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a b s t r a c t
A number of composite materials in the Ni–Fe–LSGMC family have been studied as potential anodes
for solid oxide fuel cells (SOFCs) based on strontium, magnesium, and cobalt doped lanthanum gallate
electrolyte (LSGMC). The results show that Ni reacts with LSGMC especially under reducing conditions
at high temperatures, resulting in high contact resistance, large electrode polarization, and poor performance. The reaction between Ni and LSGMC depends strongly on the composition and pre-sintering
temperature of LSGMC, the concentration of iron in the electrode, and the processing and operating temperatures. Under proper conditions, Ni–Fe–LSGMC5 could be a promising high-performance anode with
good compatibility with LSGMC5 electrolyte.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Solid oxide fuel cells (SOFCs) have attracted much attention
due to their high-energy efﬁciency, potential long-term stability,
and excellent fuel ﬂexibility – the potential for direct utilization of
hydrocarbon fuels, coal gas, biomass, and other renewable fuels.
However, SOFCs must be economically competitive to be commercially viable. Signiﬁcant efforts are being made to lower the
operating temperature of SOFCs in order to further reduce the cost
and improve the reliability and operational life. Lowering the operating temperature will allow the use of less expensive materials
for cell components; unfortunately, it also lowers the fuel cell performance, as the electrolyte materials become less conductive and
the electrodes less catalytically active. Thus, the development of
highly efﬁcient electrode and highly conductive electrolyte materials is vital to the success in the development of cost-effective
intermediate- or low-temperature SOFCs.
Doped lanthanum gallate is a promising electrolyte for intermediate temperature SOFCs due to its high oxygen ion conductivity,
negligible electronic conductivity, and high chemical stability at
intermediate temperatures over a wide range of oxygen partial
pressures [1]. There are growing interests in developing highperformance electrodes for SOFCs based on lanthanum gallate [2].
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A metal–ceramic composite consisting of Ni and doped ceria
has been reported to be a promising anode for SOFCs based on
lanthanum gallate electrolyte [3]. The addition of an ionically
conducting ceramic phase (e.g., doped ceria) improves the microstructural stability and catalytic activity of Ni by extending the
length of the triple-phase boundaries (TPB). Lanthanum gallate
itself would be a promising ceramic phase for the composite electrodes since Ni-YSZ and LSM-YSZ are the most widely used anode
and cathode for SOFCs based on YSZ electrolyte. Indeed, cobalt,
strontium, and magnesium doped lanthanum gallate (LSGMC) have
been successfully used to improve the stability and activity of
Sm0.5 Sr0.5 CoO3 (SSC) cathodes supported on lanthanum gallate [4].
For the anodes, unfortunately, signiﬁcant reaction between Ni
and LSGMC8.5 (La0.8 Sr0.2 Ga0.8 Mg0.115 Co0.085 O3 ) was observed [5]
although a composite consisting of Ni–Fe–LSGMC8.5 showed high
performance for the oxidation of H2 and di-methyl ether. Zhang et
al. [6] also found that NiO reacts with lanthanum gallate during
the sintering process, resulting in a dramatic decrease in electrical
conductivity and electrode performance [7].
On the other hand, He et al. [8] found that the addition of Cu into
the composite of Ni and lanthanum gallate signiﬁcantly impedes
the reaction between Ni and lanthanum gallate. However, the activity of the electrode was rather low due to the poor catalytic activity
of Cu. Thus, other additives are needed to improve not only the
compatibility between Ni and lanthanum gallate but also the performance of the composite anode.
In this paper, we report our ﬁndings in investigations into the
stability and the catalytic activity of a series of Ni–Fe–LSGMC
composite anodes using XRD, SEM, and impedance spectroscopy.

