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Ni-doped Sr;Fe; sMo0y 506.5 as Anode Materials for Solid Oxide
Fuel Cells

Guoliang Xiao,? Siwei Wang,>* Ye Lin,? Zhibin Yang,” Minfang Han,-?
and Fanglin Chen®**»*

“Department of Mechanical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA
bSchool of Chemical and Environment Engineering, China University of Mining and Technology, Beijing 100083,
China

10% Ni-doped SraFe; sMog 50¢.5 with A-site deficiency is prepared to induce in situ precipitation of B-site metals under anode
conditions in solid oxide fuel cells. XRD, SEM and TEM results show that a significant amount of nano-sized Ni-Fe alloy metal
phase has precipitated out from Srj 9Fe; 4Nip 1 Mog 50¢-5 upon reduction at 800°C in H,. The conductivity of the reduced composite
reaches 29 S cm~! at 800°C in H,. Furthermore, fuel cell performance of the composite anode Srj.gFe; 4NigMog s506.5-SDC
is investigated using H, as fuel and ambient air as oxidant with Lag gSrg2Gagg7Mgo.1303 electrolyte and Lag ¢Srp4Cop2Fep 303
cathode. The cell peak power density reaches 968 mW cm™2 at 800°C and the voltage is relatively stable under a constant current
load of 0.54 A cm~2. After 5 redox cycles of the anode at 800°C, the fuel cell performance doesn’t suffer any degradation, indicating
good redox stability of SrjgFej 4Nig 1Moo 50¢.5. Peak power density of 227 mW cm~2 was also obtained when propane is used as
fuel. These results indicate that a self-generated metal-ceramic composite can been successfully derived from SrpFe| sMog 50¢.5 by
compositional modifications and Srj 9Fej 4Nig.1Mog50e.5 is a very promising solid oxide fuel cell anode material with enhanced

catalytic activity and inherited good redox stability from the parent ceramic material.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.061403jes] All rights reserved.
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Ceramic anode materials have drawn a lot of attention due to their
potentially better stability in different fuels or under redox cycling in
solid oxide fuel cells (SOFCs) comparing with the conventional Ni-
based cermet anodes. Among the proposed ceramic anode candidates,
perovskite-type oxides, such as LaCrO;-based and SrTiOs-based ma-
terials, have been intensively studied due to their relatively high mixed
conductivity and good stability in reducing atmospheres.'~* Recently,
a new class of Sro,M;_Mo,Og.s materials (M = Mn, Fe, Co, Ni, 0 <
x < 1) with double perovskite structure have been demonstrated as
anode materials for SOFCs.>~° This type of material has various B-site
cation choices in a wide range of compositions, offering flexibility in
tuning their properties. Several interesting anode candidates with this
structure have been reported with good stability in different fuels and
under redox cycling.%’

Ceramic anode materials exhibit good stability but there are still
considerable needs for improving their overall cell performance. One
of the limiting properties of these ceramic candidates is their relatively
low catalytic activity. Many studies have shown that the fuel cell per-
formance can be dramatically improved by introducing a small amount
of metal catalysts to these mixed conductors.''* Unlike the cermet
materials which require a large volume ratio of the metal phase to pro-
vide percolating conductive passage, it is possible to fabricate highly
dispersed metal catalyst on the mixed-conducting ceramic backbones.
With good mixed conducting properties, the ceramic materials may
help stabilizing the metallic catalyst phase, promoting their catalytic
activity and eventually mitigating the instability issues that cermet
anodes typically have. Several reports have demonstrated both en-
hanced activity and stability of the metal modified ceramic anode
materials.!-13:14

Regarding the modification method, infiltration is always an easy
and effective way to obtain the supported catalysts on porous sub-
strates and many reported metal modified ceramic anodes have been
prepared by this approach as mentioned above. Recently, in situ gen-
eration of metal particles from oxides has been considered as an
alternative way to obtain the supported metal catalysts in certain ox-
ide material systems.'>"! Compared with the infiltration approach, in
situ generation of metal particles is much simpler and is less affected
by other factors such as the morphology of the ceramic backbones.
The size and loading amount of the metal particles are determined by

