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a  b  s  t  r  a  c  t

Double-perovskite  Ba2MMoO6 (M  = Fe,  Co,  Mn,  Ni)  has  been  systematically  investigated  as  anode  materi-
als for  solid  oxide  fuel  cells  (SOFCs).  Among  these  materials,  Ba2FeMoO6 shows  the  best  electrochemical
performance  with  maximum  power  density  of 605 mW  cm−2 and  electronic  conductivity  of  196  S cm−1

at  850 ◦C  in  H2. Thermal  expansion  coefficients  of  Ba2MMoO6 are distributed  within  the  range  of
(10  − 18) ×  10−6 K−1, matching  well  with  that of  La0.8Sr0.2Ga0.83Mg0.17O3−� electrolyte.  Thermogravimet-
vailable online 1 October 2011
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ric  analysis  (TGA)  clearly  indicates  that  oxygen  vacancies  are  formed  in  all  the  Ba2MMoO6 materials.
For  the  Ba2MMoO6 anodes,  the  power  output  decreases  in  the  order  of  M = Fe >  M  = Co  > M =  Mn  >  M  =  Ni;
the  overpotential  increases  in the  order  of  M =  Fe <  M  =  Co  <  M  =  Mn  <  M  =  Ni; and  the  impedance  varies  in
the  order  of M =  Co  <  M =  Fe  < M =  Mn  <  M = Ni.  The  different  performance  for this  family  is ascribed  to the
difference  in  conductivity  and  oxygen  vacancy.
lectrochemical performance

. Introduction

Solid oxide fuel cells (SOFCs) have been studied as advanced
ower generation devices because of their high energy conver-
ion efficiency, good fuel flexibility and low environmental impact
1–3]. In recent years, SOFCs operating at intermediate temperature
IT, 773–1073 K) or at low temperature are preferable. Running at
ow temperature can minimize some problems, such as thermal
xpansion mismatch and chemical reactivity, among the compo-
ents [4–7]. Pioneering works in IT-SOFCs were carried out with
eria-based oxides. For example, Murray et al. reported that the
eria-containing composite anode delivered a power density of
70 mW cm−2 at 650 ◦C in methane by direct electrochemical oxi-
ation [6]; Hibino et al. showed a peak power density as high
s 403 mW cm−2 in SOFC using a ceria-based solid electrolyte at
00 ◦C in a flowing mixture of ethane and air [7].  However, on the
ther hand, decreasing the operation temperature will increase the
hmic resistance, reduce the electrode kinetics, and hence decline
he output efficiency of the SOFCs.

Conventional electrolyte yttria stabilized zirconia (YSZ) reaches
he required conductivity of oxygen ions, 10−1 S cm−1, at around

000 ◦C [8]. The anode-supported SOFCs with thin YSZ electrolyte

ayer could provide high cell performance at low tempera-
ure [9,10].  For example, with 1-�m-thick YSZ electrolyte, the

∗ Corresponding author. Tel.: +86 27 87558241; fax: +86 27 87558241.
E-mail address: huangyh@mail.hust.edu.cn (Y.-H. Huang).
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© 2011 Elsevier B.V. All rights reserved.

thin film SOFCs could obtain maximum power density as high
as 900 mW cm−2 even at 600 ◦C [9]. However, for thick YSZ
electrolyte-supported SOFCs, an operating temperature higher
than 950 ◦C is usually required to achieve sufficient ionic con-
duction [11]. Working in high temperature may  cause thermal
degradation and corrosion of the electrode materials, acceler-
ate side reactions occurring at the electrode/electrolyte interface,
and hence shorten lifetime of the cell. For the electrolyte-
supported SOFCs, lanthanum gallate solid oxides, in particular
La(Sr)Ga(Mg)O3−�, are strategic electrolytes to improve interme-
diate temperature performance. High oxygen ionic conductivities
of La(Sr)Ga(Mg)O3−� electrolytes enable their use in IT SOFCs oper-
ating at 600–800 ◦C [12–14].