S. Wang et al. / Electrochimica Acta 54 (2009) 3872–3876

3873

2. Experimental
The precursors used for electrolytes La0.8 Sr0.2 Ga0.8
Mg0.15 Co0.05 O3 (LSGMC5) and La0.8 Sr0.2 Ga0.8 Mg0.115 Co0.085 O3
(LSGMC8.5) were La2 O3 (99.99%), SrCO3 (99.99%), MgO (99.99%),
Ga2 O3 (99.99%) and CoO (99.9%), all from Sigma–Aldrich. Powders
of these precursors were mixed in stoichiometric ratio using a
mortar and pestle for 30 min and then calcined at 1273 K for
6 h. The resulting product was iso-statically pressed into a disk
at 274.6 MPa for 10 min. The diameter of the green pellets was
∼2.0 cm. The disks were then sintered at 1773 K for 6 h in air. The
sintered disks were ground and polished to a thickness of 0.3 mm.
The composite anode Ni–Fe–LSGMC5 and Ni–Fe–LSGMC8.5
were prepared as follows. The precursors for LSGMC8.5 and
LSGMC5 were calcined at 1273–1573 K for 6 h after grinding and
pre-ﬁring at 1273 K for 2 h. Unless stated otherwise, all composite anodes and the electrolyte powders were ﬁred at 1473 K.
Ni(NO3 )2 ·6H2 O (99%), Fe2 O3 (99.9%), and LSGMC8.5 or LSGMC5 in
stoichiometric ratio were then added into a beaker containing suitable amount of water. After boiling and drying under vigorous
stirring, the residue was ﬁred at 1273 K for 2 h. Composite anodes
with a molar ratio of Ni to Fe about 10/0, 9/1, 8/2, 7/3, 6/4 and 5/5
were prepared. The weight percentage of LSGMC8.5 or LSGMC5 in
the composite electrode was 25%. The electrodes were denoted as
Ni10 –Fe0 –LSGMC8.5, in which the ratio of Ni to Fe and the type of
the electrolyte powder were shown clearly.
Sm0.5 Sr0.5 CoO3 (SSC)–LSGMC5 composite cathodes were also
prepared using a solid-state reaction method as reported elsewhere
[5].
The test cells with conﬁguration of anode/electrolyte/cathode
were fabricated as follows. First, anode paste was screen-printed
on an electrolyte pellet and ﬁred at 1473 K for 2 h. SSC–LSGMC5
composite cathode was then screen-printed on the other side of
the electrolyte symmetrically [9]. A Pt reference electrode was prepared on the cathode side. The cathode and reference electrode
were then ﬁred at 1223 K for 0.5 h. The effective electrode areas for
both the anode and cathode were 0.2 cm2 . Pt meshes were used to
cover the surface of the anode and cathode, respectively, as the current collector. Pt lead wires were used to connect the electrodes to
electrochemical equipments. 100 ml min−1 H2 saturated with 298 K
water was supplied as the fuel, and 100 ml min−1 pure oxygen was
used as the oxidant.
All electrochemical measurements were performed using a
VMP2/Z-40(AMETECH) electrochemical testing station. The frequency range for the impedance measurements was usually
0.01 Hz–100 kHz, and the amplitude of the input sinuous signal
was 10 mV. The phase composition of the materials was identiﬁed
using XRD (Panalytical X’pert). For XRD characterizations, all electrodes were ﬁred at 1473 K for 2 h in air followed by reduction in
H2 for 1 h at different temperatures. The morphology of the electrodes after electrochemical testing was examined using scanning
electron microscopy (XL30 ESEM).

Fig. 1. XRD patterns of various Ni–Fe–LSGMC8.5 composite anodes sintered
at 1473 K in air for 2 h (a), and enlarged ﬁgure of selected part (b). 䊉,
Ni1.25 Fe1.85 O4 (01-088-0380); , NiO (01-075-0197); , SrLaGa3 O7 (01-086-1839);
, La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 (01-089-4448). The number in the parentheses is the
JCPDS card number.

lanthanum gallate [7]. The intensity of SrLaGa3 O7 peak decreases
with increasing concentration of Fe in the electrode, and clear peak
only appears in Ni9 –Fe1 –LSGMC8.5.
XRD patterns of Ni–Fe–LSGMC8.5 changed dramatically after
reduction in hydrogen at 1248 K for 1 h. As reported previously [5],
XRD patterns resembling that of Ni were observed, which shifted
to lower 2 values with the increase in the concentration of Fe in
the electrode. This suggests that Fe dissolved in Ni to form Ni–Fe
solid solution. In addition, small peaks corresponding to SrLaGa3 O7
and La2 NiO4.14 are also identiﬁable from the XRD patterns of the
reduced Ni–Fe–LSGMC8.5 anodes shown in Fig. 2. The peak intensities of SrLaGa3 O7 and La2 NiO4.14 in reduced state electrode shown
in Fig. 2 are much higher than those in oxidation state electrode
shown in Fig. 1. It is clear that the dominant process for the generation of SrLaGa3 O7 and La2 NiO4.14 in the anode is the reaction
between LSGMC and Ni metal. With the increase in the ratio of
Ni to Fe, the intensities of the peaks corresponding to SrLaGa3 O7
and La2 NiO4.14 increased. The peak corresponding to SrLaGa3 O7