*Electrochemical Society Student Member.
**Electrochemical Society Active Member.
“E-mail:hanminfang @sina.com;chenfa@cec.sc.edu

the chemical properties of the oxides and the metallic catalyst distri-
bution may be more homogeneous since the metals are precipitated
directly from the ceramic lattice. Nano-sized Ni, Ru, and Pd particles
have been reported to be uniformly dispersed on oxides via reduc-
tion of LaCrOs;- or NbTijsNigs04- based materials and enhanced
fuel cell performance has been observed with these composite anode
materials.'>'® By exposing Pr4Sro¢Cog2Feq7Nby ;05 to a reducing
environment at 900°C, nano-sized Co-Fe alloy particles supported on
a ceramic matrix have been obtained. Besides the enhanced anode ac-
tivity, an interesting regenerative behavior upon in situ redox cycling
has also been achieved in this material system. '

Previously, we have successfully improved Sr,Fe; sMog50¢.5 an-
ode performance by incorporating a small amount of Ni through
infiltration.’>'* Since Ni shows good catalytic activity and can be
more easily reduced than Fe, in this study we substitute Fe on the
B-site of SryFe; Moy 5065 with 10% Ni and expect to in situ generate
metal-ceramic composite anode under the fuel cell operating condi-
tions. By introducing slight A-site deficiency, precipitation of metal
particles on the ceramic matrix has been facilitated. The electrochem-
ical performance and stability of the obtained composite anode are
systematically studied.

Experimental

Material synthesis.— SryFe | 4NigMogsOe.s and SrjoFe; 4Nig
Moy 5065 Were prepared by a combustion process. Stoichiometric
amount of (NH4)¢Mo70,4 4H,O was first dissolved in deionized
water. To prepare 0.01 mole of the oxide, 2g of citric acid was
then added to the solution as a chelating agent to prevent pre-
cipitation of the molybdate salt. Sr(NO3),, Fe(NO3); 9H,O and
Ni(NO3), 6H,O were then dissolved and a clear yellowish solu-
tion was formed. Finally, 15g of glycine was added as a combustion
agent and the solution turned dark red. The as-prepared solution was
heated by a microwave oven with 1000 W power until self-ignition
took place. The ash was then collected and heat-treated at 1100°C in
air for 5 h to form the perovskite structure. The interlayer material
Lag4Cey60, (LDC) and the cathode material LagSry4Cog,FeqgO03
(LSCF) were prepared by a similar citric acid-assisted combustion
method. LaggSrg2GagsyMgo 1305 (LSGM) electrolyte powder was
synthesized by solid-state reaction.

Characterization.— XRD patterns of the powders were
recorded using a D/MAX-3C X-ray diffractometer with graphite-
monochromatized Cu Ko radiation (A = 1.5418 A). XPS was
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measured using a Kratos Axis Ultra DLD instrument and spectra were
calibrated by C 1s at 284.6 eV. SEM images of the powders before and
after reduction were evaluated using a Zeiss Ultra plus Thermal Field
Emission Scanning Electron Microscope. The metal-ceramic compos-
ite achieved by reducing Sr; gFe; 4Nip Mo 50¢.5 Was also character-
ized by high-resolution transmission electron microscopy (HRTEM).
The powders were dispersed in ethanol and well sonicated before
dipped onto Holey Carbon 400 mesh Cu grid (Ted Pella, Inc.). JEOL
3000F with a point-to-point resolution of 0.17 nm operating at 300 kV
and JEOL2100F equipped with a Schottky field-emission gun (FEG),
with Cs = 1.0 mm operated at 200 kV were used for imaging. EDX
tests were carried out in the STEM mode.

SryoFe; 4Nig1MogsOgs was pressed into a rectangular bar
(40 x 6 x 2mm?) and sintered at 1300°C for 6h for electrical conduc-
tivity measurement. Ag wires and Ag paste were used to attach four
probes on the sintered bar sample. The bar with attached Ag wires was
placed in a tubular furnace with air or H, (3 vol% H,O) flowing at a
rate of 80 mL min~! and the resistance was recorded by a multimeter
(Keithley model 2001 7-1/2 DDM) in a dc four-probe configuration
from 800 to 400°C. For the conductivity measurement in H,, the bar
was first reduced at 800°C for 10 h before the data was collected.

