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a b s t r a c t

A double-perovskite Sr2FeMoO6 (SFMO) has been synthesized with a combined citrate-EDTA com-
plexing method. The material shows a double-perovskite structure after reduction in 5% H2/Ar at
1100 ◦C for 20 h. A single fuel cell using this material as anode is constructed with the configuration
of SFMO|La0.8Sr0.2Ga0.83Mg0.17O3|Ba0.5Sr0.5Co0.8Fe0.2O3. The cell exhibits a remarkable electrochemical
activity in both H2 and dry CH4, respectively. With Oxygen as oxidant, the maximum power density is
eywords:
olid oxide fuel cell
node
ouble-perovskite
lectrochemical performance
hermal expansion

863.7 mW cm−2 with H2 as the fuel and 604.8 mW cm−2 with dry CH4 as the fuel at 850 ◦C, respectively.
SFMO has an almost linear thermal expansion coefficient from 30 to 900 ◦C and is very close to that of
La0.8Sr0.2Ga0.83Mg0.17O3. A durability test of the single cell indicates that SFMO is stable in dry CH4 opera-
tion. Therefore SFMO can be recommended as a promising anode material for LaGaO3-based solid oxide
fuel cells operating with both H2 and dry CH4.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Solid oxide fuel cell (SOFC) is an efficient power generator which
onverts the chemical energy of a fuel into electricity directly
ith very low environmental pollution. It has been paid consid-

rable attention from researchers all over the world in the past few
ecades because the potential of being used as the next genera-
ion energy conversion device [1]. As a result of the high operation
emperature, SOFC promotes rapid reaction kinetics. This makes
he utilization of low-cost and more readily available hydrocar-
on fuels, such as natural gas or coal gas, even with solid carbon,
ossible [2–8]. Inchoate systems of this type fuel cells involve the
mployment of a thin yttrium stabilized zirconia (YSZ) electrolyte
ith a Ni-YSZ cermet type anode and the application of hydrocar-

on reforming mixture gas as the fuel [9]. They are predicted to gain
n energetic efficiency of around 70% with large, multi-megawatt,
ntegrated systems [10]. This efficiency can be improved further
y the direct electrochemical oxidation of the hydrocarbon fuels

nstead of a mixed gas from internal or external reforming [2,7].
The traditional YSZ electrolyte works at a too high temperature

hich poses great challenges for the other materials compos-
ng the fuel cell, therefore, a great effort has been focused on

he development of intermediate temperature electrolyte and fuel
ells [11–13]. A composite electrolyte composed an oxygen ionic
onduction solid phase and a molten carbonate phase showed

∗ Corresponding author. Tel.: +86 22 27405613; fax: +86 2 27405243.
E-mail address: ydli@tju.edu.cn (Y. Li).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.053
promising results in intermediate temperature range [12,14–16],
which arose a great potential for optimization of the anode
and cathode materials according to the knowledge of catalyst
and catalytic reactions. Another promising electrolyte material is
La0.8Sr0.2Ga0.83Mg0.17O3 (LSGM), it exhibits negligible electronic
conductivity, good chemical stability over a wide oxygen par-
tial pressure range and ionic conductivity of about 10−1 S cm−1 at
750 ◦C [11,13].

Recently, the state-of-art SOFC anode material is Ni based, which
shows a good electrochemical performance with pure H2 as fuel
[12,17]. However, it is deactivated due to reasons such as coke for-
mation unless a large amount of steam is added to the fuel [18]
and sulfur poisoning when operated on a hydrocarbon fuel such
as CH4 [19] Therefore, there is a need for developing a new sort
of SOFC anode materials with enough carbon resistance and sulfur
tolerance for the direct electrochemical oxidation of hydrocarbon
fuels. In order to develop alternative anode materials for the direct
utilization of hydrocarbon fuels in SOFC, a number of approaches
have been tried. Early experiments by Gorte and his co-workers
investigated rare-earth doped ceria impregnated with CuO as the
anode material for direct utilization of hydrocarbon fuels such as
CH4 and gasoline in the SOFC [3,6,7,20,21]. Their pioneering works
showed the feasibility of direct electrochemical oxidation of CH4
and other hydrocarbon fuels in SOFC, however, the catalytic activ-
ity of this material is proved to be disappointing. Another approach

is using alloys, Kim et al. [22] tested Cu-Ni alloy as anode for direct
oxidation of CH4 in SOFC and their results showed a significant
increase in power density and a moderate carbon deposition with
time. Nikolla et al. [23] tested using Sn/Ni alloy as anode material

dx.doi.org/10.1016/j.jpowsour.2011.03.053
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ydli@tju.edu.cn
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or SOFC fed with CH4 and isooctane, their results showed the tol-
rance of Ni electrocatalysts to coke formation can be enhanced
ignificantly with introduction of a small amount of Sn to form
n/Ni surface alloys. Also there are some researchers using anode
arrier layers, Lin et al. [24] used composite of partially stabilized
irconia (PSZ) and CeO2 as diffusion barrier layer and the results
emonstrated that the stable operating parameter range of Ni-YSZ
node-supported SOFCs operating directly with CH4 was increased.

