that of Sr,FeMoOg, which is about 0.3 £ cm? at 800°C [18].

Fig. 4. Impedance spectra and resistances of a single cell measured at 700, 750 and
800 °C under open-circuit conduction: (a) impedance spectra of the single cell at dif-
ferent temperature and (b) the ohmic resistance (Ronm ), the polarization resistance
(Rp) and the total resistance (Roa) Of the single fuel cell.

Fig.5. Electrochemcial stability of a single cell with Sr,Fe4;3Mo,/306 anode at 800 °C
in wet H (3% H,0).

The lower Ry is probably due to the increased concentration of
oxygen vacancies by increasing the Fe/Mo ratio in SrpFe43Mo,/306,
resulting in a higher catalytic activity [22].

3.3. Stability, carbon resistance and sulfur tolerance

The stability of the SryFe4;3Mo0;/306 anode was investigated by
operating the single cell at Ppax (the current density was set at
1020 mA cm—2 according to the voltage-current density curve) in
wet H, for 16h at 800°C. As shown in Fig. 5, a slight improve-
ment in the cell performance was observed and the Ppax reached
595 mW cm~2 at 800 °C at the end of the tested period. This result
demonstrates that SrpFes;3Mo,306 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 SrFe43Mo0;/306 anode and LSGM
electrolyte and a ceria interlayer is not needed.

The electrochemical performance of the SrFe4;3Mo,306 anode
for direct utilization of hydrocarbon fuel and for sulfur tolerance
was also investigated by testing the cell in wet CHy (3% H;0)
and H, containing 100 ppm H,S. As shown in Fig. 6, the maxi-
mum power density, Pmax reached 130mW cm~2 in wet CHy at
800°C. Further, post-test analysis showed no carbon deposition
on the SryFe43Mo,306 anode, indicating that SrpFes;3Mo;/30 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 H; to H, containing 100 ppm H,S,

Fig. 6. Cell voltage and power density as a function of current density in wet CHy
(3% H,0) and H, with 100 ppm H,S 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 H; (3% H,0), wet CH, (3%
H,0) and H; with 100 ppm H,S.

Fig. 8. EDX line scan of La. La signal was not found in the anode after the test.

showing very little cell performance drop in sulfur-containing fuels.

Inorder to investigate the performance stability of fuel cells with
the SrpFe4;3Mo,306 anode in different fuels, a constant current
density of 240 mA cm—2 was applied to the cell at 800°C and the
cell voltage was monitored while the cell was exposed to differ-
ent fuels. As shown in Fig. 7, a sharp decrease in cell voltage from
0.96V to around 0.5V was observed after the fuel was switched
from wet H; to wet CH,4 (3% H,0) due to the low catalytic activity
of SrpFe43Mo0,30g anode in CHy compared with that in Hp. The
cell voltage gradually became stable and it was about 0.45V after
being operating for 1 h in CH4. However, the cell voltage immedi-
ately recovered back to 0.94V after the fuel gas was switched from
CHy4 back to wet Hj. Similar behavior was also observed when the
fuel gas was switched between wet H, and H, with 100 ppm H,S.
The cell voltage was 0.91V in H, with 100 ppm H,S and recovered
to 0.93V after the fuel gas was switched from H, with 100 ppm H,S
back to wet H, again. These results suggest that SryFe43Mo,/306
is a very promising anode material to directly utilize hydrocarbon
and sulfur contained fuels.

The EDX line scan result of the interface between the
SryFey43Mo,/306 anode and LSGM electrolyte after the cell perfor-
mance testing is shown in Fig. 8. No La signal has been observed in
the anode region, indicating that there are no compatibility issues
when using the SrpFe43Mo,30g anode and LSGM electrolyte with-
out the ceria interlayer.

As it is reported on Sr,MgMoOg, the properties of these dou-
ble perovskite oxides are strongly affected by the states of B-site
cations, such as the ratio of the cations and the degree of the
cation ordering [21,23]. By comparing the single cell performance

of SryFeq:xMo01_4Og 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

SrpFey3Mo, ;305 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 H, (3% H,0). The electrical conductivity of the reduced
SryFe4;3Mo,/306 shows a metallic behavior from 370 to 830°C in
wet Hy (3% H,0). The single cell performance evaluation using
SryFe43Mo,/306 as the anode indicates good catalytic activity and
stability in H, and also shows the potential to utilize hydrocarbon
and sulfur-containing fuels directly. Although long term stability
test of SrpFes3Moy306 is still needed, this material shows the
potential to be a promising candidate anode material for SOFCs.
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