Cell fabrication and test.— LSGM powder was pressed into pellets
and sintered at 1450°C for 10 h to form dense electrolyte membranes.
Electrode inks and LDC ink were made by mixing the powders with
a Heraeus binder V006 at a weight ratio of 1:1.5. The LDC layer
to prevent the reaction between LSGM and Ni from the anode was
fabricated by painting the LDC ink on the LSGM electrolyte pellet
followed by sintering at 1350°C for 2 h. The anode was then painted
on the LDC layer and the cathode was painted on the other side of the
LSGM electrolyte pellet. After drying, the electrodes were co-fired in
air at 1100°C for 2 h. Au paste and Pt paste were painted on the anode
and cathode, respectively and fired at 1000°C for 0.5 h to form the
current collector. Two wires were connected to each electrode and the
cells were tested in a four-probe configuration. The flow rate of the
fuel gas was set to 40 mL min~! and ambient air was used as oxidant. A
Versa STAT 3-400 test system (Princeton Applied Research) was used
for electrochemical characterizations. For electrochemical impedance
measurements, 10 mV of ac perturbation was applied and impedance
spectra were measured from 10° Hz to 0.02 Hz.

Results and Discussion

Pure cubic perovskite phases of Sr,Fe;4Nip;Mogs0¢s and
Sty 9Fe; 4Nip1 Moy 5065 can be obtained by firing the precursors at
1100°C in air for 5 h. As shown in Figure 1a, no impurity peak was
detected in the XRD patterns for both compositions. The only differ-
ence is that the XRD peaks of the Sr-deficient one slightly shifted to
lower angles as shown in Figure 1b, indicating that the lattice was
expanded. The lattice expansion in Sr;¢Fe;4Nig;MogsOg is con-
sistent with those reported for A-site deficient composites in other
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Figure 1. a) XRD pattern of SrpFe;4Nig1MogsOg.5 and SrjgFej4Nig
Mog 506-5 synthesized in air at 1100°C, and b) enlarged (110) peak.

Table I. Lattice constant and crystalline size calculated from XRD
pattern.

Lattice Constant (A)

Crystalline size (nm)*

Sry.9Fe.4Nip.1 Mo 506.5
SraFey 4Nig.1Mop 506-5

3.9243(6)
3.9195(5)

42.6(9)
33.2(8)

*Based on FWHM of (110) peak.

systems.”’ The cation deficiency can be accompanied by generating
oxygen vacancies and p-type defects in the lattice for charge compen-
sation. The general decrease in oxygen content results in the lattice
expansion in these A-site deficient composites. The lattice parameters
and crystalline sizes of both samples were calculated by Jade soft-
ware and listed in Table I. Larger crystalline particles were obtained
for Sry gFe; 4Nip 1Moy sO¢ s, indicating the A-site deficient sample is
also easier to be sintered, consistent with other reports.”! The lattice
parameter of Srp,Fe; 4Nig1MogsOg.s is slightly smaller than that of
SryFe; sMog 5045 due to the p-type doping of Ni which also increases
the concentration of Fe**, the p-type defects.

In order to verify the impact of p-type doing of Ni on the
oxidation state of Fe, XPS was conducted for Sr,Fe;sMogsOq.s,
Sl‘zFelANi()_lMO()jOs,g and Sr1A9F61_4Ni0A1 MOOASO@B and the Fe Zp core
levels are shown in Figure 2. Previously, the Fe oxidation states in a
series of Mo-doped SrFeOj;.; have been analyzed by fitting Fe 2p 3/2
signal with three interval-fixed peaks, which are assumed to corre-
spond to Fe**, Fe’* and Fe?*, respectively.?? The estimated results
are well consistent with the observation from neutron diffraction.
Considering the similar material compositions, the fitting model was

— Peak |
—— Peak Il
——Peak lll

(a) Fe2p (b) Fe2p (c)
H
&% e y A
= / &
e = F E
© st © i “5
s py S RS -~
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Figure 2. Fe 2p core levels of (a) SrpFe; sMog50¢.5, SraFe; 4Nig 1Moo 50¢.5 and Sry gFe; 4Nig.1 Moo 506.5.
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Table II. Fitting results for Fe 2p 3/2 signal.
Binding Energy (eV) Area Ratio (%)
I I I I 11 1II Oxidation State of Fe Oxygen Content
SrpFe; sMog 506-5 711.58 710.17 709.24 33.94 48.02 18.04 3.16 5.87
SrpFe 4Nig.1 Mo 506-5 710.89 709.48 708.55 56.77 43.23 0 3.57 5.81
Sry.9Fe; 4Nig 1 Mog 506.5 710.96 709.55 708.62 59.76 40.24 0 3.60 5.71