3. Results and discussion
3.1. Phase composition
Shown in Fig. 1(a) and (b) are the original and enlarged XRD
patterns of several Ni–Fe–LSGMC8.5 electrodes, respectively, with
different ratios of Fe to Ni, ﬁred at 1473 K in air for 2 h. Phases
corresponding to La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 , Ni1.25 Fe1.85 O4, and
NiO can be clearly identiﬁed in Fig. 1(a). With the increase in the
ratio of Fe to Ni, the intensities of the peaks corresponding to NiO
decreased, while those corresponding to Ni1.25 Fe1.85 O4 increased. In
the enlarged part shown in Fig. 1(b), a small peak corresponding to
SrLaGa3 O7 can be observed, suggesting a reaction between NiO and

Fig. 2. XRD patterns of various Ni–Fe–LSGMC8.5 composite anodes reduced
in H2 at 1248 K. , La2 NiO4.18 (01-079-095); , SrLaGa3 O7 (01-086-1839); ,
La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 (01-089-4448). The number in the parentheses is the
JCPDS card number.
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Fig. 3. XRD patterns of various Ni–Fe–LSGMC anodes reduced in H2 at 1248 K.
䊉, Ni3 Fe (01-088-1715); , La2 NiO4.18 (01-079-0951); , La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825
(01-089-4448); , SrLaGa3 O7 (01-086-1839). The number in the parentheses is the
JCPDS card number.

depends more strongly on the concentration of iron in the electrode than that of La2 NiO4.14 . Another observation is that, with the
increase in the ratio of Ni to Fe, the position of the peaks corresponding to LSGMC8.5 shifts to higher 2 values while the intensities of
the peaks are reduced. Fig. 2 suggests that Ni reacts with LSGMC8.5
under reducing conditions at 1248 K, but Fe is effective in extenuating the reaction. Thus, the addition of Fe can effectively improve the
chemical compatibility between Ni and lanthanum gallate, making
it possible to develop Ni–LSGM composite anodes for SOFCs based
on lanthanum gallate electrolyte.
Shown in Fig. 3 are the XRD patterns of Ni8 –Fe2 –LSGMC5
and Ni5 –Fe5 –LSGMC5 electrodes reduced at 1248 K in H2 for
1 h. As a comparison, the XRD patterns of Ni8 –Fe2 –LSGMC8.5
and Ni5 –Fe5 –LSGMC8.5 electrodes are shown in the same ﬁgure.
Intense peaks corresponding to phases of Ni–Fe alloys are readily observed in Fig. 3, with a XRD pattern resembling that of
Ni3 Fe [5]. The intensities of SrLaGa3 O7 and La2 NiO4.14 phase in
Ni–Fe–LSGMC5 anodes are much lower than corresponding electrodes containing LSGMC8.5. Further, the intensities of SrLaGa3 O7
and La2 NiO4.14 in Ni5 –Fe5 –LSGMC5 and Ni5 –Fe5 –LSGMC8.5 are
much lower than corresponding electrodes containing Ni8 –Fe2 .
No obvious SrLaGa3 O7 and La2 NiO4.14 phases can be identiﬁed in
the XRD pattern for Ni5 –Fe5 –LSGMC5. It is clear that the reaction
between Ni and lanthanum gallate depends strongly on the ratio of
Ni to Fe and the composition of the lanthanum gallate powder used
in the electrode, especially the concentration of cobalt in the electrolyte powder. Lanthanum gallate containing low concentration of
cobalt seems to have good chemical compatibility with Ni.
Shown in Fig. 4 are the XRD patterns of Ni8 –Fe2 –LSGMC5
reduced in H2 at 1198 and 1248 K for 1 h, respectively. The peak
corresponding to SrLaGa3 O7 becomes smaller as the reduction temperature was lowered, and no obvious SrLaGa3 O7 phase can be
identiﬁed in the anode reduced at 1198 K. The ratio of the intensity of La2 NiO4.14 to LSGMC5 also decreases from 0.4 to 0.3 with the
decrease in reduction temperature from 1248 to 1198 K. It is clear
that the formation of SrLaGa3 O7 and La2 NiO4.14 depends strongly
on reduction temperature. The reaction between Ni and LSGMC5
would be negligible when the operation temperature of fuel cells
is much lower than 1198 K.
Shown in Fig. 5 are the XRD patterns of Ni8 –Fe2 –LSGMC5 calcined in air consisted of LSGMC5 ﬁred at various temperatures.
Similar to the cases of Ni–Fe–LSGMC8.5, phases correspond-

Fig. 4. XRD patterns of Ni8 –Fe2 –LSGMC5 composite anodes reduced at different temperatures. , La2 NiO4.18 (01-079-095); , SrLaGa3 O7 (01-086-1839); ,
La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 (01-089-4448). The number in the parentheses is the
JCPDS card number.