Recently, double perovskites have been extensively investigated
as alternative SOFC anode materials [15–17]. However, Ba-based
double-perovskites have seldom been studied as SOFC anodes. It
was reported in our earlier work that substitution at A or B sites in
A2BB′O6 may  impact the oxygen-vacancy concentration and cation
valence [17]. As is well known, oxygen-vacancy concentration and
cation valence play crucial roles in the properties of the double
perovskites [17–19].  In Ba2MMoO6 (M = Fe, Co, Mn,  Ni), the M-ions
are multivalent. With reduction in H2, M3+ changes to M2+ and Mo
ions change from +6 to +5; at the same time oxygen vacancies are
formed in the structure. The mixed-valent redox couple and the

oxygen vacancy are essential to attain expected conductivity and
catalytic effect for IT SOFCs.

In this work, Ba-based double perovskites were used as
anode materials and La0.8Sr0.2Ga0.83Mg0.17O3−� as electrolyte

dx.doi.org/10.1016/j.jpowsour.2011.09.092
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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goodness of the refinement. If Rwp is less than 12%, the refined result
is reliable and acceptable. Rp is profile factor, representing agree-
ment between the observed and calculated profiles. We  can see
that the bond length 〈Fe − O〉 > 〈Mn  − O〉 > 〈Ni − O〉 > 〈Co − O〉, which

Table 1
Refined structural parameters, average valence and M3+ content for Ba2MMoO6

(M = Fe, Co, Mn,  Ni) at room temperature.

M Fe Co Mn Ni

Space group Fm3m Fm3m Fm3m Fm3m
a  = b = c (Å) 8.0323(4) 8.0387(9) 8.0307(6) 8.0439(2)
M–O  (Å) (×2) 2.132 2.109 2.129 2.110
Mo–O (Å) (×2) 1.934 1.935 1.947 1.927
Rwp (%) 4.732 9.874 8.683 11.073
Rp (%) 4.265 8.364 7.341 9.876
gM 0.939 0.9136 0.924 0.8931
�  0.878 0.8272 0.848 0.7864
0 Q. Zhang et al. / Journal of P

or IT-SOFCs. Phase stability, microstructure, thermogravimetric
ehavior, and thermal expansion were systematically investigated
or Ba2MMoO6 (M = Fe, Co, Mn,  Ni). The electrochemical perfor-

ance for the Ba2MMoO6 anode materials was evaluated in H2 fuel
t temperatures of 700–850 ◦C.

. Experimental

Ba2MMoO6 (M = Fe, Co, Mn,  Ni) samples were synthe-
ized via a sol–gel method. Ba(CH3COO)2 (99%), Fe(NO3)3·9H2O
98.5%), Co(CH3COO)2·4H2O (99.5%), Mn(CH3COO)2·4H2O (99%),
i(CH3COO)2·4H2O (98%) and (NH4)6Mo7O24·4H2O (99%) were
sed as starting materials. Citric acid served as a complexing agent.
he molar ratio of citric acid to the total of metal ions was  2:1. First,
itric acid was dissolved into distilled water, and then stoichio-
etric starting materials were added successively under stirring to

chieve a clear aqueous solution. The solution was slowly evapo-
ated on a hot plate for about 20 h to form a gel. The gel was  turned
nto powder after being decomposed at 400 ◦C in air for 10 h to
ombust carbonaceous components. The powder was ground in a
ortar, and then calcined at 800 ◦C in air for another 10 h to elim-

nate the organic substance. The calcined powder was  reground,
ressed into a pellet with diameter of about 13 mm,  and finally sin-
ered to attain the target samples. We  found in our experiments
hat sintering conditions for the four samples are different. For
a2FeMoO6 (BFMO) and Ba2MnMoO6 (BMMO), pure phase can-
ot be obtained unless being reduced in 5% H2/Ar. For Ba2CoMoO6
BCMO) and Ba2NiMoO6 (BNMO), pure phase can be achieved by
ust sintering in air, but impurity BaMoO4 appears if being treated
n reducing atmosphere. The appearance of BaMoO4 will lead to

