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a  b  s  t  r  a  c  t

This  paper  demonstrates  the potential  application  of  Mo-doped  SrFeO3−ı perovskites  as  new  cathode
materials  for  solid  oxide  fuel  cells  (SOFCs).  SrFe1−xMoxO3−ı (x  =  0,  0.05,  0.1,  0.2 and  0.25)  perovskite
materials  have  been  synthesized  by  a microwave-assisted  combustion  method.  By  doping  with  Mo,
the  electrical  conductivity  of  the  doped  SrFeO3−ı in  air  is  reduced  with  increasing  amounts  of  Mo.
At  800 ◦C, the  conductivity  drops  from  about  62 to  22 S cm−1 when  the  doping  level  is increased  to
25%.  According  to X-ray  diffraction  (XRD),  X-ray  photoelectron  spectroscopy  (XPS)  and  temperature
programmed  reduction  (TPR)  results,  a decrease  in  the  concentration  of  charge  carrier  Fe4+ ions  may
erovskite
onductivity
athode
olid oxide fuel cells

account  for  the decrease  in  electrical  conductivity.  In contrast,  the  resistance  to  sintering  and  tolerance
to  reduction  of SrFeO3−ı are  improved  by Mo-doping.  Additionally,  the  thermal  expansion  coefficient  at
800 ◦C  drops  from  40.8  ×  10−6 K−1 for  SrFeO3−ı to  25.7  × 10−6 K−1 for SrFe0.8Mo0.2O3−ı and  20.9  × 10−6 K−1

for  SrFe0.75Mo0.25O3−ı. This  significant  decrease  in  the  thermal  expansion  coefficient  makes  Mo-doped
SrFeO3−ı materials  attractive  as  cathode  candidates  for  SOFCs.  Finally,  a relatively  low  polarization  resis-
tance of  0.074  � cm2 is  obtained  for  SrFe Mo O at 800 ◦C  in air.
. Introduction

The development of energy related techniques becomes more
nd more important as the world’s demand for energy is increas-
ng. Solid oxide fuel cell (SOFC) technology has been considered
s one of the most promising energy generation techniques which
an directly convert the chemical energy of the fuel into electricity
ith high efficiency and low emissions [1].  Currently, the develop-
ent of SOFCs requires advanced cathode, anode and electrolyte
aterials, especially at reduced operating temperatures [2].
Perovskite SrFeO3−ı is an interesting material which exhibits

igh mixed oxide ionic and electronic conductivity and therefore
an be potentially used in electrochemical devices such as oxy-
en permeation membranes, oxygen sensors, and SOFCs [3–5]. It
s also an instructive model whose crystal structure and electronic
roperties are sensitively related to the oxygen vacancy order-
ng. Fe cations in this system are in a mixed valence state ranging
rom +4 to +3, corresponding to a wide range of oxygen non-
toichiometry (from 0 to 0.5), while the structure changes from

∗ 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 ©  2011 Elsevier B.V. All rights reserved.
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cubic to orthorhombic brownmillerite type with long range order-
ing oxygen vacancies [6–8]. Recently, an infinite-layer compound
SrFeO2 has also been reported [9].  However, the tendency of for-
mation of ordered oxygen vacancies is not favorable for practical
applications because it hinders oxygen transfer, while the oxygen
deficiency also results in a decrease in both mobility and con-
centration of hole carriers [10,11]. Therefore, modifications of the
SrFeO3−ı system are necessary for different applications.

Many important electrode materials for SOFCs can be derived
from SrFeO3−ı by doping with other cations [5,12–14]. Recently,
Mo-doped SrFeO3−ı has become a subject of intensive stud-
ies. Molybdenum ions show higher valence than iron ions so
that Mo-doping can strongly affect the iron oxidation states and
the simultaneous formation of oxygen defects in the provskite
which are responsible for the catalytic activity and the elec-
trical properties. Therefore, Mo-doped SrFeO3−ı shows quite
different properties for different Mo-doping contents. At high Mo-
doping levels, double perovskite SrFe1−xMoxO3−ı (0.25 < x < 0.6)
with ordered Fe and Mo  in the B site has been obtained in reducing
atmospheres and showed good performance as an anode mate-

