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Double-perovskites A,FeMoOg_s (A=Ca, Sr, Ba) have been investigated as potential anode materials for
solid oxide fuel cells (SOFCs). At room temperature, A;FeMoOg_s compounds crystallize in monoclinic,
tetragonal, and cubic structures for A=Ca, Sr, and Ba, respectively. A weak peak observed at around
880 cm~! in the Raman spectra can be attributed to traces of AMoO,4. XPS has confirmed the coexistence
of Fe2*—-Mo%* and Fe3*-Mo°* electronic configurations. Moreover, a systematic shift from FeZ*/3* -Mo6*/5*

'S(e{‘évord_;: fuel cell to Fe2*-Mo®* configuration is seen with increasing A-site cation size. A;FeMoOg_s samples display distinct
A?j; dgxn ¢ luelce electrical properties in Hp, which can be attributed to different degrees of degeneracy of the Fe?*-Mo5*

XPS and Fe3*-Mo®* configurations. Ca;FeMoOQg_s is unstable in a nitrogen atmosphere, while Sr,FeMoOg_s
and Ba,FeMoOg_;s are stable up to 1200°C. The thermal expansion coefficients of Sr,FeMoOg_s and
Ba,FeMoOg_s are very close to that of LaggSro1GapsMgp205_s (LSGM). The performances of cells with
300 pm thick LSGM electrolyte, double-perovskite SmBaCo,Os.x cathodes, and A;FeMoOg_s anodes fol-
low the sequence Ca;FeMoQg_s < Ba;FeMoOg_s < Sr,FeMoQg_s. The maximum power densities of a cell
with an Sr,FeMoOg_s anode reach 831 mW cm~2 in dry H, and 735 mW cm~2 in commercial city gas at
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850°C, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are very promising electrochem-
ical devices that convert chemical energy directly into electrical
energy with high efficiency while causing little pollution. SOFCs
operate at high temperatures, which can promote rapid reaction
kinetics. Such high-temperature SOFCs allow internal reforming
of hydrocarbon fuels or even direct oxidation. Therefore, SOFCs
offer an opportunity for utilization of low-cost and more readily
available hydrocarbon fuels, such as natural gas or coal gas, which
makes them more competitive in comparison with other fuel cell
systems [1-4]. The most common SOFC anode material is based on
Ni, which shows good electrochemical performance with pure H,
as fuel. However, this anode is readily fouled by carbon deposition
and sulfur poisoning when operated on natural gas [2,3]. In order
to overcome this problem, various attempts have been made to
develop alternative anode materials that can resist carbon deposi-
tion and/or tolerate sulfur contamination when using hydrocarbon
fuels [3,5-11]. Among these materials, mixed ionic and electronic
conductors have been investigated as potential anode materials,
principally chromite- and titanate-based perovskites. For example,
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Lag 75Sr0.25Crg.5sMng 503_g, which exhibits high performance when
operating in pure H, and CH4 at high temperatures, is a promising
SOFC anode material [4]. However, it shows low electronic conduc-
tivity in a reducing atmosphere and low stability in fuels containing
10% H,S [12].

Recently, Huang et al. [13,14] reported that the B-site ordered
double-perovskite Sr,MgMoOg_s has high resistance to carbon
deposition and excellent tolerance to sulfur in natural gas. It
showed excellent SOFC anode performance and stability with a
variety of fuels. Marrero-Lopez et al. [15] and Bernuy-Lopez et al.
[16] further confirmed that this material displayed high redox sta-
bility at up to 1000 °C under 5% H, /N, and 1200 °C under 5% H,/Ar
reducing conditions, respectively. More recently, Huang et al. [17]
reported other members of the Sr,MMoOg series as anode mate-
rials containing a 3d-block transition metal M (M= Co, Ni). Their
results showed that an Sr,CoMoOg anode displayed high cell out-
put performance in H, and wet CHy, while an Sr,NiMoOg anode
displayed notable cell output performance only in dry CHy. In
addition, Ji et al. [18,19] reported the performances of La-doped
Sr;MgMoOg_s and SryNiMoOg_s as anode materials for SOFCs
with LaggSrg1GapgMgp203_5 (LSGM) electrolyte in natural gas
and high-carbon fuel, respectively. Their results indicated that an
Srq2LaggMgMo0Og_s anode displayed an improved performance
for the SOFC operating on moderately desulfurized natural gas at
800°C as compared to an Sr;MgMoOg_s anode, while a better cell
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performance was attained with Sr;NiMoOg_g as anode when oper-
ating on H,. All of these results indicate that double-perovskites
have great potential for use as anode materials in cells operating
on natural gas.

Double-perovskites of the A;FeMoOg_s (A=alkaline-earth
metal) family, which can be stable at 1200°C under a low oxy-
gen partial pressure [20], have attracted our attention due to their
good catalytic activity for methane oxidation [21]. The catalytic
properties of perovskites are closely related to their electronic
conductivity, electron delocalization, metal-like behavior, and the
nature, oxidation states, and relative arrangement of the B-site
cations [21,22]. From this point of view, half-metallic double-
perovskites with a double-exchange conduction mechanism seem
to be perfect candidates as anodes exhibiting interesting catalytic
properties for hydrocarbon reforming.

