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a b s t r a c t

In this study, perovskite-type oxides of Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5) were syn-

thesized and the phase stabilities both in oxidizing and reducing atmosphere were

investigated. When calcined in the air atmosphere, pure perovskite phase can be obtained

for the composition of Sr2Fe1.5Mo0.5O6"d while a large portion of SrMoO4 second phase was

detected in other compositions. Further reducing the above powders showed a pure phase

for Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35) while minor amount of Fe was precipitated from the

Sr2Fe1.5Mo0.5O6"d. Due to the highest electrical conductivity and lowest polarization resis-

tance of Sr2FeMoO6"d, such composition has been applied as the cell anode for a cathode

supported solid oxide fuel cell (CS-SOFC). Maximum power densities of 463 and

331 mW cm"2 have obtained for the fuel cell when measured at 800 $C using hydrogen and

propane as fuel, respectively. The durability test in propane indicated that Sr2FeMoO6"d

could be a potential anode material with good tolerance ability toward coking formation.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Solid Oxide Fuel Cells (SOFCs) can directly convert the chem-

ical energy of fuels like hydrogen, natural gas and propane
into electricity in a highly efficient and environmental friendly
way [1]. The high operation temperature of SOFC facilitates
the utilization of low cost hydrocarbon fuels [2e6]. Nickel/
yttria-stabilized zirconia (Ni/YSZ) cermet has been widely
used as an excellent anode material due to its high catalytic
activity toward hydrogen oxidation [7]. However, when hy-
drocarbon fuels are directly fed into Ni/YSZ anode, the nickel
particles tend to catalyze the carbon deposition, resulting in
quick performance degradation of the cells [8]. In order to

solve this issue, many perovskite materials such as LaxSr1"x-

TiO3(LST) [9], La0.75Sr0.25Cr0.5Mn0.5O3"d (LSCM) [10],
La0.75Sr0.25Cr0.5Fe0.5O3"d [11] and SrMMoO6"d (M ¼ Mg, Co, Ni)
[12e14] have been investigated as potential anode materials.

In recent years, Sr2Fe1.5Mo0.5O6"d (SFMO) has gradually
become the hotspot in the research of both cathode [15e17]
and anode materials [18e20]. SFMO has a perovskite struc-
ture and could be stable in a wide temperature range in both
reducing and oxiding atmosphere [21]. This material shows
the characteristic of mixed ionic and electronic conductivity
due to the hybridization of Fe2þ/Mo6þand Fe3þ/Mo5þ [22].

When measured in oxidizing atmosphere, the ionic conduc-
tivity of SFMO is higher than that of the traditional
La0.8Sr0.2MnO3 and is even comparable to that of the
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La0.6Sr0.4Co0.2Fe0.8O3 [23]. Meanwhile, SFMO exhibits compa-

rable electronic conductivity to the conventional nickel-
cermet anode when measured in reducing atmosphere [22].
Furthermore, SFMO has also shown good anti-carbon depo-
sition effects. A direct methanol SOFC all perovskite showed a
power density of 391 mW cm"2 at 800 $C and no carbon for-
mation was found in the cell's anode after operating in
methanol [24]. Wang et al. also reported a SOFC with
Sr2FeMoO6"d anode which exhibited a power density of
604.8 mW cm"2 in CH4 at 850 $C [25]. The durability test
demonstrated that the stability of the cells with Sr2FeMoO6"d

anode was much better than with Ni based anodes when

operated in dry CH4. In addition, Sr2Fe1.33Mo0.67O6"d have also
been studied as the anodes for SOFCs with anti-carbon
deposition ability [26]. Although all these reports indicated
that Sr2Fe1þxMo1"xO6"d with different composition have good
carbon resistance and excellent catalytic activity for the
oxidation of the hydrocarbon fuels, the influence of the ratio
of Fe: Mo on the anode performance has not been compara-
tively well studied.

In this paper, the phase stability of Sr2Fe1þxMo1"xO6"d

(x ¼ 0, 0.2, 0.35, 0.5) series materials in both oxidizing and
reducing atmosphere is studied. With the main interest in

anode, the conductivity in reducing atmosphere and electro-
chemical performances of SOFCs with the impregnated
Sr2Fe1þxMo1"xO6"d anodes are also investigated.