rial in SOFCs [15–17].  At lower Mo-doping levels, SrFe1−xMoxO3−ı

(0.05 ≤ x ≤ 0.25) is in a simple cubic perovskite structure in air and
can be potentially applied for oxygen permeation [18,19]. More
interestingly, in this low Mo-doping range, Mo-doped SrFeO3−ı also

dx.doi.org/10.1016/j.jpowsour.2011.11.021
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenfa@cec.sc.edu
dx.doi.org/10.1016/j.jpowsour.2011.11.021
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all calculated in the cubic structure (Pm-3m).  As shown in Fig. 2,
the lattice parameters, which increase gradually with increasing
Mo content, appear to follow Vagard’s law. However, Mo6+ (0.59 Å)
4 G. Xiao et al. / Journal of P

hows good stability in a wide range of oxygen partial pressures and
rFe0.75Mo0.25O3−ı has been demonstrated as a redox stable elec-
rode for SOFCs [20,21]. These results promote interests in studying

o-doped SrFeO3−ı perovskites as new cathode materials.
In this work, the doping effects of Mo  on properties of

rFe1−xMoxO3−ı materials in the low doping range (0 ≤ x ≤ 0.25)
ave been systematically studied. The samples have been pre-
ared by a combustion method [20]. The Mo-doping effects on
he electrical properties have been investigated through measure-

ents of the electrical conductivities as well as X-ray photoelectron
pectroscopy (XPS) analyses. Furthermore, the reduction behav-
or has been evaluated by temperature programmed reduction
TPR) measurements. Finally, the thermal expansion behavior
nd polarization resistance have also been studied, since these
re important properties for potential cathode materials for
OFCs.

. Experimental

SrFe1−xMoxO3−ı (x = 0, 0.05, 0.1, 0.2 and 0.25) powders
ere synthesized by a microwave-assisted combustion method.

r(NO3)2, Fe(NO3)3·9H2O and (NH4)6Mo7O24·4H2O were used as
etal precursors. Glycine and citric acid were used as fuels. Single-

hased powders were obtained by firing the as-prepared ash at
000 ◦C for 5 h. La0.8Sr0.2Ga0.87Mg0.13O3 (LSGM) powder used in
his experiment was synthesized by solid-state reaction.

Electrical conductivity measurements were performed using a
c four-probe method on sintered rectangular dense bars. In a typi-
al process, 2 g of the powder was put into a die with 45 mm length
nd 6 mm width and uniaxially pressed into a green bar. The green
ar was buried in the powder to prevent Mo-evaporation and then
intered at 1300 ◦C in air for 6 h. Thermal expansion coefficients
ere also measured on the rectangular bars prepared in the same
ay. According to the standard alumina sample size, the bars were

ut into a smaller piece of 12 mm  in length before the thermal
xpansion coefficient measurement.

The LSGM powder was pressed into pellets as the electrolyte for
ymmetrical half cells. The pellets were sintered at 1450 ◦C for 10 h
n air to obtain dense LSGM pellets. Electrode powders were mixed

ith a Heraeus binder V006 (weight ratio of 1:1.5) as electrode
nks which were painted on each side of the LSGM pellets to form
ymmetric half cells. The electrodes were all fired at 1100 ◦C in air
or 2 h. Before testing, Pt paste was applied onto the electrodes as
he current collector and fired at 1000 ◦C in air for another 0.5 h.

Phase purity and structure of the prepared materials were
nvestigated by a D/MAX-3C X-ray diffractometer with graphite-

onochromatized CuK� radiation (� = 1.5418 Å) scanning from 20◦

o 80◦ at a rate of 5◦min−1. Microstructure and morphology of
he samples were characterized by scanning electron microscopy
SEM, FEI Quanta 200). XPS measurements were conducted on
he powders using a Kratos Axis Ultra DLD instrument. The XPS
pectra were calibrated by the C1 s signal at 284.6 eV. TPR was
erformed on powders. The samples were degased at 400 ◦C in
2 and oxidized in a 10% O2/N2 mixture before testing. The TPR
rofiles were recorded in a 5% H2/Ar mixture with a ramp rate of
0 ◦C min−1