In this study, we have systematically explored the valence
states, transport properties, phase stabilities, and thermal expan-
sion behavior of double-perovskites of the type A,FeMoOg_s (A= Ca,
Sr, Ba). The performances of SOFCs with A;FeMoOg_s as anodes
have been assessed in various fuels at temperatures of 700-850°C.

2. Experimental
2.1. Sample preparation

Polycrystalline samples of A;FeMoOg_s (A=Ca, Sr, Ba) were
prepared by solid-state reactions. A cation-stoichiometric mix-
ture of starting powders of SrCO3 (or CaCO3, BaCO3) (99%), Fe;03
(99%), and MoO3 (99.5%) was first calcined at 900°C in air for
10h. The calcined powders were pelletized and finally sintered
at 1100°C in 5% Hy/Ar for 10h to achieve a single phase. The
preparations of the other materials used, namely SmBaCo;0s5.x
double-perovskite cathode, LaggSrg1GaggMgp203_5 (LSGM), and
CeggSmg,01 9 (SDC) electrolytes, have been described elsewhere
[23,24].

2.2. Characterization

The sintered samples were characterized using an X-ray diffrac-
tometer (Rigaku D-Max yA, operated at 12 kW) with an angle step
size 0f 0.02° and a scanning range of 15-85¢ for phase identification
and the assessment of phase purity. The structures of the sam-
ples were analyzed by means of a Raman spectrometer (Renishaw
inVia) equipped with an argon-ion laser operating at an excita-
tion wavelength of 514.5 nm. A scanning electron microscope (SEM,
JEOL JSM-6480LV) was used to inspect the surface morphologies
of the samples. The local chemical compositions of the samples
were analyzed by means of an energy-dispersive X-ray spectrom-
eter (EDS, EDAX CDU) with EDAX ZAF quantification [25]. Surface
analysis of the samples was performed using an X-ray photoelec-
tron spectrometer (XPS) (VG Scientific ESCALAB MK II) with an Al
Ko (1486.6 eV) radiation source. The binding energy scale of the
XPS spectra was calibrated with the C 1s peak at 284.6eV with a
standard deviation of 0.2 eV. The vacuum level in the ultra-high
vacuum chamber during XPS measurement was 1.97 x 10~ Torr.
Detailed scans to identify the species in the samples were obtained
with a step size of 0.05eVs~1,

Electrical resistivities of the samples in H, were measured by the
van der Pauw method over the temperature range 50-850 °C. Ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were performed on a NETZSCH STA 449C
simultaneous thermal analyzer in a nitrogen atmosphere with a
flow rate of 130 mL min~! from 45 to 1000°C at a heating rate of
10°Cmin~!. Thermal expansion coefficients (TEC) were measured
using a dilatometer (NETZSCH DIL 402C) with an Al,03 reference.
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Fig. 1. XRD patterns of A,FeMoOg_s double-perovskites at room temperature.

The measurements were performed in a nitrogen atmosphere with
aflow rate of 60 mL min~!. A heating rate of 5°Cmin~! was applied
during the measurements.

Single cells were fabricated by an electrolyte-supported
technique with 300 wm thick LSGM as the electrolyte, double-
perovskite SmBaCo,0s.y as the cathode, and A;FeMoOg_g as the
respective anodes. A thin SDC buffer layer was introduced between
the electrolyte and anode to prevent the interdiffusion of ionic
species and was fired at 1300°C for 1h in air. The anode and the
cathode were subsequently fired at 1150°C for 1h and 950°C for
2 h, respectively. During the whole cell fabrication process, both the
anode and cathode were fired under a nitrogen atmosphere to pre-
vent re-oxidation and decomposition of the A;FeMoOg_s anodes.
The single-cell performances were tested using an electrochemical
workstation (CHI604 C). The flow rate of fuel gas (H, or city gas)
was 100 mLmin~!.

3. Results and discussion
3.1. Structural characterization

X-ray diffraction (XRD) patterns of A,FeMoOg_s samples sin-
tered at 1100°C in 5% Hy/Ar for 10h are shown in Fig. 1.
The A,FeMoOg_s oxides crystallized in a single-phase double-
perovskite structure after sintering at 1100 °C. No impurity phases
were observed in the XRD patterns of the samples. At room temper-
ature, CapFeMoOg_g has a monoclinic structure with space group
(s.g.) P21/n, Sr,FeMoOg_s has a tetragonal structure (s.g. [4/m), and
Ba,FeMoOg_s crystallizes in a cubic structure (s.g. Fd—3m). These
results are in good qualitative agreement with those reported by
other groups [21,26].