directly applied in this work as well. The fitting results are shown in
Table II. The fitting peak IIT corresponding to Fe?* is reduced sig-
nificantly in both Ni-doped samples, indicating a p-type electronic
compensation mechanism for Ni-doping and resulting in an increase
in oxidation state of Fe. It can be noted that the oxidization state
of Fe is even slightly higher in Sr; gFe; 4Nip; Moy sO¢; than that in
SryFe; 4Nip 1Moy sOgs due to the partial electronic charge compen-
sation for the cation deficiency as discussed above. According to
the average oxidation state of Fe and assuming that Ni>* and Mo®*
occur in the oxide in oxidizing atmosphere, the oxygen content for
each composition can be estimated and the results are also listed in
Table II. The value for Sr,Fe;sMogsO¢s is consistent with
those reported elsewhere.””? The oxygen content is 5.81 for
SI'zFelANio.]MO()jOé_g and 5.71 for S1‘1A9F61.4Ni0A1M00‘506_3, which
are in agreement with our expectations.

Figure 3 shows the XRD patterns of Sr,Fe; 4Nig Moy 5045 and
Sry 9Feq 4Nip1Mog 5065 after reduction at 800°C in H, (3vol% H,0)
for 10 h. Besides the major perovskite phase, secondary phases were
also detected in the reduced samples. By contrast, the un-doped
SryFe; sMogsO¢s still showed pure perovskite phase under similar
treatments as observed in our previous work.® The Gibbs free energy
for reduction of Ni oxide and Fe oxide at 800°C were calculated using
the HSC Chemistry program and listed below.

NiOg) + Hyg) = Niy+ Hy Oy AG = —46.5kImol™"  [1]

AG = —12.5kJmol™!
[2]

From Eq. 1 and Eq. 2, it can be seen that both reduction reactions
are thermodynamically favorable in typical SOFC anode conditions
but Ni oxide is much easier to be reduced than Fe oxide. The high
oxidation state of transition metal cations can be stabilized when
forming a perovskite structure. In our previous work, we observed
that Mo-doping in SryFe; sMog50g.s further improved its stability in
reducing atmospheres and no metal Fe was formed under the SOFC

1 3 3
zFeZ O3 + EHZ(g) = Feg) + EHQO(g)

800°C wet H, (3vol% H,0) for 10h
(1) Sr,Fe, Ni Mo, O, .
(2) Sr, [Fe, Nij Mo, O,
G * * perovskite
= 1 Ni-Fe alloy(JCPDS#47-1417)
: # Sr-rich phase
o
=
8 B %
o (@ .
-— ‘ * 2
=1 ' Ty
f |
M ’ \ ‘l | "
T T T T T
20 30 40 50 60 70 80
2 © (degree)

Figure 3. XRD pattern of SrpFe;4NigjMops506.5 and SrjgFe;4Nig
Moy 504¢.s after reduction in Hy (3 vol% H,0) at 800°C for 10 h.
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operating conditions. However, substitution of Ni for Fe may reduce
the stability of Sr,Fe; sMog5O¢.5. The stability of several double per-
ovskite anode materials has recently been systematically investigated,
in which good chemical stability of Sr,Fe; sMog 5045 and decomposi-
tion of Sr,NiMoOQg 5 in reducing conditions have been reported.24 The
decrease of phase stability in reducing atmospheres triggered metal
phase formation in Ni-doped Sr,Fe; sMoy 5sO¢. 5. The cubic Ni-Fe alloy
phase (JCDPS#41-1417) was detected in both samples after reduc-
tion as shown in Figure 3. However, in the stoichiometric composition,
once the Ni-Fe phase starts to precipitate, excess Sr on the A-site may
cause formation of some Sr-rich phase, shown as a shoulder peak at
around 31 degree, which may inhibit further formation of the metal
phase. Therefore, the intensity of Ni-Fe alloy phase was very low
in SrpFe, 4Nig 1Moy 5Os.; while the metal precipitation is significantly
enhanced in Sr; gFe; 4Nig 1Mo 5045 with A-site deficiency. The exact
composition of the Sr-rich impurity phase was not determined due to
the low intensity.