 poor electrochemical performance due to its low conductivity.
herefore, BFMO and BMMO  were prepared by sintering in 5% H2/Ar
t 1100 ◦C for 20 h and 10 h, respectively. BCMO was  sintered in
ir at 1100 ◦C for 10 h; BNMO was sintered in air at 1200 ◦C for
0 h. Syntheses of the other materials, La0.8Sr0.2Ga0.83Mg0.17O3−�
LSGM), SrCo0.8Fe0.2O3−� (SCF) and Sm0.4Ce0.6O2-� (SDC), have
een described in detail elsewhere [19,20]. The starting mate-
ials for LSGM were La2O3 (99.9%), SrCO3 (99.0%), MgO  (99.0%)
nd Ga2O3 (99.99%). Sr(NO3)2 (99.5%), Fe(NO3)3·9H2O (98.5%) and
o(CH3COO)2·4H2O (99.5%) were used to prepare SCF; whereas
e(NO3)2·6H2O (99.0%) and Sm2O3 (99.9%) were employed for syn-
hesis of SDC.

Phase purity of the samples was checked at room temperature
y X-ray diffraction (XRD) with the Philips X’Pert PRO diffrac-
ometer operating with CuK� radiation. Rietveld refinement for
tructure was carried out by using the RIETAN-2000 software. The
lectrical conductivities of Ba2MMoO6 (M = Fe, Co, Mn,  Ni) samples
ere measured from 350 to 850 ◦C via standard four-probe method

n a RTS-8 Digital Instrument under flowing H2 (30 ml  min−1).
edox behaviors of the samples were investigated by thermogravi-
etric analysis (TGA) obtained in a Stanton STA 781 instrument;

he test was operated in 5% H2/Ar gas flow (100 ml  min−1) from
oom temperature (RT) to 900 ◦C. In the TGA testing, the weight
f sample powder was about 15 mg  and the heating rate was
0 ◦C min−1.

Single SOFC test cells were fabricated by an electrolyte-
upported technique with 300 �m thick LSGM as the electrolyte
nd SCF as the cathode. Ba2MMoO6 and SCF were made, respec-
ively, into slurries by using a binder (mass ratio of 10% ethyl
ellulose and 90% terpineol). SDC served as a buffer layer between
he anode and the electrolyte to prevent the interdiffusion of ionic

pecies between anode and electrolyte [21]. SDC slurry was  first
creen-printed onto one side of the LSGM disk and fired at 1300 ◦C
n air for 1 h. Then, the Ba2MMoO6 anode slurry was  printed onto
he SDC buffer layer and baked in air for 2 h at 1100 ◦C for BFMO,
Sources 198 (2012) 59– 65

BCMO and BMMO,  and at 1200 ◦C for BNMO. The SCF cathode slurry
was screen-printed onto another side of LSGM and sintered in air
at 1000 ◦C for 2 h. Here, we need to point out that Ba2MMoO6 may
react with SDC to yield a small amount of BaCe1−xSmxO3−� [22].
However, since BaCe1−xSmxO3−� has proved to be a potential elec-
trolyte for IT-SOFC [23–25],  it will not influence the performance
of our cells. Ag paste was used as the current collector for electro-
chemical testing. The cells were tested in a vertical tubular furnace.
The anode side was  fed with a flow of pure H2 (30 ml min−1), and
the cathode worked in air. Considering that barium component
may  thermodynamically react with CO2 to form barium carbonate
[26], pure H2 was  produced from electrolysis of purified water in a
hydrogen generator rather than reforming gas to avoid formation
of barium carbonate.

Electrochemical impedance spectra (EIS) and anodic overpoten-
tial of single cells were collected by an electrochemical working
station (PARSTAT 2273, Princeton Applied Research, US). Thermal
expansion data were attained with a dilatometer Linseis L75H.
The power output was  measured with an ARBIN FCTS instru-
ment. Power density and current density were calculated by
the recorded current flux through the effective area of the cell
(0.6 × 0.4 = 0.24 cm2). The secondary electron images of the cells
were observed by field-emission scanning electron microscopy (FE-
SEM, FEI, Sirion 200) by operation with an accelerating voltage of
10 kV.