Experimental

Powder preparation

Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5) powders were syn-
thesized by a combined EDTA and citric acid complexing
method with Sr(NO3)2, Fe(NO3)3$9H2O, (NH4)6Mo7O24$4H2O as
the raw materials [25]. All the starting chemicals were of
analytical grade and purchased from Sinopharm Chemical
Reagent Co., Ltd. EDTA was added into the aqueous ammonia
to form a homogenous solution, followed by dissolving a

certain amount of (NH4)6Mo7O24$4H2O while heating and
stirring. The stoichiometric amounts of Sr(NO3)2,
Fe(NO3)3$9H2O were first dissolved into the deionized water
and then added into the EDTA-NH3$H2O solution. After stir-
ring, proper amount of citric acid was introduced. The mole
ratio of EDTA:citrate:total metal ions was controlled to be
2:2:1. The pH value of the solution was adjusted to about 8 via
the addition of NH3$H2O. The solution was then dried and
calcined at 850e1100 $C in air for 2e5 h to form the desired
Sr2Fe1þxMo1"xO6"d phase. The obtained Sr2Fe1þxMo1"xO6"d

powders were further reduced in 97% H2e3% H2O at 800 $C for

2e20 h.

Single cell fabrication

The scaffold of cathode-supported SOFC ((La0.8Sr0.2)0.95MnO3

(LSM) support/porous 8 mol% Y2O3-stabilized ZrO2 (YSZ)/YSZ/
porous YSZ) was fabricated by laminating four tape-casted
green tapes under a pressure of 3000 psi at 75 $C for 10 min
[27]. The laminated green tapes were then co-sintered at
1250 $C for 4 h in air [28]. Wet chemical impregnation was

introduced to build the active catalysts for both the cathode

and the anode. The cathode catalyst La0.6Sr0.4Fe0.9Sc0.1O3"d

(LSFSc) was introduced into the porous YSZ backbone (close to
LSM support layer) by impregnating nitrate solution contain-
ing La(NO3)3$6H2O, Sr(NO3)2, Fe(NO3)3$9H2O, Sc(NO3)3$9H2O
and citric acid with the mole ratio of citric acid to metal ions
being 1:1. After drying, anode catalyst of Sr2FeMoO6"d was
introduced into the porous YSZ backbone (opposite to the LSM
support layer) by impregnating the precursor solution as
shown in section 2.1. Both the cathode and anode catalysts
were calcined at 850 $C for 2 h in air. The impregnation/heat
treating cycle was repeated to achieve the desired loadings of

30 wt. % both for cathode and anode. For the symmetrical
anode cell, the tri-layer electrolyte supported scaffold (porous
YSZ/YSZ/porous YSZ) was also manufactured by laminating
three tape-casted green tapes and co-sintering at 1400 $C for
4 h. Sr2Fe1þxMo1"xO6"d catalysts were introduced into the
porous YSZ layer in the same way as the single cell. The
effective area of both the single and symmetrical cells were
0.35 cm2.

Characterization

Phase structure of Sr2Fe1þxMo1"xO6"d powders were identified
by the X-ray diffraction technique at room temperature using
a Rigaku XRD diffractometer with monochromatic CuKa ra-
diation. For electrical conductivity measurement,

Sr2Fe1þxMo1"xO6"d powders with different stoichiometric
were pressed into rectangular bars and sintered at 1350 $C in
air for 5 h, respectively. The relative density of the bars was
0.932, 0.958, 0.963, 0.982 for Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35,
0.5), respectively. The electrical conductivity were measured
by the DC four probe method in a temperature range from 550
to 800 $C, in 97% H2e3% H2O atmosphere. For electrochemical
characterization of the SOFC, silver grids were coated onto the
electrodes as the current collector with silver wires attached
as the lead of current and voltage. The fuel cells were tested
over the temperature range of 700e800 $Cwith the flow rate of

the fuel (H2 or C3H8) being 30 sccmwhile ambient air was used
as the oxidant. Both the currentevoltage curves and electro-
chemical impedance spectra were obtained using an IM6
Electrochemical Workstation (ZAHNER, Germany). The elec-
trochemical impedance spectra were collected at open circuit
over the frequency range from 0.01 Hz to 100 kHzwith a 20mV
perturbation. Impedancemeasurements were also carried out
on the symmetrical anode cells. The microstructure of the
cells were examined by scanning electron microscopy (SEM)
using a Hitachi S-4800-Ⅱ microscope.

