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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 per-
vailable online 10 February 2009
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formance. 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 tem-
peratures. 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.
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. Introduction

Solid oxide fuel cells (SOFCs) have attracted much attention
ue to their high-energy efficiency, potential long-term stability,
nd excellent fuel flexibility – the potential for direct utilization of
ydrocarbon fuels, coal gas, biomass, and other renewable fuels.
owever, SOFCs must be economically competitive to be com-
ercially viable. Significant efforts are being made to lower the

perating temperature of SOFCs in order to further reduce the cost
nd improve the reliability and operational life. Lowering the oper-
ting temperature will allow the use of less expensive materials
or cell components; unfortunately, it also lowers the fuel cell per-
ormance, as the electrolyte materials become less conductive and
he electrodes less catalytically active. Thus, the development of
ighly efficient electrode and highly conductive electrolyte mate-
ials is vital to the success in the development of cost-effective
ntermediate- or low-temperature SOFCs.

Doped lanthanum gallate is a promising electrolyte for interme-
iate temperature SOFCs due to its high oxygen ion conductivity,

egligible electronic conductivity, and high chemical stability at

ntermediate temperatures over a wide range of oxygen partial
ressures [1]. There are growing interests in developing high-
erformance electrodes for SOFCs based on lanthanum gallate [2].

∗ Corresponding author. Present address: GE (China) Research and Development
enter Co. Ltd., 1800 Cailun Road, Pudong, Shanghai 201203, China.
∗∗ Corresponding author.

E-mail addresses: shizwang@sohu.com (S. Wang), meilin.liu@mse.gatech.edu
M. Liu).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
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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 micro-
structural 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 elec-
trodes 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
Sm0.5Sr0.5CoO3(SSC) cathodes supported on lanthanum gallate [4].
For the anodes, unfortunately, significant reaction between Ni
and LSGMC8.5 (La0.8Sr0.2Ga0.8Mg0.115Co0.085O3) 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 activ-
ity 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 per-

formance 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 spec-
troscopy.

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:shizwang@sohu.com
mailto:meilin.liu@mse.gatech.edu
dx.doi.org/10.1016/j.electacta.2009.02.002
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Fig. 1. XRD patterns of various Ni–Fe–LSGMC8.5 composite anodes sintered

shown in Fig. 1. It is clear that the dominant process for the gen-
eration of SrLaGa3O7 and La2NiO4.14 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 SrLaGa3O7
and La2NiO4.14 increased. The peak corresponding to SrLaGa3O7
S. Wang et al. / Electrochim

. Experimental

The precursors used for electrolytes La0.8Sr0.2Ga0.8
g0.15Co0.05O3 (LSGMC5) and La0.8Sr0.2Ga0.8Mg0.115Co0.085O3

LSGMC8.5) were La2O3 (99.99%), SrCO3 (99.99%), MgO (99.99%),
a2O3 (99.99%) and CoO (99.9%), all from Sigma–Aldrich. Powders
f these precursors were mixed in stoichiometric ratio using a
ortar and pestle for 30 min and then calcined at 1273 K for
h. The resulting product was iso-statically pressed into a disk
t 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

intered disks were ground and polished to a thickness of 0.3 mm.
The composite anode Ni–Fe–LSGMC5 and Ni–Fe–LSGMC8.5

ere prepared as follows. The precursors for LSGMC8.5 and
SGMC5 were calcined at 1273–1573 K for 6 h after grinding and
re-firing at 1273 K for 2 h. Unless stated otherwise, all com-
osite anodes and the electrolyte powders were fired at 1473 K.
i(NO3)2·6H2O (99%), Fe2O3(99.9%), and LSGMC8.5 or LSGMC5 in

toichiometric ratio were then added into a beaker containing suit-
ble amount of water. After boiling and drying under vigorous
tirring, the residue was fired at 1273 K for 2 h. Composite anodes
ith a molar ratio of Ni to Fe about 10/0, 9/1, 8/2, 7/3, 6/4 and 5/5
ere prepared. The weight percentage of LSGMC8.5 or LSGMC5 in

he composite electrode was 25%. The electrodes were denoted as
i10–Fe0–LSGMC8.5, in which the ratio of Ni to Fe and the type of

he electrolyte powder were shown clearly.
Sm0.5Sr0.5CoO3(SSC)–LSGMC5 composite cathodes were also

repared using a solid-state reaction method as reported elsewhere
5].