Another important approach is to use oxygen-deficient, mixed-
alent perovskite materials as anode due to their high ionic and
lectronic conductivity and good electrochemical activity in a
educing atmosphere. Tao and Irvine [25] reported a perovskite
a0.75Sr0.25Cr0.5Mn0.5O3−ı (LSCM) and used it as the anode mate-
ial, their results showed that very good performance was achieved
or CH4 oxidation without using excess steam. However, this mate-
ial shows a low electronic conductivity in reducing atmosphere
nd a low stability in a fuel containing 10% H2S [26]. Wan et al.
27] examined LSCM impregnated with CuO then sputtered with
t as anode material, they found that the formation of a porous
lm of Cu◦ improves the electronic conductivity of the anode, the
puttering of a small amount of Pt on the surface increases the
ate of chemisorption and improves the cell performance with CH4
s the fuel. Huang et al. [28–30] investigated a double-perovskite
r2MMoO6−ı (M = Mg, Co, Ni) as the anode material for H2 and CH4
uels in SOFC. Their results showed that Sr2MgMoO6−ı is an excel-
ent SOFC anode material with an appreciable stability in a variety
f fuels [28]. Sr2CoMoO6 exhibited a high cell performance in H2
nd wet CH4 while Sr2NiMoO6 showed a notable power output only
n dry CH4 [30]. These results suggest that the double-perovskite
ype oxides have a great potential to be used as anode material for
irect hydrocarbon fueled SOFCs.

Double-perovskite Sr2FeMoO6−ı (SFMO) has been investigated
s a ferromagnetic material and is stable in reducing atmosphere
31,32]. SFMO also showed a good catalytic activity for methane
ombustion [33]. In this work, SFMO has been examined as the
node material for the direct electrochemical combustion of CH4.
he LSGM and Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) are used as the elec-
rolyte and the cathode material, respectively. The results show
hat SFMO has a great potential for using as the anode material in
ntermediate temperature SOFCs both with H2 and CH4 as fuels.

. Experimental

.1. Material preparation

SFMO powder was synthesized via a combined citrate and
DTA complexing method with (NH4)6Mo7O24·4H2O, Sr(NO3)2 and
e(NO3)3·9H2O as the starting materials. EDTA was first dissolved
n aqueous ammonia to form EDTA-NH3·H2O solution, then the
ecessary amount of (NH4)6Mo7O24·4H2O was dissolved in EDTA-
H3·H2O solution under heating and stirring while the calculated
mounts of Sr(NO3)2 and Fe(NO3)3·9H2O were dissolved in deion-
zed water to give a clear solution and then the clear solution was
lso added to the EDTA-NH3·H2O solution. After stirring for certain
ime, proper amount of citric acid was introduced, the mole ratio of
DTA acid:citric acid:total metal ions was controlled to be around
:1.5:1. The pH value of the final solution was adjusted to around
using NH3·H2O. The solution was then heated to approximately

5 ◦C to allow the chelates to undergo polyesterification as well
s to remove excess water. With the evaporation of water, a yel-
ow gel was obtained. The SFMO precursor was prepared by slowly

ecomposing the gel at 300 ◦C in air for 2 h and then calcined at
00 ◦C in air for 4 h to remove all the organic residues. The SFMO
recursor was then pelletized and annealed at 1100 ◦C in a flowing
% H2/Ar atmosphere for 20 h to obtain a pure double-perovskite
rces 196 (2011) 6104–6109 6105

structure. The pellets were ground and ball milled into very fine
SFMO powders.

For characterizing the structure and phase stability of SFMO,
several additional samples were also prepared. SFMO powders
were calcined at 1100 ◦C in air for 1 h to get one sample, named
SFMO-ReO. The other sample, named SFMO-ReO-ReR was prepared
by calcining SFMO-ReO at 850 ◦C in H2 for 5 h.

The preparation of BSCF cathode and LSGM electrolyte materials
has been described elsewhere [28,34].