Results and discussion

Fig. 1 shows the XRD patterns of the synthesized
Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5) powders calcined at

1100 $C for 5 h in air. As shown, pure phase Sr2Fe1.5Mo0.5O6"d

was obtained while a larger portion of SrMoO4 second phase
was detected in Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35). The
diffraction peaks of SrMoO4 became more obvious when the
content of Mo increased. This indicates that the ratio of Mo
had a significant influence on the stability of the
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Sr2Fe1þxMo1"xO6"d in air. The experimental results are
consistent with the previous study which showed that
Sr2Fe1.5Mo0.5O6"d could be synthesized in the oxidizing envi-
ronment while Sr2FeMoO6"d could only be synthesized in a
reducing environment [22].

Powders obtained in air were then reduced in 97% H2e3%
H2O at 800 $C for 10 h and the XRD patterns are shown in Fig. 2.
A pure perovskite phase of Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35)
was formed after reduction. Meanwhile, minor amount of Fe

Fig. 1 e XRD patterns of the Sr2Fe1þxMo1¡xO6¡d powders
calcined at 1100 $C for 5 h in air: (a) x ¼ 0.5, (b) x ¼ 0.35, (c)
x ¼ 0.2, (d) x ¼ 0.

Fig. 2 e XRD patterns of Sr2Fe1þxMo1¡xO6¡d powders
calcined at 1100 $C for 5 h in air followed by reducing at
800 $C for 10 h: (a) x ¼ 0.5, (b) x ¼ 0.35, (c) x ¼ 0.2, (d) x ¼ 0.
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precipitated from Sr2Fe1.5Mo0.5O6"d was found. Wang et al.

pointed out that irradiation-induced reducing atmospheres
could cause the Sr2Fe1.5Mo0.5O6"d to decompose to Fe and
Sr4FeMoO8"d [29]. However, more researches reported that
Sr2Fe1.5Mo0.5O6"d could be stable in reducing atmosphere
without the precipitation of Fe [22,25,30]. Reasons of the
conflicting conclusions are not known. To further study the
influence of calcining duration on the precipitation of Fe,
powder obtained above was reduced in 97% H2e3% H2O at
800 $C for another 10 h. However, Sr2Fe1þxMo1"xO6"d (x ¼ 0,
0.2, 0.35) oxides were still stable in reducing atmosphere. The
diffraction peak of precipitated Fe did not show obvious

change and the reduced Sr2Fe1.5Mo0.5O6"d oxide could retain
the perovskite structure. It indicates that the amount of the
metallic Fe is not increased and the reduced Sr2Fe1.5Mo0.5O6"d

oxide is stable after the extended exposure in reducing
atmosphere.

The Sr2Fe1þxMo1"xO6"d anodes were prepared by impreg-
nation in this work. Due to its reactivity and poor chemical
capability with YSZ at high temperature [22,30], the calcining
temperature of the impregnated anode was limited to only
850 $C, because a higher calcining temperature would result in
the growth of impregnated particles and cause the perfor-

mance degradation of cells' electrode [31,32]. To confirm the
phase structure of the impregnated Sr2Fe1þxMo1"xO6"d anode
applied in this study, XRD patterns of Sr2Fe1þxMo1"xO6"d

(x ¼ 0, 0.2, 0.35, 0.5) powders calcined at 850 $C for 2 h in air

was measured. As shown in Fig. 3(a), all components showed

the major impurity phases of SrMoO4 and SrFeO3"d and no
perovskite phase was detected. To simulate the cell operation
environment, powders calcined at 850 $C in air were further
reduced in 97%H2e3%H2O at 800 $C for 2 h. After the reducing
process, pure perovskite phase was obtained for the compo-
nents with Fe: Mo ratio being 1.2:0.8 and 1:1, while minor
impurity of metallic Fe was detected for the components with
Fe: Mo ratio being 1.35:0.65 and 1.5:0.5 (Fig. 3(b)).