3. Results and discussion

XRD patterns of Ba2MMoO6 (M = Fe, Co, Mn,  Ni) samples are
shown in Fig. 1a. All the samples show a double-perovskite phase
with cubic structure (JCPDF: No. 21-0029); only a small amount of
impurity phase BaMoO4 appears except for BFMO. Here, it should
be noted that the impurity BaMoO4 is readily formed during the
preparation process. Fig. 1b displays XRD patterns of the samples
after testing in H2 for 12 h. BFMO shows no change in diffractions
before and after reduction in H2, indicating that it is stable in reduc-
ing atmosphere. For BMMO  and BCMO, a tiny of BaCO3 appears after
being exposed in H2. The decomposition for BNMO is severe in H2:
a large amount of BaMoO4 and BaCO3 are formed.

All the samples are of cubic structure with space group Fm3m.
Table 1 displays the unit cell lattice parameters (a, b, c), bond
lengths, atom occupancy in the lattice (gM), and order parameter
(�) obtained by Rietveld refinement. gM reflects proportion of the
M ions at their correct sites in the lattice; the value of � can be cal-
culated as � = 2(gM − 0.5). Rwp is reliability factor that reflects the
Average valence 2.331(2) 2.206(3) 2.409(1) 2.008(1)
M3+ content (%) 33.1 20.6 40.9 ∼0

a, b, c: unit cell lattice parameters; �: order parameter; gM: atom occupancy in the
lattice; Rwp: reliability factor; Rp: profile factor.
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ig. 1. X-ray diffraction patterns for Ba2MMoO6 (M = Fe, Co, Mn, Ni) samples
btained at room temperature: (a) before test and (b) after test in H2 for 12 h.

s inconsistent with the order of ionic radii of M ions with high
pin in sixfold coordination, i.e., Mn2+ (0.83 Å) > Fe2+ (0.78 Å) > Co2+

0.745 Å) > Ni2+ (0.69 Å) [27]. We  used iodometric titration method
o measure the valence of the M ions in the as-prepared Ba2MMoO6
M = Fe, Co, Mn,  Ni) samples, as described in detail elsewhere [17].
he whole reactions can be expressed as belows:

 M3+ + 2I− = I2 + 2 M2+(M = Fe,  Co,  Mn, Ni) (1)

S2O3
2− + I2 = 2I− + S4O6

2− (2)

The average valence and percentage of M3+/M (M = Fe, Co, Mn,
i) are also listed in Table 1. The average valences are 2.331, 2.206,
.409 and 2.008 for Fe, Co, Mn  and Ni ions, respectively. Almost
o Ni3+ ions are detected. The percentages of Fe3+/Fe, Co3+/Co,
n3+/Mn  in the samples are 33.1%, 20.6% and 40.9%, respectively.

lthough the samples were reduced in 5% H2/Ar for more than
0 h, the Fe3+ and Mn3+ contents are still very high. We  have found

n our previous work that it is impossible to reduce all Fe3+ ions
ompletely to Fe2+ in a reducing atmosphere since the band of
o6+/Mo5+ redox couple overlaps with that of Fe3+/Fe2+ couple,
hich consequently prevents the Fe3+ from being fully reduced
28]. For the same reason, Mn3+ ions with content as high as 40.9%
xist in BMMO.  The trivalent ionic radii of M ions with high spin in
ixfold coordination are 0.645, 0.645 and 0.61 Å for Mn3+, Fe3+ and
o3+, respectively. As we consider the contribution of M3+ ions, the
Fig. 2. Temperature dependence of electrical conductivity for Ba2MMoO6: (a)
Ba2CoMoO6 (BCMO), Ba2MnMoO6 (BMMO) and Ba2NiMoO6 (BNMO) measured in
dry H2 and (b) Ba2FeMoO6 (BFMO) measured in dry H2.

order of average length for the 〈M − O〉 bonds obtained by refine-
ment agrees perfectly with the M2+ and M3+ ionic radii. In addition,
the average 〈Mo  − O〉 bond length strongly depends on the Mo5+/Mo
ratio that varies with valence state of the M ions and oxygen vacan-
cies.