. Thermogravimetry (TG) was performed with a NET-
SCH model STA 409 instrument from room temperature to 1000 ◦C
ith a heating rate of 10 ◦C min−1 in a flowing 5% H2/Ar mixture

ollowing the same protocol with the TPR experiments. Thermal
xpansion coefficients (TECs) were measured with a dilatometer
Netsch DLL 402C/3/G) from room temperature to 1000 ◦C, with an

ir-purge flow rate of 50 ml  min−1. Impedance spectra of symmet-
ical cells were measured with an electrochemistry workstation
IM6-Zahner) at different temperatures in air with a flow rate of
0 ml  min−1

.

Fig. 1. XRD patterns of SrFe1−xMoxO3−ı powders: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d)
x  = 0.2, and (e) x = 0.25.

3. Results and discussion

Phase and structure of SrFe1−xMoxO3−ı (x = 0, 0.05, 0.1, 0.2 and
0.25) powders were studied by XRD. As shown in Fig. 1, all sam-
ples exhibit well-defined reflections and no impurity peak can
be observed. With increasing Mo  doping ratio, all peaks shift to
lower diffraction angles indicating that the Mo content has a big
influence on the crystal structure. For SrFeO3−ı, the crystal struc-
ture was  reported to be strongly related to the concentration and
arrangement of oxygen vacancies, which depend on temperature
and oxygen partial pressure. The known phases can be described
as SrnFenO3n−1 (n = ∞,  8, 4, 2, 1) corresponding to cubic, tetrag-
onal, orthorhombic, brownmillerite-type and infinite-layer type
structures [6,9]. However, due to the weak scattering of X-rays
on oxygen atoms, no clear difference can be observed in the XRD
patterns of SrFeO3−ı with different oxygen content [22]. The struc-
ture of Mo-doped SrFeO3−ı can be indexed into cubic perovskite
even at the lowest doping level of x = 0.05 [18]. Therefore, the cell
parameters of SrFe1−xMoxO3−ı (x = 0, 0.05, 0.1, 0.2 and 0.25) were
Fig. 2. Dependence of lattice parameters on Mo  doping.
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Fig. 3. SEM images captured on the fracture surfaces of SrFe1−xM

as a very similar ionic radius to Fe4+ (0.585 Å). Therefore, the lat-
ice expansion is probably due to the reduction of Fe4+ cations
o Fe3+ cations. Such reduction may  be considered as the charge
ompensation for the incorporation of Mo6+ in the crystal lattice.
dditionally, it is also noticeable that the crystallinities are differ-
nt for different samples examined. As seen from Fig. 1, the peak
ntensity increases with Mo-doping under the same synthesis con-
itions indicating higher crystallinity in the samples with higher
o content.
Different shrinkage of the SrFe1−xMoxO3−ı (x = 0, 0.05, 0.1, 0.2

nd 0.25) bars after sintering was observed suggesting that the
intering behavior of SrFeO3−ı is also changed by Mo-doping. The
racture surface of the bars was investigated by SEM after testing
nd characteristic images are shown in Fig. 3. Apart from the pits

reated by fraction, more interconnected holes can be observed on
he SrFeO3−ı bar. The relative densities of the bars were also found
o increase from 88% for the SrFeO3−ı bar to approximately 95%
or the SrFe0.75Mo0.25O3−ı bar under same preparation conditions.
ı bars: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 0.25.

These results suggest that Mo-doping may  increase the sinterability
of SrFeO3−ı.

Element distribution of the SrFe0.8Mo0.2O3−ı bar was  studied by
EDX equipped on SEM. Fig. 4a shows well-defined crystal grains and
boundaries and Fig. 4b–d shows element mapping results obtained
on the fracture surface. The distribution of Sr, Fe and Mo  are homo-
geneous and no phase segregation is observed.