The test cells with configuration of anode/electrolyte/cathode
ere fabricated as follows. First, anode paste was screen-printed

n an electrolyte pellet and fired at 1473 K for 2 h. SSC–LSGMC5
omposite cathode was then screen-printed on the other side of
he electrolyte symmetrically [9]. A Pt reference electrode was pre-
ared on the cathode side. The cathode and reference electrode
ere then fired at 1223 K for 0.5 h. The effective electrode areas for
oth the anode and cathode were 0.2 cm2. Pt meshes were used to
over the surface of the anode and cathode, respectively, as the cur-
ent collector. Pt lead wires were used to connect the electrodes to
lectrochemical equipments. 100 ml min−1 H2 saturated with 298 K
ater was supplied as the fuel, and 100 ml min−1 pure oxygen was
sed as the oxidant.

All electrochemical measurements were performed using a
MP2/Z-40(AMETECH) electrochemical testing station. The fre-
uency range for the impedance measurements was usually
.01 Hz–100 kHz, and the amplitude of the input sinuous signal
as 10 mV. The phase composition of the materials was identified
sing XRD (Panalytical X’pert). For XRD characterizations, all elec-
rodes were fired at 1473 K for 2 h in air followed by reduction in
2 for 1 h at different temperatures. The morphology of the elec-

rodes after electrochemical testing was examined using scanning
lectron microscopy (XL30 ESEM).

. Results and discussion

.1. Phase composition

Shown in Fig. 1(a) and (b) are the original and enlarged XRD
atterns of several Ni–Fe–LSGMC8.5 electrodes, respectively, with
ifferent ratios of Fe to Ni, fired at 1473 K in air for 2 h. Phases
orresponding to La0.8Sr0.2Ga0.85Mg0.15O2.825, Ni1.25Fe1.85O4, and

iO can be clearly identified in Fig. 1(a). With the increase in the

atio of Fe to Ni, the intensities of the peaks corresponding to NiO
ecreased, while those corresponding to Ni1.25Fe1.85O4 increased. In
he enlarged part shown in Fig. 1(b), a small peak corresponding to
rLaGa3O7 can be observed, suggesting a reaction between NiO and
at 1473 K in air for 2 h (a), and enlarged figure of selected part (b). �,
Ni1.25Fe1.85O4 (01-088-0380); �, NiO (01-075-0197); ©, SrLaGa3O7 (01-086-1839);
�, La0.8Sr0.2Ga0.85Mg0.15O2.825 (01-089-4448). The number in the parentheses is the
JCPDS card number.

lanthanum gallate [7]. The intensity of SrLaGa3O7 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 SrLaGa3O7
and La2NiO4.14 are also identifiable from the XRD patterns of the
reduced Ni–Fe–LSGMC8.5 anodes shown in Fig. 2. The peak intensi-
ties of SrLaGa3O7 and La2NiO4.14 in reduced state electrode shown
in Fig. 2 are much higher than those in oxidation state electrode
Fig. 2. XRD patterns of various Ni–Fe–LSGMC8.5 composite anodes reduced
in H2 at 1248 K. �, La2NiO4.18 (01-079-095); ©, SrLaGa3O7 (01-086-1839); �,
La0.8Sr0.2Ga0.85Mg0.15O2.825 (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.
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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 elec-
trode/electrolyte interface are closely related to the ratio of Ni to Fe
, Ni3Fe (01-088-1715); �, La2NiO4.18 (01-079-0951); �, La0.8Sr0.2Ga0.85Mg0.15O2.825

01-089-4448); ©, SrLaGa3O7 (01-086-1839). The number in the parentheses is the
CPDS card number.

epends more strongly on the concentration of iron in the elec-
rode than that of La2NiO4.14. Another observation is that, with the
ncrease in the ratio of Ni to Fe, the position of the peaks correspond-
ng to LSGMC8.5 shifts to higher 2� values while the intensities of
he peaks are reduced. Fig. 2 suggests that Ni reacts with LSGMC8.5
nder reducing conditions at 1248 K, but Fe is effective in extenuat-

ng the reaction. Thus, the addition of Fe can effectively improve the
hemical compatibility between Ni and lanthanum gallate, making
t possible to develop Ni–LSGM composite anodes for SOFCs based
n lanthanum gallate electrolyte.