2.2. Single fuel cell fabrication

The electrolyte-supported single cell was fabricated by a coat-
ing technique. SFMO and BSCF were both made into slurries with
a binder (10% ethyl cellulose + 90% terpineol). SFMO slurry was
coated onto one side of the 300 �m thick LSGM disk followed by
firing at 1150 ◦C in N2 atmosphere for 1 h. BSCF slurry was sub-
sequently coated onto the other side and fired at 1000 ◦C in N2
atmosphere for 1 h. Ag paste was coated on both sides and used as
the current collector. The active surface area of the cell in each side
was 0.593 cm2.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns of SFMO precur-
sor, SFMO powder, SFMO-ReO and SFMO-ReO-ReR were recorded
at room temperature using a D/max 2500 v/pc instrument (Rigaku
Corp. Japan) with Cu-K� radiation, 40 kV and 200 mA, at a scanning
rate of 5 o min−1. To analyze the surface property of SFMO, X-ray
photoelectron spectroscopy (XPS) was recorded using a PHI1600
XPS system with Mg-K� radiation. Thermal expansion coefficients
(TEC) of SFMO and LSGM were measured using a thermo mechan-
ical analyzer (Diamond TMA SS6300, PerkinElmer, Inc.) in a N2
atmosphere with a flow rate of 150 ml min−1 from 30 to 900 ◦C with
a heating rate of 5 ◦C min−1. The surface morphology of the single
cell was characterized by a Hatchi S-4800 scanning electron micro-
scope (SEM). The energy dispersive X-ray spectroscopy (EDX) linear
scans were performed on the tested single cell to determining the
interdiffusion of the ionic species in the SFMO-LSGM interface by
using a Genesis XM2 instrument.

2.4. Fuel cell test

A homemade setup was used for the performance measurement
of the single cell. The fuel cells were tested in a temperature range
of 700–850 ◦C under atmospheric pressure. The flow rate of fuel
gas (H2 or CH4) was 80 ml min−1 while the flow rate of O2 was
100 ml min−1. Before testing, the anode side of the cell was exposed
to H2 for 5 h at 850 ◦C to reduce the SFMO and then was switched
to the fuel gas. The fuel cell I–V characteristics were measured by
an IT-30 electronic load made by Ningbo BaTe Technology Co., Ltd.,
China. During a typical measurement, the cell voltage was varied
from open circuit voltage (OCV) to a selected voltage with a step
of 50 mV and a holding time of 15 s for each step to get a stable
performance for each measured step, the selected voltage is 0.4 V
in H2 and 0.25 V in CH4 in order to reach the peak power density.

3. Results and discussion

3.1. Structural characterization

Fig. 1 shows the XRD patterns of the SFMO precursor, SFMO

powder, SFMO-ReO and SFMO-ReO-ReR samples. SFMO precur-
sor shows the existence of the double-perovskite phase, but the
major structure is SrMoO4. After reducing the SFMO precursor at
1100 ◦C in 5% H2/Ar for 20 h, a pure double-perovskite phase SFMO
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ig. 1. XRD patterns of (a) SFMO precursor, (b) SFMO powder, (c) SFMO-ReO and
d) SFMO-ReO-ReR.

s formed (curve b, JCPDS 08-0482). The double-perovskite struc-
ure of SFMO is partly decomposed after calcination at 1100 ◦C in air
nd SrMoO4 is formed again (curve c). By calcining the SFMO-ReO at
50 ◦C in H2 for 5 h, the double-perovskite structure is restored. The
ormation of the new phase, which develops new phase boundaries
nd involves crystallite volume change, is unexpected in the single
ell preparation because the layers and electrodes should combine
ell during the operation. Here, both the anode and the cathode
aterials, after coated on the electrolyte pellet, were fired under a
2 atmosphere so as to prevent the possible phase changes. Before

he single cell performance measurement, the multi-layered pel-
et was exposed in H2 for 5 h at 850 ◦C to ensure a perfect SFMO
tructure.

.2. Thermal expansion

An incompatibility of the thermal expansion coefficients of the
OFC component materials causes excessive thermal stress, which
eads to the cracking and mechanical failure of the multi-layer, and
ence reduces the lifetime of the SOFCs or even break the single
ells [35]. Fig. 2 plots the thermal expansion curves of SFMO and
SGM in the temperature range of 30–900 ◦C in 150 ml min−1 N2

as flow. Both the two materials exhibit an almost linear thermal
xpansion. SFMO has an average TEC value of 14.0 × 10−6 K−1, while
SGM has an average TEC value of 11.7 × 10−6 K−1. Both the two
xpansion curves and the two average TEC values are rather close,

ig. 2. Thermal expansion curves of SFMO and LSGM from 30 ◦C to 900 ◦C in N2

tmosphere.
Fig. 3. Fe-2p core-level spectrum of SFMO at room temperature. (©) Measured
curve; (—) fitting results of Fe-2p spectrum; (�)fitting results of Fe2+ contributions
to the Fe-2p spectrum; (�) fitting curve of Fe3+ contributions to the Fe-2p spectrum.

which indicates that the SFMO and LSGM may have a good thermal
compatibility in the interested temperature range.