Fig. 5 shows the electrical conductivities of SrFe1−xMoxO3−ı

(x = 0, 0.05, 0.1, 0.2 and 0.25) samples measured in air from 400 ◦C
to 850 ◦C using a four-probe method. As shown in Fig. 5a, SrFeO3−ı

exhibits the highest conductivity in the whole temperature range
and the value drops with increase in Mo-doping. According to
the literature, SrFeO3−ı shows a p-type conducting behavior when
the oxygen partial pressure is above 10−5 atm [18]. The relation-

ship between the charge carrier Fe4+ and oxygen vacancies can be
expressed as:

2Fe×Fe + VO
•• + 1

2
O2 ↔ 2FeFe

• + O×O (1)
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Fig. 4. SEM image (a) and EDX elemental mapping on the fra

here Fe×Fe and FeFe
• represent Fe3+ and Fe4+, respectively. It can be

een that the electrical conductivity is sensitively affected by the
xygen content and a high oxygen partial pressure is needed for the
ynthesis of SrFeO3−ı with high oxygen content. At 300 K, high con-
uctivity (� ∼103 S cm−1) has been reported for Sr8Fe8O23 while
he conductivities of SrFeO2.74 and SrFeO2.72 have been reported
o be 102 and 10−1 S cm−1, respectively [23,24]. Considering the
ynthesis conditions and relatively low conductivity at room tem-
erature of SrFeO3−ı in our experiment, its oxygen content is
robably even lower than 2.72. For Mo-doped SrFeO3−ı, the doping
eaction can be expressed as:

oO3 +
3
2

VO
••SrFeO3−ı←→ MoFe

••• + 3O×O (2)

here MoFe
••• represents Mo6+. Incorporation of Mo  will be accom-

anied by an increase in the oxygen content and decrease in the
umber of oxygen vacancies. Consequently, Eq. (1) is expected
o shift to the left as a compensation for Mo-doping, resulting in

 decrease in the number of the charge carrier Fe4+, which may
ccount for the electrical conductivity decrease with Mo-doping.
he decrease of Fe4+ in Mo-doped SrFeO3−ı is also revealed from

PS results shown below.

Next, Arrhenius curves of conductivity are plotted in Fig. 5b. Lin-
ar relationships can be observed at low temperatures for different
amples. According to the small polaron conduction mechanism, if

able 1
itting results for Fe 2p 3/2 signal.

Mo  content x Peak (I) Peak (II) Peak (II

0 47.7% 45.4% 6.9% 

0.05  37.9% 50.5% 11.6% 

0.1  37.0% 50.7% 12.3% 

0.2  34.9% 52.0% 13.1% 

0.25  30.1% 50.3% 19.6% 

a Assuming that the fitting peaks I–III are attributed to Fe4+, Fe3+ and Fe2+, respectively
surface of the SrFe0.8Mo0.2O3−ı bar: (b) Sr, (c) Fe and (d) Mo.

the carrier concentration is constant, the relationship between the
conductivity � and temperature T can be described as [25]:

� = C

T
exp

(−Ea

kT

)
(3)

where Ea is the activation energy, k is the Boltzmann constant and C
is the pre-exponential constant which includes contributions from
the carrier concentration as well as other properties of the mate-
rial. Therefore, the plots of �T vs. 1000/T  should be linear. However,
the plots shown in Fig. 5b have significant deviations from linear-
ity at higher temperatures. This deviation is probably due to the
change in charge carrier concentration at higher temperatures. As
reported for other ferrous perovskites, the thermal reduction of
Fe4+ to lower valence states may  be one important reason for this
behavior [25]. In Fig. 5b, the transition temperature also increases
with Mo-doping, suggesting that the Mo-doped SrFeO3−ı may  have
a stronger tolerance to reduction.