Fig. 4(a) shows the temperature dependence of total elec-
trical conductivities of Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5)
in 97% H2e3% H2O. It can be seen that the electrical conduc-

tivity of Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5) is increased
with the increasing content of Mo over the whole temperature
range. Sr2FeMoO6"d showed the highest electrical conductiv-
ity, e.g., 186.9 S cm"1 at 800 $C. Note that in the temperature
range of 550e800 $C, Sr2FeMoO6"d exhibited a metallic
behavior while other compositions showed a semiconducting
behavior [33], which means different stoichiometric
Sr2Fe1þxMo1"xO6"d would follow different conduction mech-
anisms under different oxygen partial pressures. Fig. 4(b)
shows the Arrhenius curves of the electrical conductivities
and linear relationships can be observed for different samples.

Fig. 3 e XRD patterns of Sr2Fe1þxMo1¡xO6¡d (x ¼ 0.5, 0.35,
0.2, 0) powders: (a) Calcined at 850 $C for 2 h in air, (b)
Calcined at 850 $C for 2 h in air followed by reducing in 97%
H2e3% H2O at 800 $C for 2 h.

Fig. 4 e (a) Electrical conductivities and (b) Corresponding
Arrhenius plots of the Sr2Fe1þxMo1¡xO6¡d (x ¼ 0.5, 0.35,
0.2, 0) measured in 97% H2e3% H2O at 800 $C.
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This means that the electrical conductivity behavior may be
primarily determined by the small polaron conduction
mechanism.

Fig. 5 shows the Nyquist plots of the impedance spectra
data for symmetrical anode cells impregnated with different

stoichiometric of Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5)
measured in 97% H2e3% H2O at 800 $C. The ohmic response of

the electrolyte and electrodes were removed while the re-

sistances were divided by 2 to account for the contributions of
two symmetrical electrodes. As shown, the polarization result
was 0.235, 0.193, 0.176 and 0.152U cm2 for the componentwith
x ¼ 0.5, 0.35, 0.2 and 0, respectively. The polarization resis-
tance of cells' anode decreased with the increasing amount of
Mo, which means that the content of Mo has a serious effect
on the performance of the cell. All the spectra consist of two

Fig. 5 e Electrochemical impedance spectra (EIS) of the
impregnated Sr2Fe1þxMo1¡xO6¡d (x ¼ 0.5, 0.35, 0.2, 0)
symmetrical anode cells measured at 800 $C.

Table 1 e Fitted impedance results of the impregnated
Sr2Fe1þxMo1¡xO6¡d (x ¼ 0, 0.2, 0.35, 0.5) symmetrical
anode cells.

x RHF (U cm2) RLF (U cm2)

0 0.10 0.054
0.2 0.11 0.066
0.35 0.11 0.084
0.5 0.10 0.13

Fig. 6 e Ohmic and polarization resistances of the
impregnated Sr2Fe1þxMo1¡xO6¡d (x ¼ 0.5, 0.35, 0.2, 0)
symmetrical anode cells measured at 800 $C.

Fig. 7 e Cross-section SEM images of: (a) The single cell, (b)
The LSFSc impregnated YSZ cathode, (c) The Sr2FeMoO6¡d

impregnated YSZ anode.
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semicircles which can be separated according to the fre-

quency. The impedance spectra were fitted via an equivalent
circuit with a configuration of Rohm (RHF-CPEHF) (RLF-CPELF)
[34]. Rohm is the overall ohmic resistance including electrolyte
resistance and electrode ohmic resistance. CPEHF and CPELF
are constant phase elements while RHF and RLF refer to the
high and low frequency resistances, corresponding to
different chemical reaction processes, respectively. The fitting
results are shown in Table 1, which indicates the effect of Mo
content on the high and low frequency resistances (RHF and
RLF). Major difference in impedance spectra among these
components is in the lower frequency part. Since the lower

frequency arc is usually associated with the surface kinetics,
impedance spectra difference shown in Fig. 5 may refer to the
difference in oxygen vacancy formation processes on the
surface of Sr2Fe1þxMo1"xO6"d. It was reported that with the
increasing of Mo concentration on the exposed layer, the ox-
ygen vacancy formation energy will decrease and anodic re-
action activity will increase [18].

Ohmic and polarization resistances of the cells with
impregnated Sr2Fe1þxMo1"xO6"d anode cells measured at
800 $C in 97% H2e3% H2O are compared in Fig. 6. It can be seen
that both the ohmic and polarization resistance decrease with

the increasing content of Mo. Since the electrical conductivity
of Sr2Fe1þxMo1"xO6"d increases with the increasing content of
Mo, while the electrons generated in the anode reaction is
transferred by the Sr2Fe1þxMo1"xO6"d particles connecting
with each other, there is no wound that the ohmic resistance
would decrease with increasing conductivity of the particles.