Morphology change upon reduction of Sr;gFe; 4Nip1Mo0g504.s
was further investigated by SEM. Figure 4a shows the SEM image
of Sr; 9Fe; 4Nip 1Moy 50s.s after being fired at 1100°C in air. Typical
sponge-like powder made by combustion methods with smooth and
well crystallized surface can be observed. The powder surface became
fairly rough upon reduction as shown in Figure 4b. With an enlarged
image and in the areas circled in Figure 4c, it can be seen that a lot of
nano-sized metal particles with diameters arranging from 10 to 50 nm
have been formed on the surface, as detected by XRD. An SEM image
of Srp,Fe; sMoysOg s after being reduced under the similar condition
is shown in Figure 4d for comparison. No evident surface change can
be observed which is consistent with the XRD results in our previ-
ous report, indicating the better phase stability of SroFe; sMog 5045
in reducing atmosphere.°

In order to verify the metal phase location in reduced
Sty oFe; 4Nig1MogsOs5, HRTEM was conducted on powders be-
fore and after reduction and the images are shown in Figure 5. In

Figure 4. SEM images of (a) SrjoFe;4Nip1Mog50¢.5 synthesized in air,
(b), (c) reduced Sty gFe; 4Nip 1Moy 50¢.5 in different magnifications with some
of the particles circulated, and (d) SrpFe| sMog50Og.5 reduced in Hy (3 vol%
H,0) at 800°C for 10 h.
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0.276nm

0.2070m

Figure 5. (a) Bright field TEM image and (b) HRTEM image of
Sri9Fe14Nip1Mop 5065, (c) Bright field TEM image of reduced
Sr19Fe; 4Nip1Mog 5065, HRTEM image of (d) a typical metal alloy parti-
cle and (e) the furry surface of reduced Sr; gFe; 4Nig 1 Mog 506.5.

accordance with the SEM observation, bright field TEM image of
Sty 9Fe; 4Nip 1Moy 5065 before reduction exhibits smooth contours of
the particles as seen in Figure 5a. The lattice parameter measured on
the HRTEM image in Figure 5b was about 0.276 nm, corresponding to
the reflection originating from the perovskite crystal plane (110). Sig-
nificant morphology change of the reduced Sr; gFe, 4Nig 1 M0 50¢.5 is
revealed by the furry contours of the powder as shown in the bright
field TEM image in Figure Sc. Figure 5d shows the HRTEM im-
age of a typical nano-sized metal alloy particle generated by reduc-
tion. The particle size was about 15 nm and the crystal plane (111)
of cubic Ni-Fe alloy with d-spacing of 0.207 nm was observed.?
Figure Se shows the HRTEM image of the furry surface of the reduced
Sty 9Fe; 4Nig 1Moy 5O¢s. It can be seen that this layer was composed
of smaller particles less than 5 nm. Several small zones showing a
d-spacing of 0.178 nm, corresponding to (200) plane of the Ni-Fe
alloy phase, can be observed. According to EDS analysis, the Ni/Fe
ratio is around 10 at% in the furry surface area, higher than that of
5 at% measured in the region beneath the surface, confirming the
precipitation trend of Ni during reduction. Besides the metal alloy
phase, crystal grains with d-spacing of 0.295 m and 0.255 nm were
also determined in Figure 5e in the furry surface area. These planes
are probably corresponding to (111) and (200) of cubic SrO (JCDPS
#48-1477) which was not detected by XRD due to the low content. It
suggests that the reduction also caused slight surface decomposition
of Sry gFe; 4Nig Moo 5Oe.s.