The activation energy for the linear part of each plot is also
listed in Fig. 5b. The activation energy values range from 0.15 to
0.23 eV and are similar to those reported for electronically con-
ducting perovskite systems, from 0.1 to 0.18 eV for (La, Sr)(Co,
Fe)O3 and from 0.11 to 0.29 eV for (La, Ba)(Co, Fe)O3 [25]. It can be

also noticed that the activation energy decreases with Mo-doping.
Similar results were also reported by other groups [18]. Since the
conduction of SrFeO3−ı can be explained by the double exchange
mechanism according to which charges transfer through the Fe

I) Average valence state of Fea Oxygen contenta

3.41 2.70
3.26 2.70
3.24 2.76
3.21 2.89
3.11 2.91

.
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ig. 5. (a) Electrical conductivities and (b) corresponding Arrhenius plots of the
rFe1−xMoxO3−ı (x = 0, 0.05, 0.1, 0.2 and 0.25) bars in air.

d–O 2p orbitals, oxygen content affects not only the concentra-
ion but also the mobility of holes [8].  Although Mo-doping results
n a decrease in conductivity, the suppression of oxygen vacan-
ies by doping with Mo  may  restore the transport chains for holes
nd improve their mobility, consequently lowering the activation
nergy.

The influence of Mo-doping on the valence states of Fe in
rFe1−xMoxO3−ı was investigated by XPS. Fig. 6 shows Fe 2p spec-
ra of different samples. Two peaks of Fe 2p 1/2 and Fe 2p 3/2 can be
bserved in each spectrum. Considering the synthesis conditions,
here may  be three valence states of Fe (i.e., +4, +3 and +2) for each
ample. In order to compare the spectra of different samples, three
eaks with fixed intervals were used to fit the Fe 2p 3/2 signal. The
tting curves are also shown in Fig. 6 and the area ratios of each
eak are summarized in Table 1. Clearly, as listed in Table 1, the

arger ratio of the fitting peak (I) (with the highest binding energy)
eveals the higher valence state of Fe in the sample with the lower
o content. If it is assumed that the fitting peaks can be attributed

o Fe4+, Fe3+ and Fe2+, the average valence state of Fe as well as the
xygen content in different samples can also be estimated. As listed
n Table 1, Mo-doping increased the oxygen content and lowered
he Fe4+ concentration in the samples. These results are consistent
ith those obtained by XRD and conductivity measurements in this

ork, as well as those reported previously in the literature [26].

The TPR profile, the TG, and differential thermogravimetry (DTG)
urves of SrFeO3−ı are compared in Fig. 7. There are three major
eaks in the TPR profile located approximately at 450 and 580 and
Figure 6. Fe 2p core-level spectra (points) and the fitting results (lines) for
SrFe1−xMoxO3−ı (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 0.25.

870 ◦C, respectively. According to the literature, SrFeO3−ı can be
fully reduced to SrFeO2.5 at 500 ◦C following an overnight treatment
in a 5% H2/N2 mixture, indicating that reduction of Fe4+ to Fe3+ may
be responsible for the shoulder peak at approximately 450 ◦C [6].

The other two TPR peaks may  be attributed to the reduction of Fe3+

to Fe2+ and Fe2+ to Fe0, respectively. In Fig. 7b, the TG curve shows
continuous weight loss when increasing the temperature and peaks
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ig. 7. (a) TPR, (b) ex situ DTG and TG spectra of SrFeO3−ı in a 5% H2/N2 mixture.

n the DTG curve indicate rates of mass change at certain temper-
tures. Since the sample was not degassed prior to the TG test,
eight loss below 200 ◦C may  be related to desorption of moisture

nd other absorbed species. However, all the reduction processes
hown in the TPR profile can be tracked by the corresponding mass
oss in the DTG curve in Fig. 7b.

Fig. 8 shows the TPR profiles of the Mo-doped samples. Similar
eduction peaks were observed in all cases. However, the posi-
ion of these peaks has shifted to lower temperatures. This shift
s probably due to the interaction between Fe and Mo  cations. It
s also evident that the shoulder peak is weakened when the Mo
ontent is increased, suggesting that the concentration of Fe4+ is
ower in the sample with the higher Mo  content, in agreement

ith the results discussed above. Additionally, the total area of
he reduction peaks decreases and the peak located above 800 ◦C

 assigned to the reduction of Fe2+ to Fe0 – becomes smaller when
he Mo  doping ratio increases. These results also indicate that the
olerance to reduction of the material is improved by doping with