Since AMoO,4 impurities could readily be formed during the
preparation process of the A,FeMoOg_s [20], the micro-Raman
technique was used to detect the appearance of any slight
amount of impurity. Fig. 2 shows the Raman spectra of the
A;FeMoOg_s samples at room temperature. In the Raman spec-
trum of Sr,FeMoOg_g, besides a weak and broad peak at around
440cm~', we observed a broad peak in the frequency range
700-850cm™!, and a prominent peak at around 880 cm~!. Accord-
ing to the results reported by Son et al. [27], the Raman spectrum of
Sr,FeMoOg_s consists of peaks and shoulders at around 770, 620,
440, 390, 290, and 210 cm~!. Therefore, the Raman peak at around
440cm~! is assigned to the SrpFeMoOg_g phase. This peak also
appears in the Raman spectra of Ca,FeMoOg_s and Ba,FeMoOg_s,
and can be assigned to the Bg mode [28]. Son et al. [27] also
reported that the Raman spectrum of SrMoO, consists of peaks at
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Fig. 2. Raman spectra of A,FeMoOg_s double-perovskites at room temperature.

around 882.3, 840.1, 789, 380, 366, 362, and 179 cm~!. The Raman
modes of STMoQy4 in the scheelite-type structure were reported
long ago by Porto and Scott [29]. Their results showed that the
most intense Raman peak appears at 888cm~! and corresponds
to the stretching Ag vibration of the MoO4 group. Accordingly, the
peak at around 880 cm~! is identified as the signature of the pres-
ence of SrMo0, as an impurity. Similar features are also observed
in the Raman spectra of both the CayFeMoOg_gs and Ba;FeMoOg_g
samples, and can be attributed to CaMoO,4 and BaMoO,4 impurities,
respectively. According to the Raman intensity of this mode, the
content of STMoO,4 (or BaMoO4) as an impurity in the SroFeMoOg_g
(or Ba,FeMoOg_s) sample was clearly much lower than that of the
CaMoO,4 impurity in the CayFeMoOg_gs sample. The XRD results
(Fig. 1) showed that the samples obtained were single phases.
However, the detection limit of this technique prevents the iden-
tification of oxide phases at trace level that may segregate during
the preparation process [30]. We could easily detect the presence
of the trace AMoO, impurities by means of Raman spectroscopy.

3.2. SEM and EDS

Fig. 3 shows micrographs of the A,FeMoOg_gs samples after sin-
tering at 1100°C for 10h in 5% Hy/Ar. All of the samples exhibit
a homogeneous distribution of particles. The average grain sizes
of the CayFeMoOg_s, SroFeMoOg_s, and BayFeMoOg_g oxides are
about 5-8, 1-2, and 3-4 pm, respectively. The densification of the
CayFeMoOg_g sample is much higher than that of the Sro,FeMoOg_g
and Ba;FeMoOg_s samples. To examine the local chemical homo-
geneity and to determine the elemental compositions of the oxides,
EDS microanalysis was performed on different surface regions for
each sample. The EDS spectra of the A;FeMoOg_s5 samples indicated

Fig. 3. SEM micrographs for A,FeMoOg_s double-perovskites sintered at 1100 °C for
10hin 5 Hy/Ar: (a) CazFeMoQOg_s, (b) Sr,FeMoOg_s, and (c) Ba;FeMoOg_s.

only the constituent elements of Sr (or Ca, Ba), Fe, Mo, and O. Three
to four parallel EDS microanalysis measurements were carried out,
and the average atomic concentration for each element is shown in
Table 1. As can be seen from Table 1, the experimental values are in
good agreement with the nominal ones, showing that we obtained

Table 1
Nominal and experimental stoichiometric index of AFeMoOg_; double-perovskites.
Samples Element
Ca/Sr/Ba Fe Mo
CayFeMoOg_s
Nominal stoichiometric index 2 1 1
Experimental stoichiometric index 1.954+0.004 0.913 +0.008 1.133+0.009
Sr,FeMoOg_s
Nominal stoichiometric index 2 1 1
Experimental stoichiometric index 2.12+£0.01 0.96140.001 0.91540.008
Ba,FeMoOg_s
Nominal stoichiometric index 2 1 1
Experimental stoichiometric index 2.06 +£0.01 0.969 +0.001 0.97 £0.01
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Fig. 4. O 1s core-level spectra of A;FeMoOg_s; double-perovskites at room temper-
ature.

stoichiometric index A;FeMoOg_; oxides. This resultis in very good
agreement with the XRD measurements.

3.3. XPS analysis

XPS was used to assess the surface properties of the A,FeMoOg_g
samples and the chemical environments of Ca (or Sr, Ba), Fe, Mo,
and O, which were estimated by curve-fitting of the O 1s, Fe 2p, Mo
3d, and Ca 2p (or Sr 3d, Ba 3d) spectra. The XPS spectra of these
species are shown in Figs. 4-7. The binding energies and the per-
centage contributions of the valence states are shown in Table 2. It
can be seen from Fig. 4 that the O 1s core-level spectra consist of
two components at around 531.0 and 529.6 eV. The former comes
from lattice 02~ (Oy) and the latter is typical of hydroxyl groups
and carbonate structures (Oy) [21,31]. The O /Oy atomic ratios for
the CayFeMoOg_g, SryFeMoOg_g, and BayFeMoOg_s samples were
estimated as 1.22, 0.32, and 0.23, respectively. This result indicates
that the proportion of carbonate (Oy) compared to O increases
with increasing size of the A-site cation. The reason for this phe-
nomenon is that the alkaline-earth metal species are segregated
towards the surface to form carbonates [21,32]. The XRD results
did not reveal the presence of a carbonate component, thus the
effect caused by carbonates is negligible.