Fig. 2 shows electrical conductivities measured in dry H2 at
above 400 ◦C for the double perovskite samples. The electronic
conductivity in perovskite is usually 100–1000 times higher than
the oxygen ionic conductivity [29–32].  Therefore, the measured
conductivity is mainly referred to electronic conductivity. For an
ideal SOFC electrode, it should possess sufficiently high electronic
conductivity to ensure efficient current collection. In our measure-
ment, the conductivity of BFMO is as high as 196 S cm−1 at 850 ◦C,
much higher than those of the other three samples. At 850 ◦C, the
conductivities are 4.2, 2.7 and 2.0 S cm−1 for BCMO, BMMO and
BNMO, respectively. It is interesting that BFMO shows a metal-like
behavior whereas the other samples behave as semiconductors and
provide small polarization conductivity in the testing temperature
range. The small polarization conductivity mechanism is favorable
for the cell performance, especially for catalytic activity.

Thermal expansion compatibility between electrolyte and cath-
ode as well as anode is an indispensable consideration for SOFCs.
It is necessary for the components to have matchable thermal
expansion coefficients (TECs) in the operation temperature range.
Thermal expansion incompatibility may  cause excessive thermal
stress, induce delamination of the electrodes during the sintering
and operating processes, and hence reduce the lifetime of the cell
[33]. The TECs of the studied anode materials are plotted in Fig. 3
with comparison to that of LSGM. All thermal expansion curves
showed a gradual increase in �L/L0 with increasing temperature.
The TEC values at temperatures above 300 ◦C are distributed within
(10–18) × 10−6 K−1, close to that of LSGM. At temperatures below
300 ◦C, the thermal expansion behaviors are quite different for the
four samples. An obvious change in slope occurs around 300 ◦C. It
has been reported that the thermal expansion for oxygen-deficient
perovskites can be contributed to thermal expansion created by
atomic vibration of the lattice and chemical expansion associated
with change in valence or spin state of the cations [34]. The thermal
expansion at low temperatures should be caused by atomic vibra-
tions of the lattice. Therefore, chemical expansion is the main factor
that impacts the thermal expansion.

The average TEC of LSGM has been reported to be

(10–13) × 10−6 K−1 over 20–900 ◦C [35]. From Fig. 3, the obtained
average TEC of BNMO is (10.6–14.1) × 10−6 K−1 in the temperature
range from 300 to 900 ◦C, which is the lowest among the four anode
materials. The TECs of BCMO and BMMO  are around 15 × 10−6 K−1.



62 Q. Zhang et al. / Journal of Power 

9006003000
0

2

4

6

8

10

12

14

900600300

(a)

 BFMO

 BCMO

 BMMO

 LSGM

 BNMO

ΔL
/L

o
×1

0
-3

0

2

4

6

8

10

12

14

16

18

20

(b)

Temperature (ºC) 

T
E

C
 (

×1
0

-6
 K

-1
)

 BFMO

 BMMO

 BCMO

 BNMO

F
c
m

A
h
1
t

t
v
g
o
c
t
a
f
B
a
r
l
o
m
i
M
W
a
a
t
9

F
p
c
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s compared with the other three samples, BFMO exhibits the
ighest TEC value, which is 15.1 × 10−6 K−1 at 400 ◦C and reaches
8 × 10−6 K−1 at 900 ◦C. All the anode samples show matchable
hermal expansion with LSGM electrolyte.

Bernuy-Lopez et al. [36] and Marrero-López et al. [37] reported
hat reducing SrMgMoO6 gave rise to a limited number of oxygen
acancies and some low-valence Mo  ions. For anode material, oxy-
en vacancies facilitate transfer of O2− ions that come from the
xide-ion electrolyte, while the mixed-valent Mo6+/Mo5+ redox
ouple results in polaronic conduction to allow transfer of the elec-
rons [15]. Hence, oxygen vacancy and Mo6+/Mo5+ redox couple
re crucial to attain mixed oxide-ion/electron conducting behavior
or the anode. We  tested the oxygen vacancies in the as-prepared
a2MMoO6 samples by heating the samples in a flowing 5% H2/Ar
tmosphere from room temperature to 900 ◦C. Fig. 4 presents the
ecorded TGA curves. The four samples begin to show a tiny weight
oss at about 200 ◦C due to release of H2O. All samples show an
bvious weight loss at 300 ◦C, which is primarily caused by for-
ation of oxygen vacancies. Since the Mo6+/Mo5+ redox couple