Bulk electrical conductivity of Sr; oFe; 4Nip; Moy 5065 was mea-
sured by a dc four-probe method in both air and H, and the re-
sults are compared with that of Sr,Fe; sMosO¢s in Figure 6. Mo-
doped SrFeOg; shows a p-type conduction behavior in oxidizing
atmospheres.”® Since Ni-doping and Sr-deficiency can all be con-
sidered as p-type doping for Sr,Fe;sMogs0¢.s, improved conduc-
tivity of Sr;gFe; 4Nip1Mop50¢.s was observed below 500°C when
the doping was dominantly compensated by electron holes. At
higher temperatures, ionic charge compensation by oxygen vacan-
cies started to take effect. Since the oxygen vacancies are easier
to form in Sr;¢Fe; 4Nip1 Moy 504, its conductivity dropped below
that of Sr,Fe;sMoysO¢; when temperature increased. The com-
parison of conductivity in air between Sr;oFe;4Nip;MoysOgs and
SryFe; sMog 50g.5 confirms that Ni was well incorporated into the lat-
tice before reduction. However, Mo-content in the ceramic phase will
slightly increase for the reduced Sr; gFe; 4Nip 1Moy 505, which will
be beneficial to the n-type conductivity, due to the loss of Fe and Ni
from the lattice. Together with the conductive metal phase, the conduc-
tivity of reduced Sr; gFe; 4Nip Moy sO¢ 5 in H, was evidently higher
than that of Sr;Fe;sMoysOg.;s. Its electrical conductivity reached

100
1 = Sr, Fe, Nij Mo, O, in air

o Sr,Fe, Mo, O, inair

® Sr, Fe Ni Mo O inH,
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Figure 6. Electrical conductivity of SrjgFej4Nig1Mogs0e.5 (solid) and
SraFej sMog 5065 (open).

29 S cm~! at 800°C, which is sufficient for applying this material
in a composite anode of SOFCs.

Single cell performance of Sr; gFe; 4Nip Moy 50¢.5-SDC compos-
ite anode was tested on LSGM electrolyte with a LDC interlayer
and LSCF cathode. Figure 7 shows the cell performance as well
as the corresponding impedance spectra at 750, 800, and 850°C in
H,. The peak power density at 800°C reached 968 mW cm~2 which
is evidently higher than that of the cell with Sr,Fe; sMoy 5065 or
Sr,Fe; sMoy 50¢.5-SDC anodes in similar cell configurations.?”-?® Such
improvement can be attributed to the good catalytic activity of the
metal alloy phase formed in the anode. However, the fuel cell power
output is still lower than that of Ni-modified Sr,Fe; sMoysO¢.s pre-
pared by an infiltration method reported in our previous work.!'>14
It is mainly due to the different amount of effective metal catalysts
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Figure7. (a) I-V and I-P curves and (b) impedance spectra of
Sry9Fe; 4Nig. 1Mo 506.5-SDC anode tested in Hy (3 vol% H,0) at 700, 750
and 800°C with LSGM electrolyte and LSCF cathode.
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Figure 8. Voltage dependence on time of a single cell with SrjgFe;4Nig
Moy 506.5-SDC anode under a constant current load of 540mA cm~2 in H,
(3 vol% H,0) at 800°C.

in the anodes. Extracting all Ni from Sr;oFe; 4Nip;Mogs50¢; only
yields 1 wt% of Ni in the anode and considering the observation of
Ni-Fe alloy the portion of reduced metal Ni should be even smaller
for Sr; gFe; 4Nig 1Mo sOg s in this work. Additionally, the formation
of alloy may also result in different catalytic activity comparing with
the single metal phase.

Stability of SrygFe; 4Nip Moy s50¢.5-SDC was investigated by op-
erating the fuel cell under a constant current load in H, at 800°C.
The voltage dependence on time is shown in Figure 8. Similar to other
material systems which can generate nano metal particles upon reduc-
tion in anode conditions, a gradual increase in cell performance was
observed in the first 60 h for the Sr; gFe; 4Nip 1Moy 504.5-SDC anode,
probably due to the accumulation of metal catalysts on the surface.
After reaching the maximum cell power output, the cell performance
degraded at a very low rate. Similar degradation behavior was also
reported for LaggSry,Cr;_yX,03, X = Ni and Ru, and Ni in which a
high coarsening rate of the nanosized metal particles was thought to
cause the performance degradation.'® However, the furry surface on
the reduced Sr, oFe; 4Nip ;Mo sOg 5 as well as the formation of alloy
may account for the slower degradation rate observed in this study for
inhibiting the growth of metal particles.