3.3. XPS analysis

XPS spectra at room temperature were used to determine the
chemical state of Fe and Mo elements in the SFMO structure by
curve-fitting of the Fe-2p and Mo-3d core-level spectra. Results are
shown in Figs. 3 and 4 and Table 1.

Fig. 3 shows the Fe-2p core-level spectrum at room temper-
ature and the fitting results. The fitting curves indicate that the
Fe-2p core-level spectrum consists of Fe-2p3/2 and Fe-2p1/2 exci-
tations. The binding energies of the components extracted from the
fitting curves are 709.3 eV and 710.7 eV for the Fe-2p3/2 peak and
722.9 eV and 724.6 eV for the Fe2p1/2 peak, which indicates that
the Fe atoms are in different oxidation states. The contributions of
ferrous (Fe2+) and ferric (Fe3+) states to the Fe-2p spectra are about
79.1% and 20.9%, respectively. This finding is in good agreement
with the results reported by Retuerto et al. [36].

The Mo-3d core-level spectrum is shown in Fig. 4. The Mo-3d
XPS spectrum presents two rather broad peaks at around 232.5 eV

(3d5/2) and 235.5 eV (3d3/2) on the binding energy scale. Curve
fitting of the Mo-3d spectrum yields two components, Mo5+ and
Mo6+, their binding energies are 230.8 eV and 233.6 eV for the Mo-
3d5/2 peak and 232.5 eV and 235.5 eV for Mo-3d3/2 peak. The ion

Fig. 4. Mo-3d core-level spectrum of SFMO at room temperature. (©) Measured
curve; (—) fitting results of Mo-3d spectrum; (�) fitting results of Mo6+ contribu-
tions to the Mo-3d spectrum; (�) fitting curve of Mo5+ contributions to the Mo-3d
spectrum
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Table 1
Binding energies and valence state of Fe and Mo in SFMO double-perovskite structure (numbers in parentheses refer to the percentages of every valence state).

Fe-2p1/2 Fe-2p3/2 Mo-3d3/2 Mo-3d5/2

e3+ (20
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Fe2+ (79.1%) Fe3+ (20.9%) Fe2+ (79.1%) F

Binding energy (eV) 722.9 724.6 709.3 7

oncentrations extracted from the fitting curves is 80.3% for Mo6+

nd 19.7% for Mo5+, respectively, which is in good agreement with
he results for Fe-2p spectra. The binding energies and the valence
tate of Fe and Mo in the SFMO material are summarized in Table 1.

The above mentioned XPS analysis indicates the co-existence
f Fe3+–Mo5+ and Fe2+–Mo6+ pairs in the double-perovskite struc-
ure. The introduction of Fe3+–Fe2+ couple not only compensates
he charge balance of the double-perovskite structure but also pro-

otes the formation of Mo5+-Mo6+ couple, and hence increases
he activity of the perovskite as Mo5+-Mo6+ couple is thought to
e the catalyst for the activation of H2 and hydrocarbons in the
ouble-perovskite structure [29].

.4. SEM and EDX

Fig. 5 presents the micrographs displaying clearly the interfaces
f SFMO-LSGM and BSCF-LSGM and the SFMO anode surface. As

hown in Fig. 5(a), the SFMO anode and the LSGM electrolyte match
ery well and the thickness of the SFMO phase is about 55 �m.
ig. 5(b) demonstrates the surface of the SFMO anode with a uni-
orm size distribution of the particles and pores with grain sizes

Fig. 5. SEM images taken before the cell test: (a) anode and electrolyte interface
.9%) Mo5+ (19.7%) Mo6+ (80.3%) Mo5+ (19.7%) Mo6+ (80.3%)

232.5 235.5 230.8 233.6

ranging from 2 to 4 �m. Fig. 5(c) indicates that there exists some
incomplete combination between the BSCF cathode and the LSGM
electrolyte phases, which may comes from the thermal expansion
incompatibility between BSCF cathode and the electrolyte (the TEC
value of BSCF is 19.2 × 10−6 K−1 in air [37] while that of LSGM is
11.7 × 10−6 K−1 in N2). The thickness of the BSCF cathode is about
24 �m.