ing to La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 , Ni1.25 Fe1.85 O4, and NiO can be
observed, but no new obvious phases can be identiﬁed. After reduction in H2 at 1198 K, new peak corresponding to La2 NiO4.14 appears
besides those of La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 and Ni–Fe alloys as
shown in Fig. 6. The peak corresponding to La2 NiO4.14 becomes
smaller with the increase in the calcination temperatures for the
LSGMC5 powder; the ratio of the peak for La2 NiO4.14 to that for
Ni–Fe alloy are 0.12, 0.10, 0.09, and 0.06 for the anodes containing LGMC5 ﬁred at 1273, 1373, 1473 and 1573 K, respectively. It
is clear that the chemical compatibility between Ni and LSGMC5
depends strongly on the calcination temperature of the LSGMC5
powder. Higher ﬁring temperature of LGMC5 effectively diminishes
the reactivity between Ni and LSGMC5.
3.2. Microstructures of Ni–Fe–LSGMC5 anodes
Shown in Fig. 7 are the cross-sectional views (SEM images) of
some typical Ni–Fe–LSGMC5 anodes with different ratios of Ni to
Fe. It can be seen that the morphology of the electrode and electrode/electrolyte interface are closely related to the ratio of Ni to Fe

Fig. 5. XRD patterns of Ni8 –Fe2 –LSGMC5 composite anodes calcined in air consisted
of LSGMC5 powder sintered at different temperatures. 䊉, Ni1.25 Fe1.85 O4 (01-0880380); , NiO (01-075-0197); , La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 (01-089-4448). The
number in the parentheses is the JCPDS card number.
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Fig. 6. XRD patterns of Ni8 –Fe2 –LSGMC5 composite anodes reduced in H2 at 1198 K
consisted of LSGMC5 powders sintered at different temperatures. 䊉, Ni3 Fe (01-0881715); , La2 NiO4.18 (01-079-0951); , La0.8 Sr0.2 Ga0.85 Mg0.15 O2.825 (01-089-4448).
The number in the parentheses is the JCPDS card number.

in the electrode. With the increase in the molar ratio of Fe to Ni, the
size of the electrode grains increased, the porosity decreased, and
the adhesion of the anode to the electrolyte was visibly improved,
leading to an increase in the electrode/electrolyte two-phase contact area. Since Ni–Fe–LSGMC5 is a composite mixed-conducting
electrode, both the change in TPB length and two-phase contact
area may inﬂuence the electrochemical performance. However, the
ideal morphology and microstructure for thus a composite electrode is still an open question since the charge and mass transfer
processes involved in anode reactions are very complex, including
transport of fuel molecules to (and reaction products away from)
the active sites for fuel oxidation through the pores or along the pore
surfaces, charge transfer across the interfaces or electrode surfaces,
as well as the ionic and electronic current ﬂow through the solid
phase.
3.3. Electrochemical characterization
Shown in Fig. 8 are the impedance spectra of the anode, the
cathode, and the full cell at 1073 K under open circuit conditions
for button cells with an anode of (a) Ni10 –Fe0 –LSGMC5 and (b)
Ni8 –Fe2 –LSGMC5. A two-electrode conﬁguration was used to determine the impedance of the entire cell, from which the ohmic
resistance of the cell can be separated from the electrode polariza-
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Fig. 8. Impedance spectra of cells with (a) Ni10 –Fe0 –LSGMC5 anode and (b)
Ni8 –Fe2 –LSGMC5 anode measured at 1073 K under open circuit conditions using
a two-electrode and three-electrode conﬁguration: , full cell; 䊉, anode side; —,
cathode side. The number appearing in the ﬁgure is the frequency of the summit of
the spectrum.

tion resistance. To determine the anode and the cathode impedance
separately, a three-electrode conﬁguration was used. For each
spectrum, the intercept of the impedance arc at high frequencies represents the ohmic resistance while the diameter of the
impedance loop corresponds to the electrode polarization resistance.
It can be seen from Fig. 8(a) the impedances acquired from the
cathode side are much smaller than those from the anode side or
from the full cell. Both ohmic resistance and electrode polarization resistance of the anode are much greater than those of the
cathode; in fact, they are close to those of the full cell. It is clear
that the cathode is much more active than the anode for the cell
based on Ni10 –Fe0 –LSGMC5 anode and SSC–LSGMC5 cathode. The
impedances of the anode side for the cell with a Ni8 –Fe2 –LSGMC5
anode, shown in Fig. 8(b), are smaller than those for the cell with
Ni10 –Fe0 –LSGMC5, shown in Fig. 8(a). The ohmic resistances of the
cathode side shown in Fig. 8(a) and (b) are 0.13 and 0.09  cm2 ,
respectively, whereas the polarization resistances of the cathode
side shown in Fig. 8(a) and (b) are 0.059 and 0.044  cm2 , respectively. While the cathode resistances for the two cells are different,
the errors are relatively small compared with the impedances of
the anodes.
The difference in ohmic resistances between the two full cells,
shown in Fig. 8(a) and (b), is about 0.37  cm2 , which is very close
to the difference in ohmic resistance between the two impedance
spectra from the anode side of the two cells, 0.36  cm2 . Further, the difference in electrode polarization resistances between