Impedance spectra of the cell before and after the galvanostatic cell
test were recorded under open circuit conditions in H, and the Nyquist
plots are shown in Figure 9. It can be seen that the high frequency
arc decreased slightly while the low frequency arc increased slightly
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Figure 9. Nyquist plots of a single cell with SrjgFe; 4Nip.;jMog506.5-SDC
anode before and after the galvanostatic test.
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Figure 10. Cell voltage and resistance of Srj gFe; 4Nip1Mog 506.5-SDC an-
ode versus time during redox cycling at 800°C.

after the test. As long as the metal alloy gradually accumulated on
the surface in H,, the H, adsorption/desorciation and charge transfer
may be further facilitated. This may account for the decrease of the
high frequency polarization resistance. For the enlarged low frequency
arc in the impedance spectra, it may be related to the coarsening of
metal particles as reported for other material systems.'®'® Another
possible reason may be the blockage of gas diffusion passages by
Sr-riched phase from reduction. However, the overall change in the
impedance spectra after the stability test was subtle, indicating good
cell performance stability of the composite anode.

Redox stability of Srj gFe; 4Nip ;M0 50¢.5-SDC anode was inves-
tigated at 800°C by switching the fuel gas between H, and air. After
each cycle, the fuel cell was operated under a galvanostatic condi-
tion in H, for about 1 h and the impedance spectra were recorded.
The change on time of cell voltage and resistances determined
from the impedance spectra during five redox cycles are shown in
Figure 10. It can be observed that the cell voltage in H, under a cur-
rent load was even improved after 5 cycles when compared with the
initial value. During two of the redox cycles, the anode was exposed
to air for almost 20 h but the cell performance was found not sen-
sitive to the anode exposure time in air. From the resistance results
shown in Figure 10, it can be also seen that the major change was
from the polarization resistance which also dominated the overall cell
impedance while the ohmic resistance wasn’t affected by the redox
cycling. The polarization resistance decreased after the fuel cell being
operated in H, for 1 h in each cycle, indicating the re-established
metal phase plays an important role in improving the single cell per-
formance. Obviously, the polarization resistance decreased after five
redox cycles as shown in Figure 10. It was consistent with those re-
ported elsewhere that the redox cycling may help regenerating the
nano-sized metal phase on the ceramic oxide.'® Generally speaking,
Sty 9Fe; 4Nip 1Moy 506.5-SDC anode showed excellent stability during
redox cycling.

Since Ni-Fe anode has been demonstrated to have
good performance in propane,” the anode performance of
Sty 9Fe; 4Nip 1Moy 5065-SDC in propane was also investigated. The
initial cell peak power density only reached 227 mW cm~2 at 800°C
as shown in Figure 11a. A huge low frequency arc was observed in the
impedance spectra in Figure 11b, indicating that the cell performance
was limited by gas diffusion. The cell was operated under a current
load of 300 mA cm~2 for about 18 h and a substantial amount of liquid
oil products was detected at the anode exhaust outlet. These longer
chain hydrocarbons may be produced by dehydrogenation of propane
in the anode, implying that the anode was not active enough to fully
oxidize propane. Interestingly, the OCV was improved from 1.08 V to
1.14 V temporarily after the galvanostatic test and cell performance
were. Similar phenomenon in propane has also been reported for
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Figure 11. (a) I-V and I-P curves, (b) Nyquist plots of SrjgFe;4Nig
Mog 506.-5-SDC anode in propane (3 vol% H,O).

other anode materials.? The cell peak power density reached 324
mW cm~2. The cell power output is still much lower than the Ni-Fe
anode reported in the literature probably due to the low content of the
metal catalysts generated on St gFe; 4Nig ;Mo s0¢.5-SDC anode.?

Conclusions

Ni-Fe alloy nano particles were generated on the
St 9Fe; 4Nig1Mog50ss anode under the SOFC operating con-
ditions. This composition showed sufficient electrical conductivity as
an SOFC anode. Due to the improved catalytic activity by the metal
particles, SrjgFe; 4Nig Moy s506.5-SDC anode showed excellent cell
performance in H, and its performance was quite stable. The anode
performance of Sr; gFe, 4Nip1Mo0g506.5-SDC can also be regenerated

upon redox cycling and Sr; gFe; 4Nip 1Moy 504.5 has excellent redox
stability. Sr; gFe; 4Nip1Mo0g506.5-SDC anode also showed reasonable
cell performance when propane was used as fuel. This study indicates
that SryoFe; 4Nip;Moy50¢5 is a very promising alternative anode
material with enhanced catalytic activity and excellent redox stability
inherited from the parent material Sr,Fe; sMogs50Og.s for solid oxide
fuel cells.
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