Fig. 5 shows the Fe 2p core-level spectra of the A,FeMoOg_s sam-
ples at room temperature. The Fe 2p XPS of A;FeMoOg_s consists of
Fe2p3/2 and Fe 2p1/2 excitations. Excitation from the Fe 2p3/2 level
gives rise to a peak at 710.8 eV (Fe3* 2p3/2), amain peak at 709.1 eV
(Fe%* 2p3/2), and a small shoulder at about 706.6 eV (Fe® 2p3/2).
This finding is in good agreement with results reported by Falcén et
al.[21].Fig. 6 shows the Mo 3d core-level spectra of the A;FeMoOg_g
samples at room temperature. The Mo 3d XPS spectra show two
rather broad peaks at around 232 eV (3d 5/2)and 235eV(3d 3/2) on
the binding energy scale. Curve fitting of the 3d 5/2 spectra yielded

Fe 2p3/2
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Fig. 5. Fe 2p core-level spectra of A;FeMoOg_s double-perovskites at room temper-
ature.
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Fig. 6. Mo 3d core-level spectra of A;FeMoOg_s double-perovskites at room tem-
perature.
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Table 2

Binding energies and percentage contributions of core electrons of A;FeMoOg_s double-perovskites. The percentage contributions of Fe® and Mo** were neglected for their

small amounts.

Sample 01s Fe 2p3);

Mo 3ds), Ca2psp;
Sr 3d5/2

Ba 3d5/2

o On Fe3* (%) Fe2* (%)

Fe® Mo>* (%) Mo®* (%) Mo**

CayFeMoOg_5
Sr,FeMoOg_s
BaFeMoOg_s

529.68
529.65
529.64

531.20
530.97
531.20

710.81 (40.1%)
710.83 (27.4%)
710.84 (14.3%)

708.80 (59.9%)
710.83 (72.6%)
710.84 (85.7%)

706.73
706.59
706.67

231.10 (41.9%)
231.00 (27.6%)
230.97 (14.3%)

232.50 (58.1%) 229.66
232.52 (72.4%) 229.52
232.51(85.7%) =

346.43
133.13
780.20
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Fig.7. Ca2p, Sr 3d, and Ba 3d core-level spectra of A,FeMoOg_s double-perovskites
at room temperature.

three components ataround 232.5 eV (Mo®* 3d 5/2),231.1 eV (Mo>*
3d 5/2), and 229.6eV (Mo** 3d 5/2) (except in the case of the
Ba;FeMoOg_g sample). The small fitted peak of the CayFeMoOg_g
(or SrpFeMo0Og_g) sample at around 229.6eV can be attributed to
surface defect states because: (i) the Fe 2p3/2 spectra also show
a weak shoulder on the low binding energy side, and (ii) similar
effects of surface defects have been seen for other transition metal
components [33-35]. No parasitic phases of Fe® and Mo** species
were detected in the samples by either XRD or Raman observations.
Therefore, although trace quantities may be present, the amounts
of FeY and Mo** species are negligible. As can be seen in Table 2,
the contributions of the Fe2*-Mo®* and Fe3*-Mo®* configurations
are quite different among the Ca,FeMoOg_s to Ba,FeMoOg_s sam-
ples. The mixed-valence state involves around 27.4% Fe3* (3d°;
§=5/2)-Mo>* (4d'; S=1/2) and 72.6% Fe?* (3d%; S=2)-Mo®* (4d°;
S=0) for the SryFeMoOg_s sample at room temperature, which
is in good agreement with the results reported by Kuepper et
al. (30% Fe3*-Mo>* and 70% Fe2*-Mo®* electronic configurations)
[35] and by Besse et al. (34% Fe3*-Mo’* and 66% Fe2*-Mob* elec-
tronic configurations) [36]. The results for the CaFeMoOg_g and
Ba;FeMoOg_s samples are also shown in Table 2. From these results,
we can conclude that the valence balance of Fe2*/3*-Mo>*/6* grad-
ually shifts closer to that of Fe2*-Mo®* as the A-site cation size is
increased, which would promote B-site ordering [37,38].

Fig. 7 shows the Ca 2p, Sr 3d, and Ba 3d core-level spectra of the
A;FeMoOg_s double-perovskites. The intense Ca 2p, Sr 3d, and Ba
3d XPS spectra could be satisfactorily fitted to one component, indi-
cating that the contributions to the spectra of the minor carbonate
component and the main double-perovskite component could not
be separated.

The above detailed XPS analysis should provide further insight
into the conduction and catalytic action of A;FeMoOg_s The exis-
tence of mixed-valent Mo>*/MoS* provides electronic conductivity
with a sufficiently large work function to accept electrons from H;
and hydrocarbons in the anodic atmospheres of an SOFC. Mean-
while, the presence of oxygen vacancies in the oxygen lattices
of AyFeMoOg_s creates good oxide ion conduction. To use the
Mo>*/Mo®* couple as a catalyst in a perovskite, a double-perovskite
with an M(II) (3d-block transition metal) partner ion is needed
to compensate the charge balance [13], and hence the Fe2*/Fe3*
couple is introduced in A,FeMoOg_s. Therefore, the mixed-valent
Mo>*/Mo%" and Fe2*/Fe3* couples play an important role in the
conduction and electrochemical performance of A,FeMoOg_s.