Shown in Fig. 3 are the XRD patterns of Ni8–Fe2–LSGMC5
nd Ni5–Fe5–LSGMC5 electrodes reduced at 1248 K in H2 for
h. As a comparison, the XRD patterns of Ni8–Fe2–LSGMC8.5
nd Ni5–Fe5–LSGMC8.5 electrodes are shown in the same figure.
ntense peaks corresponding to phases of Ni–Fe alloys are read-
ly observed in Fig. 3, with a XRD pattern resembling that of
i3Fe [5]. The intensities of SrLaGa3O7 and La2NiO4.14 phase in
i–Fe–LSGMC5 anodes are much lower than corresponding elec-

rodes containing LSGMC8.5. Further, the intensities of SrLaGa3O7
nd La2NiO4.14 in Ni5–Fe5–LSGMC5 and Ni5–Fe5–LSGMC8.5 are
uch lower than corresponding electrodes containing Ni8–Fe2.
o obvious SrLaGa3O7 and La2NiO4.14 phases can be identified in

he XRD pattern for Ni5–Fe5–LSGMC5. It is clear that the reaction
etween Ni and lanthanum gallate depends strongly on the ratio of
i to Fe and the composition of the lanthanum gallate powder used

n the electrode, especially the concentration of cobalt in the elec-
rolyte powder. Lanthanum gallate containing low concentration of
obalt seems to have good chemical compatibility with Ni.

Shown in Fig. 4 are the XRD patterns of Ni8–Fe2–LSGMC5
educed in H2 at 1198 and 1248 K for 1 h, respectively. The peak
orresponding to SrLaGa3O7 becomes smaller as the reduction tem-
erature was lowered, and no obvious SrLaGa3O7 phase can be

dentified in the anode reduced at 1198 K. The ratio of the inten-
ity of La2NiO4.14 to LSGMC5 also decreases from 0.4 to 0.3 with the
ecrease in reduction temperature from 1248 to 1198 K. It is clear
hat the formation of SrLaGa3O7 and La2NiO4.14 depends strongly
n reduction temperature. The reaction between Ni and LSGMC5
ould be negligible when the operation temperature of fuel cells
s much lower than 1198 K.
Shown in Fig. 5 are the XRD patterns of Ni8–Fe2–LSGMC5 cal-

ined in air consisted of LSGMC5 fired at various temperatures.
imilar to the cases of Ni–Fe–LSGMC8.5, phases correspond-
Fig. 4. XRD patterns of Ni8–Fe2–LSGMC5 composite anodes reduced at differ-
ent temperatures. �, La2NiO4.18 (01-079-095); ©, SrLaGa3O7 (01-086-1839); �,
La0.8Sr0.2Ga0.85Mg0.15O2.825 (01-089-4448). The number in the parentheses is the
JCPDS card number.

ing to La0.8Sr0.2Ga0.85Mg0.15O2.825, Ni1.25Fe1.85O4, and NiO can be
observed, but no new obvious phases can be identified. After reduc-
tion in H2 at 1198 K, new peak corresponding to La2NiO4.14 appears
besides those of La0.8Sr0.2Ga0.85Mg0.15O2.825 and Ni–Fe alloys as
shown in Fig. 6. The peak corresponding to La2NiO4.14 becomes
smaller with the increase in the calcination temperatures for the
LSGMC5 powder; the ratio of the peak for La2NiO4.14 to that for
Ni–Fe alloy are 0.12, 0.10, 0.09, and 0.06 for the anodes contain-
ing 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
Fig. 5. XRD patterns of Ni8–Fe2–LSGMC5 composite anodes calcined in air consisted
of LSGMC5 powder sintered at different temperatures. �, Ni1.25Fe1.85O4 (01-088-
0380); �, NiO (01-075-0197); �, La0.8Sr0.2Ga0.85Mg0.15O2.825 (01-089-4448). The
number in the parentheses is the JCPDS card number.
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Fig. 8. Impedance spectra of cells with (a) Ni10–Fe0–LSGMC5 anode and (b)
ig. 6. XRD patterns of Ni8–Fe2–LSGMC5 composite anodes reduced in H2 at 1198 K
onsisted of LSGMC5 powders sintered at different temperatures. �, Ni3Fe (01-088-
715); �, La2NiO4.18 (01-079-0951); �, La0.8Sr0.2Ga0.85Mg0.15O2.825 (01-089-4448).
he number in the parentheses is the JCPDS card number.