s at a higher energy level than the M3+/M2+ couples (M = Fe, Co,
n,  Ni), reduction of the samples will first reduce the M3+ to M2+.
hile the reducing process begins, O2− ions combine with H+ and

t the same time oxygen vacancies are formed. The weight loss at

round 300 ◦C can be ascribed to a small amount of oxygen loss from
he lattice. The second step of weight loss occurs from 500 ◦C to
00 ◦C, which can be attributed to the further formation of oxygen
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vacancies accompanied with reduction of Mo6+ to Mo5+. The TG
curve of BaMoO3 is given for comparison. BaMoO3 sample was pre-
pared by the method described in Ref. [38]. For BaMoO3, weight loss
caused by reduction of Mo6+ to Mo5+ only occurs at temperatures
higher than 500 ◦C. This evidently confirms that for Ba2MMoO6
samples, the weight loss at around 300 ◦C is due to the oxygen
loss caused by reduction of M3+ to M2+, whereas the weight loss
at above 500 ◦C is due to reduction of Mo6+ to Mo5+. In addition,
the weight loss processes for BNMO and BCMO are somewhat dif-
ferent from those for BFMO and BMMO.  For BNMO and BCMO, the
first weight loss is quite low, and the total weight loss is also low.
BNMO and BCMO were prepared by sintering in air. It was reported
before that the sample prepared under air shows a small weight
decrease below 800 ◦C, which can be ascribed to a small oxygen
loss from the structure [37]. As seen in Fig. 4, the weight loss for
BNMO is lowest, which is in accordant with the result of iodomet-
ric titration that indicates that almost no Ni3+ exists in the sample.
At 800 ◦C, the weight percentages are 99.20%, 99.11%, 99.07% and
99.45% for M = Fe, Co, Mn  and Ni, respectively, which means that
the yielded oxygen vacancies ı for the four samples are 0.23, 0.29,
0.30 and 0.18. BNMO produces the lowest oxygen vacancy in the
reducing atmosphere among the four samples.

The double perovskites Ba2MMoO6 (M = Fe, Co, Mn,  Ni) as anode
materials were tested with electrolyte-supported single cells (0.3-
mm-thick LSGM electrolyte) working in pure H2; SCF served as
cathode with static air as oxygen source. Fig. 5 presents power
density and cell voltage as functions of current density at vari-
ous temperatures in H2. The open circuit voltages (OCVs) are close
to the expected Nernst potential 1.2 V. The values of maximum
power density (Pmax) at 850 ◦C are 555, 515 and 362 mW cm−2 for
BCMO, BMMO  and BNMO, respectively. BFMO exhibits the best
electrochemical performance with Pmax values of 605, 521 and
398 mW cm−2 at 850, 800 and 750 ◦C, respectively. In contrary,
the power output for BNMO is lowest. Compared with Sr2MMoO6
(M = Mg,  Mn,  Fe, Co, Ni) anodes, the power densities of the present
Ba2MMoO6 are somewhat lower [17,39].

In order to get insight into the cell performance, electrode
overpotential was investigated. In general, the overpotential is
mainly generated from the catalytic activity of oxygen reduc-
tion at the cathode and hydrogen oxidation at the anode, which
can be determined by the exchange current density. Fig. 6 shows
the overpotential as a function of current density at 800 ◦C in
H2 for the double-perovskite anodes. BFMO exhibits the low-
est overpotential with about 0.33 V at a current density of
1.6 A cm−2 at 800 ◦C. The overpotential increases in the order:
BFMO < BCMO < BMMO  < BNMO, which is exactly consistent with
the variation order of the Pmax value and electrical conductivity.
The power density strongly depends on the overpotential while
the overpotential is greatly influenced by the electrical conduc-
tivity. We  ascribe the high power output with H2 as fuel for the
M = Fe anode to its high electrical conductivity and low overpoten-
tial. For BNMO, the overpotential shows a nonlinear relationship
with current density, indicative of the surface-reaction kinetics on
the anode probably due to the decomposition of BNMO. The poor
power output for BNMO is mainly due to the high overpotential.