Fig. 7. SEM images of the cross-section of various Ni–Fe–LSGMC5 composite anodes: (a) Ni10 –Fe0 -LSGMC5, (b) Ni8 –Fe2 –LSGMC5, and (c) Ni5 –Fe5 –LSGMC5.
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Fig. 9. Anodic polarization curves of various Ni–Fe–LSGMC5 anodes at 1073 K.

gen oxidation [12]. It was also reported that Ni3 Fe phase possesses
higher catalytic ability for dissociation of H2 [13] and lower hydrogen desorption energy [14] compared with Ni. Therefore, the high
catalytic activity of Fe and/or Ni3 Fe phase could also be one of
the reasons for the observed high activity of the Ni–Fe composite
anodes [15].
Shown in Fig. 9 are the anodic polarization curves of
Ni10 –Fe0 –LSGMC5, Ni8 –Fe2 –LSGMC5 and Ni5 –Fe5 –LSGMC5 at
1073 K. The overpotentials of these electrodes are in the order
of Ni10 –Fe0 –LSGMC5 > Ni8 –Fe2 –LSGMC5 > Ni5 –Fe5 –LSGMC5 at a
given current density. Again, the activity of the electrode increased
with the ratio of Fe to Ni in the electrode, consistent with the
impedance measurements shown in Fig. 8.
Shown in Fig. 10 is the stability of a cell with a Ni8 –Fe2 –LSGMC5
anode tested at a constant 0.7 V cell voltage at 1073 K for a short
period of time. The current of the cell decreased slightly in the ﬁrst
2–3 h, and then recovered and remained stable up to 24 h, suggesting that Ni–Fe–LSGMC5 could be a potential stable electrode with
high performance and good compatibility with LSGMC5 electrolyte.
4. Conclusions
Ni reacts with La0.8 Sr0.2 Ga0.8 Mg0.115 Co0.085 O3 (LSGMC8.5) under
reducing conditions at high temperatures, resulting in increased
ohmic resistance and high electrode polarization resistance. The
addition of iron is effective in improving the chemical compatibility
between Ni and lanthanum gallate. In particular, we demonstrated that La0.8 Sr0.2 Ga0.8 Mg0.15 Co0.05 O3 (LSGMC5) had a much
higher compatibility with Ni than LSGMC8.5. Further, a cell with
a Ni–Fe–LSGMC5 anode showed promising preliminary performance, suggesting that it could be a promising anode with adequate
compatibility with LSGMC5 electrolyte.
Acknowledgements

Fig. 10. Current density as a function of time at 1073 K under a terminal voltage of
0.7 V of a Ni8 –Fe2 –LSGMC5/LSGMC5/SSC-LSGMC5 cell.

the two full cells is about 0.37  cm2 , which is also very close
to the 0.39  cm2 , the difference in anode polarization resistances of the two cells. These results suggest that the cell with a
Ni10 –Fe0 –LSGMC5 anode has a much higher ohmic resistance and
anode polarization resistance than that with a Ni5 –Fe5 –LSGMC5
anode. One explanation is that the reactions between Ni and
LSGMC5 in the absence of Fe produce more resistive phases such as
SrLaGa3 O7 [6–7] as evident from the XRD analysis. The increase in
the ratio of Fe to Ni impedes the reaction between Ni and lanthanum
gallate, leading to a decrease in ohmic resistance and polarization
resistance.
Other effects are related to the differences in morphology,
microstructure, and the catalytic activity of Ni, Fe, and Fe–Ni alloys
in the anodes. As shown in Fig. 7, the electrode/electrolyte twophase contact area increased with the ratio of Fe to Ni, improving
the bonding between the two phases and current ﬂow across
the interface [10]. Further, Fe adsorbs oxygen strongly [11], which
would also inﬂuence the activity of the composite anode for hydro-
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