Fig. 7(a) shows the cross-sectional microstructure of the
cathode-supported fuel cell. The single cell contained a dense
electrolyte layer sandwiched between two porous YSZ layers
and supported by the thick porous LSM backbone. This
structure design is beneficial for achieving intimate contact

between different layers, producing a dense electrolyte on the
porous structure and providing sufficient porosity for the gas
transport. The YSZ electrolyte layer was fully dense with a
thickness of 24 mm. Due to the phase stability in anode at-
mosphere and low polarization resistance of Sr2FeMoO6"d,
this componentwas selected as the anode in the single cell. As
shown in Fig. 7(b) and (c), the nano-scaled particles of LSFSc
and Sr2FeMoO6"d catalysts with particle sizes of 50e100 nm
are internal-connected and well coated onto the inner surface
of the porous YSZ backbones.

Electrochemical performances of the single fuel cell with
humidified hydrogen fuel and air oxidantmeasured at 750 and

800 $C are shown in Fig. 8(a). The maximum powder density
(MPD) was 324 and 462 mW cm"2 at 750 and 800 $C, respec-
tively. This result is comparable to the result obtained in a
La0.8Sr0.2Ga0.83Mg0.17O3 (LSGM) electrolyte-supported fuel cell
using Sr2Fe1.5Mo0.5O6"d as the anode [24]. The different cell
performances may be attributed to the different cell struc-
tures and electrodematerials. Fig. 8(b) shows the performance
of the cell with C3H8 as fuel, the peak power density of 173 and

Fig. 8 e Current-voltage characteristics of the single cell
measured in (a) humidified H2 and (b) humidified C3H8 at

750 and 800 $C. (c) is the electrochemical impedance of the
single cell measured at 750 $C in wet H2 and C3H8,
respectively. (d) Stability of a single cell operated in C3H8 at
0.6 V and 750 $C.
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331 mW cm"2 was obtained at 750 and 800 $C, respectively.

Electrochemical impedance spectra (EIS) of the single cells
measured at open circuit and 750 $C using wet hydrogen and
propane as the fuel are shown in Fig. 8(c). The ohmic resis-
tance corresponds to the high-frequency real-axis intercept
and the electrode polarization resistance is taken by sub-
tracting the ohmic resistance (high-frequency intercept at
real-axis) from the total resistance (low-frequency intercept at
real-axis). The ohmic resistance was 0.31 and 0.25 U cm2 for
cell feeding with hydrogen and propane, respectively. In
contrast, the polarization resistance was 0.52 and 2.11 U cm2,
respectively. Obviously, the impedance spectra difference of

the cell using H2 and C3H8 as fuel is mainly from the polari-
zation loss, especially at the low-frequency. This difference
may be caused by the variation of the activation and diffusion
processes in the anode.

Fig. 8(d) shows the stability of the single cell operated in
propane at 750 $C and 0.6 V. No obvious degradation was
found during the 530min test. This indicates that Sr2FeMoO6"d

impregnated porous YSZ anode showed good resistance
against the carbon deposition. An extended measurement is
needed to further study the cell stability in propane.

Conclusions

Phase stability of the Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35, 0.5)
powder was investigated in this study. After calcining at
1100 $C in air, pure Sr2Fe1.5Mo0.5O6"d phase could be obtained
while a large portion of SrMoO4 second phase was detected in
Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35). Pure phase for
Sr2Fe1þxMo1"xO6"d (x ¼ 0, 0.2, 0.35) were obtained after

reducing the above powders in 97% H2e3% H2O at 800 $C for
10 h, while minor amount of Fe was precipitated from the
Sr2Fe1.5Mo0.5O6"d. The extending reducing time made no
obvious influence on the phase structure. Compared to other
components, Sr2FeMoO6"d impregnated YSZ anode showed
the lowest polarization resistance, e.g. 0.152 U cm2 at 800 $C.
Cathode-supported SOFC employing the Sr2FeMoO6"d

impregnated YSZ anode reached themaximumpower density
of 462 and 331 mW cm"2 at 800 $C, using H2 and C3H8 as the
fuel, respectively. Durability test of the fuel cell in C3H8

showed a relatively stable performance.
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