3.4. Electrical properties

Fig. 8 shows the bulk electrical resistivities as a function of
temperature for the A,FeMoOg_s samples in H, between 50 and
850°C. The electrical resistivity of CayFeMoOg_gs is indicative of
metallic-like conduction behavior throughout the whole measured
temperature range. The electrical resistivity of Sr,FeMoOg_gs, on
the other hand, is indicative of various conduction behaviors in
three regions: (i) it indicates metallic conduction behavior below
150°C, (ii) it indicates a semiconducting region or localization of
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Fig. 8. Bulk electrical resistivities as functions of temperatures of A;FeMoOg_
double-perovskites in Hy: (a) CayFeMoOg_s, (b) Sr,FeMoOg_s, and (c) Ba;FeMoOg_s.

the carriers in the temperature range 150-550°C, and (iii) the
sample reverts to metallic conduction behavior between 550 and
850°C. An insulator-metal transition is found at around 550°C,
which is much higher than that reported in a previous study (at
around 317 °C under a vacuum of approximately 10~ Torr) [39].
This difference can be attributed to the different testing condi-
tions. Below 150 °C, the electrical resistivity of Ba,FeMoOg_j is also
indicative of metallic conduction behavior. However, the resistivity
indicates a semiconducting region or localization of the carriers in
the temperature range 200-850°C. It is noteworthy that the elec-
trical resistivity of A;FeMoOg_s in H, over the whole temperature
range investigated shows a clear increase by several orders of mag-
nitude in the order: Ca<Sr<Ba. The double-exchange mechanism
can be invoked to explain this result (see below).

In A;FeMoOg_g, the Fe3* (3d° tyg3eg?) ions are envisaged as
being in a high-spin state with all the spin-up 3d orbitals occu-
pied. Sleight and Weiher [40] proposed that if the spin-down 3d°
(t2g>eg?) orbitals of Fe have similar energy to the 4d! (ty,!) orbitals
of Mo, they can form a narrow band and provide the conduction
band. This is supported by band-structure calculations, which show
a mixing of the spin-down 2p, 3d, and 4d bands of O, Fe, and Mo,
respectively, at the Fermi level [41]. In a delocalized Fe3*-Mo®*
configuration, the 3d° Fe electrons are localized while the 4d' Mo
electrons are itinerant or delocalized. If the 4d! Mo electrons have
spin down, the itinerant electrons may be able to hop through
the O 2p orbitals to the ty; Fe down empty states, giving rise to
a sort of double-exchange mechanism, as proposed by Zener [42]
in relation to Fe3*-0-Mo-0-Fe2* charge transport. Clearly, the
itinerant or delocalized electrons play an important role in the
conduction mechanism. With appropriate annealing, SroFeMoOg_g
samples can be made into insulating, semimetallic, or metallic
oxides [41,43], which is quite unusual because the charge order-
ing of the extreme Fe3*-Mo>* configuration is expected to give rise
to exclusively insulating properties. Delocalized Mo electrons or
cation nonstoichiometry could explain the metallic behavior of the
SroFeMoOg material. Sleight and Weiher [40] suggested that the
Fe3*-Mo>* configuration could be degenerate with the Fe2*—Mo®*
configuration and that this valence degeneracy could be the cause
of the observed metallic behavior.

All of the A,FeMoOg_s samples exhibit metallic behavior at low
temperatures (Fig. 8), which suggests that the Fe2*-Mo®* configu-
ration may indeed be degenerate with the Fe3*-Mo®* configuration
to form a narrow band. This valence degeneracy means that the
energy of the m*-3 Mo level is nearly the same as that of the
T*~[3 level of Fe [40]. With decreasing A-site cation size, the con-
tribution of the Fe3*-Mo>* configuration to the XPS spectrum

increases (15% for Ba, 27% for Sr, and 40% for Ca) (Table 2), while
the magnitude of the electrical resistivity decreases (Fig. 8). This
suggests that the magnitude of the electrical resistivity is closely
related to the degree of degeneracy and hybridization between the
Fe2*-Mo%* and Fe3*-Mo>"* states. The electrical resistivities of the
Sr,FeMoOg_s and BayFeMoOg_s samples are indicative of a semi-
conducting region or localization of the carriers, which may be
related to a weak Anderson localization induced by some disor-
der in the Fe and Mo sites or the presence of oxygen vacancies
[39,44].However, the electrical resistivity of the Ca;FeMo0Og_g5 sam-
ple is solely indicative of metallic behavior. This means that the
higher the degree of valence degeneracy, the stronger the tendency
towards metallic behavior.