Electrochemical impedance spectroscopy (EIS) was further used
to evaluate performance of the various electrodes [40–42]. The
intercept of the impedance with the real axis in the high frequency
range reflects to the ohmic resistance, which can be considered
as the electrolyte resistance (Relectrolyte) [43]. The intercept of the
impedance with the real axis at low frequency corresponds to the
total resistance; the radius of the arc corresponds to the anode resis-
tance. We  eliminate the ohmic resistance from the total resistances

to make an easy comparison of anode polarization resistance.
The polarization resistances of Ba2MMoO6 anodes are obtained
directly from the difference between the intercepts at high- and
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hows the impedance measured under open-circuit condition at
00 ◦C in H2 for the Ba2MMoO6 anodes. The size of the impedance
rcs for the anodes increases with the M-ions in the order of
CMO < BFMO < BMMO  < BNMO. For the four anodes, the high fre-
uency curves show little difference; the main difference appears

n the low frequency range that represents for the absorption and
issociation of H2 on the anode surface [44]. The polarization resis-
ances at 800 ◦C are 0.61, 0.73, 1.07 and 1.55 � cm2 for BCMO,
FMO, BMMO  and BNMO, respectively. Here, it should be noted
hat the BCMO anode shows the lowest polarization resistance,
hich is probably due to the high catalytic effect in H2 of cobalt

ons. Although there are several factors that may  contribute to the
ifference in the impedance, such as grain boundary area [45] and
hickness of the anode coating layer, we surmise that the main rea-

on for the difference in our system is the catalytic effects of the
node materials.

Fig. 8 shows the secondary electron images of typical BFMO elec-
rode, SDC buffer layer and LSGM electrolyte after operation of the
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cells. We  can see that all of them show clear interfaces after running
in H2. Fig. 8a takes BFMO cell as an example to show the cross sec-
tion of the cell configuration. The thickness of LSGM electrolyte is
about 300 �m.  Fig. 8b shows the morphology of BFMO anode layer
on the disk of LSGM electrolyte. BFMO exhibits a fine and uniform
microstructure with an estimated 30% porosity, which benefits
surface adsorption and diffusion for fuels and provides sufficient
spots for electrochemical reactions. Fig. 8c shows the cross section
between LSGM and SDC buffer layer and Fig. 8d shows the cross
section between LSGM and SCF cathode. The upper portion shows
the porous SCF cathode, and the bottom portion is the micrograph
of the dense LSGM electrolyte. The porous SDC buffer layer and
SCF cathode connect tightly with LSGM electrolyte. The observed
to sufficient availability of three phase boundaries for charge and
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. Conclusions

Double-perovskites of the type Ba2MMoO6 (M = Fe, Co, Mn,  Ni)
ave been used as alternative anode materials for SOFCs. In reduc-

ng atmosphere, BFMO, BCMO and BMMO  are stable, while BNMO
s readily decomposed into BaMoO4 and BaCO3. The electronic
onductivities and thermal expansions differ greatly for the four
aterials. BFMO shows excellent electronic conductivity with mag-

itude as high as 196 S cm−1 in dry H2 at 850 ◦C. TGA curves indicate
hat all the Ba2MMoO6 samples can lose a limited amount of oxy-
en to yield oxygen vacancy in reducing atmosphere. Among the
ells with Ba2MMoO6 as anodes and LGSM as electrolyte, the BFMO
ell exhibits the highest power output with a maximum power
ensity of 605 mW cm−2 in H2 at 850 ◦C, and the electrochemical
erformance of the BNMO cell is poorest. The difference in the prop-
rties is caused by the difference in conductivity and catalytic effect,
hich is in nature due to the oxygen vacancy as well as M3+/M2+

nd Mo6+/Mo5+ redox couples.
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