o.
Thermal expansion behavior of different samples was  inves-

igated in air and the results are shown in Fig. 9. Obviously,

he thermal expansion becomes smaller with more Mo doping.
ECs at different temperatures are determined by differentia-
ion of the spectra shown in Fig. 9a. As shown in Fig. 9b, all
amples exhibit similar TECs when the temperature is below

ig. 8. TPR profiles of SrFe1−xMoxO3−ı (a) x = 0.05, (b) x = 0.1 and (c) x = 0.2 in a 5%
2/N2 mixture.
Fig. 9. (a) Thermal expansion and (b) thermal expansion coefficient measured from
room temperature to 1000 ◦C in air for SrFe1−xMoxO3−ı (x = 0, 0.05, 0.1, 0.2 and 0.25).

450 ◦C, except for SrFeO3−ı. A large variation of the TEC can be
observed for SrFeO3−ı at approximately 350 ◦C, which is proba-
bly due to the phase transition. Due to the thermal reduction,
the TECs of different samples start to increase when the tem-
perature is raised above 500 ◦C. It is interesting to notice that
the starting temperatures for this increase are also different for
the different samples. Similarly to the conduction behavior, the
sample with the higher Mo  content shows the higher transi-
tion temperature and lower TEC. At 800 ◦C in air, the TEC for
SrFe0.8Mo0.2O3−ı is approximately 25.7 × 10−6 K−1. It becomes
even lower to 20.9 × 10−6 K−1 for SrFe0.75Mo0.25O3−ı, which has
been previously reported as a redox stable cathode material
[21]. Similar to cobalt-based cathode materials, the TECs of
SrFe0.75Mo0.25O3−ı are still much higher than those of electrolyte
materials at 800 ◦C.

Cathode performance of these materials is investigated by
comparing their polarization resistance in a symmetrical half-cell
configuration. However, due to the low sintering ability and the
large TEC of SrFeO3−ı and SrFe0.95Mo0.05O3−ı, the electrodes were
easily peeled off in these cases from the electrolyte after the cur-
rent collector was applied. As shown in Fig. 10,  results were only
obtained with SrFe0.9Mo0.1O3−ı and SrFe0.8Mo0.2O3−ı. The ohmic

and polarization resistance are still very large for SrFe0.9Mo0.1O3−ı

due to the poor connectivity between the electrode and the elec-
trolyte. However, at 800 ◦C in air, the polarization resistance is only
0.074 � cm2 for SrFe0.8Mo0.2O3−ı. This value is even lower than that

Fig. 10. Polarization resistance of (a) SrFe0.9Mo0.1O3−ı and (b) SrFe0.8Mo0.2O3−ı mea-
sured in air at 800 ◦C.
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f SrFe0.75Mo0.25O3−ı (0.110 � cm2) under similar testing condi-
ions [21]. These results can be attributed to the decrease in both the
lectronic and ionic conductivity of SrFeO3−ı by Mo-doping, which
n turn may  result in different polarizations of oxygen reduction on
he materials examined [18,19].

. Conclusion

By doping with a certain amount of Mo,  doped SrFe1−xMoxO3−ı

erovskites can be stabilized in a cubic structure in air and
heir sintering ability can be improved. The electrical conduc-
ivity in air is reduced with increasing Mo  content. When the
oping ratio was increased to 0.25, the conductivity dropped
o about 22 S cm−1 at 800 ◦C. This decrease is probably due to

 decrease of charge carriers, as indicated by the XPS and TPR
esults. The TPR profiles further revealed that the tolerance of
rFeO3−ı to reduction was also improved by Mo-doping. SrFeO3−ı

xhibited a large thermal expansion coefficient in air when the
emperature was above 500 ◦C (about 40 × 10−6 K−1 at 800 ◦C).
y doping with Mo,  this value was decreased to 25.7 × 10−6 K−1

or SrFe0.8Mo0.2O3−ı and 20.9 × 10−6 K−1 for SrFe0.75Mo0.25O3−ı at
00 ◦C. Considering the acceptable conductivity, high tolerance to
eduction and relatively low polarization resistance, the Mo-doped
rFeO3−ı perovskite can be applied as potential cathode materials
or SOFCs.
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