3.5. TGA-DSC

To examine the phase stabilities of the A;FeMoOg_s samples,
simultaneous TGA-DSC measurements were carried out under
a nitrogen atmosphere, and an XRD study was also performed
after the thermal analysis. Fig. 9(a) and (b) shows the TGA-DSC
curves obtained between 45 and 1000 °C in a nitrogen atmosphere.
The TGA curve of CayFeMoOg_g differs distinctly from those of
Sr,FeMoOg_s and BaFeMoOg_g, in that the former displays a sharp
weight gain, while the latter show only a slight decrease or gain
in weight compared to the initial weight. Meanwhile, a sharp
endothermic peak is observed at about 426 °C in the DSC curve of
CayFeMoOg_g, but not in the curves of the Sr and Ba analogues. For
Ca,FeMoOg_g, the weight gain from the initial weight to the weight
at 1000°C is 3.4%, a value that is in good agreement with the theo-
retical weight gain (~2.8%) for the decomposition of CayFeMoOg_g
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Fig. 9. (a) TGA and (b) DSC curves of A;FeMoOg_s double-perovskites between 30
and 1000°C in nitrogen atmosphere.
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into CaMoO4 and CaFeO, 5 according to the following equation
[20]:

CayFeMoOg_s — CaMoOy4 + CaFeO; 5 (1)

where the oxygen deficiency 8 is selected to be 0.04-0.07 based on
reports for similar compounds of the type A;MgMoOg_s [16,45,46].
Therefore, the steep weight gain of the sample seen above 430°C
in the TGA curve is due to the decomposition of Ca;FeMoOg_g, and
is accompanied by an endothermic peak at about 426 °C in the DSC
curve. The phase composition of the final products could be indexed
by XRD as a mixture of CaMo0O,4 and CaFeO, 5 (Fig. 10), which are
in good agreement with the above thermal analysis results.

The weight decreases observed for SrpFeMoOg_s and
BayFeMoOg_s in the TGA curves below 650°C in a nitrogen
atmosphere are accompanied by broad exothermic peaks in the
DSC curves. This weight loss corresponds to the expulsion of
lattice oxygen atoms and the formation of oxygen vacancies in
SroFeMoOg_s and Ba,FeMoOg_s according to the reaction:

w 1
2Moy, + 05 — 2Mo'mo + V + 502 0 (2)

where O denotes lattice oxygen, Moy, denotes Mo®*, Moy,
denotes Mo>*, and Vc')' is the oxygen vacancy. Similar results have
been reported by other groups [17,47,48], even in hydrocarbon and
reducing atmospheres. Above 650 °C, the weight increases slightly
and the TGA curve levels off; no exothermic peak is seen in the DSC
curves. Due to the inevitable presence of a small amount of residual
oxygen in the nitrogen atmosphere, the weight gains observed for
the Sr,FeMoOg_s and Ba;FeMoOg_s samples above 650°C can be
considered as being due to partial oxidation and oxygen absorp-
tion of the sample during the heating run [21]. The final weights at
1000°C compared to the original weights are 100.3 and 99.8% for
SrpFeMoOg_s and Ba,FeMoOg_, respectively, indicating that these
materials are stable in a nitrogen atmosphere. To further confirm
the stabilities of the Sr,FeMoOg_s and Ba;FeMoOg_s samples, they
were examined by XRD after sintering at 1200 °C for 2 h in a nitro-
gen atmosphere. As expected, no impurity phases or diffraction
peak shifts were observed in the respective XRD patterns (Fig. 10).
The XRD results were consistent with the above TGA-DSC analysis.

3.6. Thermal expansion behavior

Thermal expansion compatibility is an indispensable consid-
eration in the development of electrode materials for SOFCs. A

thermal expansion incompatibility between the SOFC components
would cause excessive thermal stress, induce delamination of
the electrodes during the sintering and operating processes, and
hence reduce the lifetime of the SOFCs [49]. Fig. 11(a) shows
thermal expansion curves obtained for samples of A;FeMoOg_;
and LSGM between 30 and 1000°C in a nitrogen atmosphere.
To identify the volume change of A,FeMoOg_s, the TEC curves
are shown in Fig. 11(b). The Sr,FeMo0Og_s sample has a TEC of
13.9 x 10~ K- between 30 and 1000 °C, which is slightly higher
than that of the Ba,FeMoOg_s sample (13.3 x 106 K-1). Falcén et
al. [21] investigated the oxidation profiles of A;FeMoOg_s oxides.
Their results showed that oxygen was relatively easily incorporated
into the perovskite structure, with the amounts conforming to the
sequence: CapFeMoOg_g<BayFeMoOg_s < SroFeMoOg_s. This sug-
gests that the concentration of oxygen vacancies also follows the
same sequence. In Section 3.5, the TGA curves showed that the
number of oxygen vacancies in Srp,FeMoOg_g is higher than those
in CayFeMoOg_s and Ba;FeMoOg_; (for example, the maximum
weight loss was 0.28% for Ca,FeMoOg_s, 0.52% for Ba,FeMoOg_s,
and 0.97% for Sr,FeMoOg_s), which agrees well with the above
results reported by Falcén et al. [21]. With the increase in the
oxygen vacancy concentration, oxygen permeation and lattice
expansion become much more pronounced [50]. Therefore, the
TEC of Sr;FeMoOg_g is slightly larger than that of BaFeMoOg_s.
It can, however, be noted that a curvature is observed at about
700°C in the thermal expansion curve for Ca,FeMoOg_s, corre-
sponding to a marked decrease in the TEC curve, which may be
attributed to the decomposition of CapFeMoOg_g, as confirmed
by the above TGA-DSC and XRD analyses. This indicates that
CayFeMoOg_s is incompatible as an anode material for application
in SOFCs. No abrupt changes were observed in the TEC curves for
samples SrFeMoOg_s and BaFeMoOg_s, indicating that there is
no structural phase transition in these two oxides in the studied
temperature range. The TEC of LSGM electrolyte is 11.2 x 106 K1
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Fig. 11. (a) Thermal expansion and (b) TEC curves of A;FeMoOg_s double-
perovskites between 30 and 1000°C in nitrogen atmosphere.
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in a nitrogen atmosphere, which is close to the values of the
Sr,FeMoOg_s and BayFeMoOg_gs samples. Thus, the SroFeMoOg_g
and BayFeMoOg_g samples show good thermal compatibility with
the LSGM electrolyte between 30 and 1000 °C.