n the electrode. With the increase in the molar ratio of Fe to Ni, the
ize of the electrode grains increased, the porosity decreased, and
he adhesion of the anode to the electrolyte was visibly improved,
eading to an increase in the electrode/electrolyte two-phase con-
act area. Since Ni–Fe–LSGMC5 is a composite mixed-conducting
lectrode, both the change in TPB length and two-phase contact
rea may influence the electrochemical performance. However, the
deal morphology and microstructure for thus a composite elec-
rode is still an open question since the charge and mass transfer
rocesses involved in anode reactions are very complex, including
ransport of fuel molecules to (and reaction products away from)
he active sites for fuel oxidation through the pores or along the pore
urfaces, charge transfer across the interfaces or electrode surfaces,
s well as the ionic and electronic current flow through the solid
hase.

.3. Electrochemical characterization

Shown in Fig. 8 are the impedance spectra of the anode, the

athode, and the full cell at 1073 K under open circuit conditions
or button cells with an anode of (a) Ni10–Fe0–LSGMC5 and (b)
i8–Fe2–LSGMC5. A two-electrode configuration was used to deter-
ine the impedance of the entire cell, from which the ohmic

esistance of the cell can be separated from the electrode polariza-

Fig. 7. SEM images of the cross-section of various Ni–Fe–LSGMC5 composite ano
Ni8–Fe2–LSGMC5 anode measured at 1073 K under open circuit conditions using
a two-electrode and three-electrode configuration: �, full cell; �, 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 frequen-
cies represents the ohmic resistance while the diameter of the
impedance loop corresponds to the electrode polarization resis-
tance.

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 polariza-
tion 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, respec-
tively. 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. Fur-
ther, the difference in electrode polarization resistances between

des: (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.
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[11] T. Horita, N. Sakai, T. Kawada, H. Yokokawa, M. Dokiya, J. Electrochem. Soc. 143
ig. 10. Current density as a function of time at 1073 K under a terminal voltage of
.7 V of a Ni8–Fe2–LSGMC5/LSGMC5/SSC-LSGMC5 cell.

he two full cells is about 0.37 � cm2, which is also very close
o the 0.39 � cm2, the difference in anode polarization resis-
ances of the two cells. These results suggest that the cell with a
i10–Fe0–LSGMC5 anode has a much higher ohmic resistance and
node polarization resistance than that with a Ni5–Fe5–LSGMC5
node. One explanation is that the reactions between Ni and
SGMC5 in the absence of Fe produce more resistive phases such as
rLaGa3O7 [6–7] as evident from the XRD analysis. The increase in
he ratio of Fe to Ni impedes the reaction between Ni and lanthanum
allate, leading to a decrease in ohmic resistance and polarization
esistance.

Other effects are related to the differences in morphology,
icrostructure, and the catalytic activity of Ni, Fe, and Fe–Ni alloys
n the anodes. As shown in Fig. 7, the electrode/electrolyte two-
hase contact area increased with the ratio of Fe to Ni, improving
he bonding between the two phases and current flow across
he interface [10]. Further, Fe adsorbs oxygen strongly [11], which
ould also influence the activity of the composite anode for hydro-

[
[
[
[

cta 54 (2009) 3872–3876

gen oxidation [12]. It was also reported that Ni3Fe phase possesses
higher catalytic ability for dissociation of H2 [13] and lower hydro-
gen desorption energy [14] compared with Ni. Therefore, the high
catalytic activity of Fe and/or Ni3Fe 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, suggest-
ing that Ni–Fe–LSGMC5 could be a potential stable electrode with
high performance and good compatibility with LSGMC5 electrolyte.

4. Conclusions

Ni reacts with La0.8Sr0.2Ga0.8Mg0.115Co0.085O3 (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 demon-
strated that La0.8Sr0.2Ga0.8Mg0.15Co0.05O3 (LSGMC5) had a much
higher compatibility with Ni than LSGMC8.5. Further, a cell with
a Ni–Fe–LSGMC5 anode showed promising preliminary perfor-
mance, suggesting that it could be a promising anode with adequate
compatibility with LSGMC5 electrolyte.
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