The EDX linear scanning result of the interface between SFMO
and LSGM phases after the cell performance measurement is shown
in Fig. 6. No obvious La signal is observed in the anode region, indi-
cating that there is no interdiffusion of La between the anode and
the electrolyte, so that no any buffer layer like LDC is needed in this
single cell.

3.5. Single cell performance

The LSGM electrolyte supported single fuel cell with the con-

figuration of SFMO|LSGM|BSCF was tested using H2 and dry CH4
as the fuel, respectively, and O2 as the oxidant. Before testing, the
anode was exposed to H2 at 850 ◦C for 5 h to ensure the double-
perovskite structure and then supplied with fuel gas. Fig. 7(a)

, (b) surface of the SFMO anode, and (c) cathode and electrolyte interface.
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Fig. 6. EDX linear scanning of the tested single cell, the right figure indicates that there is no interdiffusion of La between the anode and the electrolyte.
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sized powder at 1100 ◦C in 5%H /Ar for 20 h, the double-perovskite
ig. 7. SFMO|LSGM|BSCF cell voltage and power density as a function of current
ensity in (a) H2 and (b) dry CH4.

hows plots of the power densities and voltages as functions of
he current density and working temperature for H2 fuel. The cell
xhibited maximum power densities (Pmax) of 863.8 mW cm−2,
03.2 mW cm−2 and 435.6 mW cm−2 at 850 ◦C, 800 ◦C and 750 ◦C,
espectively. For the dry CH4 as the fuel, the Pmax of the single cell
eached 604.8 mW cm−2 and 429.1 mW cm−2 at 850 and 800 ◦C,
espectively as shown in Fig. 7(b). These results are much higher
han SOFCs using rare-earth doped ceria impregnated with CuO or

SCM [3,25]. When comparing to Huang’s result, their data showed
r2MgMoO6 gives a power out of 438 mW cm−2 at 800 ◦C with
ry CH4 as fuel [28,29], so SFMO gives a similar performance to
Fig. 8. Pmax at 850 ◦C as a function of the cycle numbers in H2 and dry CH4.

Sr2MgMoO6. But we have to notice that the performance of the
SOFC is not only controlled by anode, but also by other factors such
as conductivity of electrolyte, activity of cathode, etc., which means
the results are not very comparable except other components are
all the same.

As the anode has different degradation potential at different out-
put current density [38,39], in order to clearly show the stability of
the SFMO double-perovskite material during the whole power gen-
eration cycle, we run the cell for repeated power cycles at 850 ◦C
with H2 or CH4 as fuels and the Pmax in each cycle was recorded.
Fig. 8 presents the Pmax in each cycle as a function of the cycle num-
bers for H2 and CH4 fuels. It shows that Pmax fades by 0.7% in H2 fuel
and 5.7% in dry CH4 fuel over 20 cycles, respectively. These results
indicate that SFMO exhibits a stable performance in H2 fuel and has
a much better stability than the often used Ni-based anodes in dry
CH4 fuel.

4. Conclusion

A double-perovskite oxide SFMO has been synthesized by a
combined citrate-EDTA complexing technique and used as the
anode material of a SOFC. The XRD analysis results indicate that a
pure double-perovskite phase is obtained by reducing the synthe-
2
structure can be destroyed by calcination in air at the same temper-
ature but the structure can be restored by heating in H2 at 850 ◦C
again. XPS data show the co-existence of Fe3+–Mo5+ and Fe2+–Mo6+
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airs in the double-perovskite structure, which may be the origin of
he high catalytic activity in H2 and CH4. TEC value of SFMO double-
erovskite material is 14.0 × 10−6 K−1 in N2, which is close to that
f LSGM (11.7 × 10−6 K−1).

A single cell with SFMO as the anode material has been con-
tructed using LSGM and BSCF as the electrolyte and the cathode
aterial, respectively. EDX analysis of the SFMO-LSGM interface in

he tested single cell indicates that there is no conspicuous inter-
iffusion of the ionic species. The single cell exhibits a maximum
ower density of 863.7 mW cm−2 in H2 and 604.8 mW cm−2 in CH4
t 850 ◦C, respectively. The durability test of the single cell tells that
FMO exhibits a more stable performance in dry CH4 atmosphere
han the often reported Ni based anode materials in literature.

All these experimental results indicate that the SFMO double-
erovskite material has a great potential for using as the anode
aterial in intermediate temperature SOFCs both with H2 and CH4

s the fuels.
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