3.7. Single-cell electrochemical performance, stability, and SEM

Fig. 12 shows plots of power density and voltage as functions
of current density for AyFeMoOg_g5/SDC/LSGM/SmBaCo,05., cells
at 700-850°C using dry H; as fuel and ambient air as oxidant. The
cell with an Sr,FeMoOg_s anode exhibited maximum power den-
sities (Pmax ) of 831, 584, and 412 mW cm~2 at 850, 800, and 750 °C,
respectively, while the cell with a Ba,FeMoOg_s anode exhibited
Pmax values of 561, 338, and 206 mW cm~2 at these respective tem-
peratures. However, the cell with Ca,FeMoOg_s merely achieved
a Pmax of 186 mW cm~—2 at 850 °C. These results indicate that the
cell Pmax with Hy as fuel for the A;FeMoOg_s anodes increases
in the order: CayFeMoOg_g<BasFeMoOg_s < Sr,FeMoOg_s, which

is consistent with the previous report on the catalytic activity of
A;FeMoOg_s for methane oxidation [21]. The high catalytic activ-
ity of Sr,FeMoOg_s is related to the defective character of this
double-perovskite, such as its oxygen vacancies [21]. As mentioned
in relation to the TGA-DSC data, the number of oxygen vacan-
cies in Srp,FeMoOg_s is higher than that in BaFeMoOg_s. Thus, the
Sr,FeMoOg_s anode displays better electrochemical performance
compared to the BayFeMoOg_g anode. The poor cell performance
of the CapFeMo0Og_g anode could be attributed to the decomposi-
tion of this material and its smaller number of oxygen vacancies, as
corroborated by the above TGA-DSC and XRD analyses.

Fig. 13 shows SEM micrographs of the SOFCs with A;FeMoOg_g
as anodes after cell testing. The surfaces of the anodes can be seen
to display a homogeneous distribution of particle sizes. The buffer
layer can readily be seen between the A;FeMoOg_s anode and LSGM
electrolyte, which efficiently prevents interfacial reaction between
the anode and electrolyte. The thickness of the SDC layer is about
10 pm. This SDC buffer layer shows good interfacial contacts with
the Sr,FeMoOg_s and Ba;FeMoOg_s anodes. However, the interfa-
cial contact between the Ca;FeMoOg_s anode and the SDC buffer
layer is inferior to those with the aforementioned two anodes,
which may be ascribed to the decomposition of CayFeMoOg_g that
occurs during the cell fabrication process and operation. This fur-
ther indicates that Ca,FeMoOg_; is unsuitable for use as an anode in
SOFCs. In addition, it can be seen from Fig. 13 that the anodes have
a porous microstructure and moderate porosity, which is favor-
able for the transfer of fuel gas. The LSGM electrolyte is also dense,
although it contains some small closed pores.

To demonstrate the high performance of the Sr,FeMoOg_s
anode, we present electrochemical impedance spectroscopy data
for a single cell operated at different temperatures under open-
circuit conditions, as shown in Fig. 14(a). The highest frequency
intercept on the real axis represents the ohmic resistance (Ronm)
from the electrolyte, the electrodes, the connection wires, and the
testing conditions; the lowest frequency intercept represents the
total resistance (Rt ) of the whole cell. Hence, the distance between
the two intercepts corresponds to the interfacial resistance (Rp)
[51]. Rp mainly corresponds to the adsorption, diffusion, and
charge-transfer processes of oxygen on the cathode and hydrogen
on the anode. Plots of the Rynm, Rp, and Ryot values vs. temperature
are shown in Fig. 14(b). The values of Ry, Ropm, and Ryt are seen to
decrease with increasing temperature. The values of R, are 0.593,
0.327, and 0.284 Q cm? at 750, 800, and 850°C, respectively. Riot
of the cell is mainly controlled by Rp; for example, 59.7% at 850 °C.
Therefore, reducing Ry, is critical for reducing Rt to improve the
cell performance.

The electrochemical stability of the Sr;FeMoOg_s anode in H;
was tested. Fig. 15 shows the cell Ppax and the current density as
functions of time at 850°C in dry H,. A total testing period of 20 h
was used for the single cell with Sr,FeMoOg_g as the anode. Power
loss was calculated according to (Pmax,0 — Pmax.20)/Pmax,0 x 100%.
Power loss in H, was 2.7% over a 20 h period, which indicates that
Srp,FeMoOg_; is a relatively stable anode material.

To assess the electrochemical performance of the SryFeMoOg_g
anode in a complex hydrocarbon fuel, a single cell with
Sr,FeMoOg_s as the anode was tested in humidified commercial
city gas containing H,S (3% H,0). The commercial city gas com-
position is shown in Table 3 (from the commercial city gas supply
system in Changchun). Fig. 16 shows the power density and cell
voltage as functions of current density at different temperatures
for a single cell with an SrpFeMoOg_g anode in the city gas contain-
ing H,S (3% H,0). The cell Pmax reached 735,476, and 183 mW cm 2
at 850, 800, and 750°C, respectively. The cell Ppax in the humidi-
fied city gas containing H,S is obviously lower than that in H, due
to the complex gas composition. Fig. 17 shows the cell Ppax and
the current density as functions of time at 800°C in the humidi-
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Fig.13. SEM micrographs of the cell after testing: cross-section between A, FeMoOg_s anode and LSGM electrolyte for (a) Ca;FeMoOg_s, (¢) Sr,FeMoOg_s, and (e) Ba;FeMoOg_s;
surface of A,FeMoOg_s anodes for (b) Ca,FeMoOg_s, (d) SroFeMoOg_s, and (f) Ba,FeMoQOg_s.

fied city gas containing H,S (3% H,0). During the first 200 min, the
cell Pmax decreases significantly from 476 to 436 mW cm~2. How-
ever, thereafter it remains steady throughout the rest of the test,
indicating excellent electrochemical stability. The initial decrease
in the cell Ppax may be associated with the establishment of full
equilibrium of the system when the fuel is switched from H; to
city gas. The cell Ppax displayed a slight fluctuation in city gas. This
small fluctuation may be partly attributed to the unstable city gas
flow, arising from the direct utilization of city gas in the SOFC from

also observed for SOFCs using coal syngas and coal gas contain-
ing arsine as fuels [52,53]. No carbon deposition was observed on
the anode surfaces during long electrochemical tests at high tem-
peratures (see Fig. 13(d)), suggesting that Sr,FeMoOg_s tolerates
well both carbon and sulfur from commercial city gas contain-
ing H,S. Thus, it is a good SOFC anode candidate for a variety of
fuels.

a commercial city gas pipe. Similar fluctuation phenomena were 20
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Fig. 15. Electrochemcial stability of a single-cell with Sr,FeMoOg_s anode at 850°C
in Hz.

sured at different temperatures under open-circuit conduction and (b) the interfacial
polarization resistances (R,), ohmic resistances (Ronm), and total cell resistances
(Rtot) determined from the impedance spectra as functions of temperatures.
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Table 3
Components and contents of the commercial city gas and concentration of impurity
gases (taken from Changchun City Gas Co., Ltd.).

Components Percentage (%) Concentration (ppm)
Methane 221 -
Hydrogen 59.6 -
Nitrogen 3.4 -
Carbon dioxide 23 -
Carbon monoxide 9.3 -
Oxygen 1 -
High hydrocarbon 23 -
Sulfureted hydrogen - 4.92
Ammonia - 11.87
Naphthaline = 4.6
Coal tar - 0.015
1.0
10 L Sr,FeMoO, —=—850°C
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Fig. 16. Power density and cell voltage as functions of current density for a single-

cell with Sr,FeMoOg_s anode measured at different temperatures in commercial
city gas containing H»S (3% H,0).
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Fig. 17. Electrochemcial stability of a single-cell with Sr,FeMoOg_s anode at 800 °C
in commercial city gas containing H,S (3% H,0).

4. Conclusions

Double-perovskites of the type Ay FeMoOg_gs have been prepared
by solid-state reactions and assessed as potential anode materials
for use in SOFCs. The A;FeMoOg_s compounds adopt monoclinic,
tetragonal, and cubic structures for A=Ca, Sr, and Ba, respectively,
at room temperature. Fe2*-Mo%" and Fe3*-Mo>* configurations
co-exist in A,FeMoOg_s. The degeneracy and hybridization of the
Fe2*-Mo®* and Fe3*-Mo>* states leads to the formation of a narrow
band, which is responsible for the metallic conduction behavior

of these oxides. Regional semiconducting behavior observed for
Sr,FeMoOg_s and Ba; FeMoOg_ s may be related to a weak Anderson
localization, i.e., the systems displayed disorder-induced localiza-
tion of the charge carriers, thus resulting in a decrease in the
electrical resistivity with increasing temperature. The large differ-
ence in the magnitudes of their electrical resistivities resulted from
different degrees of degeneracy and hybridization between the
Fe2*-Mo®* and Fe3*-Mo°* configurations. Whereas Ca;FeMoOg_j
proved to be unstable, Sr;FeMoOg_s and BayFeMoOg_s displayed
excellent stabilities up to 1200°C in a nitrogen atmosphere,
and SrpFeMoOg_s showed the highest oxygen vacancy concen-
tration. SroFeMoOg_g and Ba;FeMoOg_s displayed good thermal
compatibility with LSGM electrolyte. The electrochemical perfor-
mances of the A,FeMoOg_s anodes in H, increased in the order:
Ca,FeMoOg_s <BayFeMoOg_g < SroFeMoOg_s. The poor cell perfor-
mance of the CayFeMoOg_s anode was due to its decomposition
at high temperatures and the low oxygen vacancy concentra-
tion. Sr;FeMoOg_s exhibited a particularly favorable combination
of high electrical conductivity, good thermal stability and ther-
mal compatibility, and excellent electrochemical performance, and
therefore can be recommended as a candidate anode material for
use in SOFCs.
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