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bstract

Composite materials of Sm0.2Ce0.8O1.9 (SDC) with various Ni–Fe alloys were synthesized and evaluated as the anode for inter-
ediate temperature solid oxide fuel cell. The performance of single cells consisting of the Ni–Fe + SDC anode, SDC buffer layer,
a0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM) electrolyte, and SrCo0.8Fe0.2O3 − δ (SCF) cathode were measured in the temperature range of 600–800 ◦C
ith wet H2 as fuel. It was found that the anodic overpotentials of the different Fe–Ni compositions at 800 ◦C were in the following order:
i0.8Fe0.2 < Ni0.75Fe0.25 < Ni < Ni0.7Fe0.3 < Ni0.9Fe0.1 < Ni0.95Fe0.05 < Ni0.33Fe0.67. The single cell with the Ni0.8Fe0.2 + SDC anode exhibited a maxi-
um power density of 1.43 W cm−2 at 800 ◦C and 0.62 W cm−2 at 700 ◦C. The polarization resistance of the Ni Fe + SDC anode was as low as
0.8 0.2

.105 � cm2 at 800 ◦C under open circuit condition. A stable performance with essentially negligible increase in anode overpotential was observed
uring about 160 h operation of the cell with the Ni0.8Fe0.2 + SDC anode at 800 ◦C with a fixed current density of 1875 mA cm−2. The possible
echanism responsible for the improved electrochemical properties of the composite anodes with the Ni0.8Fe0.2 and Ni075Fe0.25 alloys was discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC), which uses solid oxides as elec-
rolyte, is a device that can convert chemical energy directly into
lectricity. SOFC possesses some unique advantages over the
raditional power generation technologies, including inherently
igh efficiency, low greenhouse emissions and fuel flexibility. A
umber of chemicals such as H2, natural gas (CH4 with small
ounts of other hydrocarbons), alcohols, dimethyl ether (DME),

nd other hydrocarbons have been used as fuels in SOFC [1–5].
Ni has been widely used as anode material since it has good

lectrical conductivity and high catalytic ability towards H2 oxi-
ation. However, due to its thermal expansion mismatch with
lectrolyte and particle coarsening at high temperatures, Ni is
sually mixed with an oxide conductor such as yttria-stabilized

irconia (YSZ) to form a composite anode [6]. Another advan-
age of this composite anode is that the triple-phase boundary
TPB) can be dramatically extended from the anode/electrolyte
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nterface into the anode. As a result, the electrochemical activity
f Ni towards H2 oxidation reaction is enhanced and the anode
olarization resistance is reduced [7,8].

One of the major problems of SOFC is the excessively high
orking temperature which might cause problems such as anode
article coarsening during long-term operation, crack formation
ue to thermal expansion mismatch between cell components,
nd rapid degradation in cell performance due to interdiffusion
etween various cell materials. However, with decreasing oper-
tion temperature the cell power density decreases significantly,
specially below 700 ◦C. The losses of power density come from
he high internal resistance of electrolyte and polarization resis-
ance of electrodes. Recently, the perovskite phase (La, Sr) (Ga,

g)O3 has been proposed as an alternative electrolyte mate-
ial [9–14]. It was reported that the electrical conductivity of
a0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM) was about 0.17 S cm−1

t 800 ◦C, i.e. four times higher than that of YSZ. Also, LSGM
as shown to have negligible electronic conductivity at tem-

eratures below 1000 ◦C over a broad range of O2 partial
ressures from 10−21 to 0.1 MPa [15,16]. Therefore, LSGM is
promising electrolyte material for intermediate temperature

OFC.

mailto:jzhu@tntech.edu
dx.doi.org/10.1016/j.jpowsour.2006.12.047
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As for high performance anodes, doped ceria, particularly
amaria-doped ceria (Sm0.2Ce0.8O1.9, SDC) together with Ni is
ost commonly used due to the high ionic conductivity of SDC

t intermediate temperature [1,9,17–20]. The electrochemical
nd catalytic properties of Ni might be improved by partially
eplacing Ni with other metals such as Fe, Co and Cu [21,22].
inguedé et al. reported [21] that by adding Co to the Ni–YSZ
omposite anode the cell performance was improved. Small
ractions of Cu also had a positive effect on the anodic electro-
hemical activities. Shinagawa et al. [22] studied several Ni–Fe
imetallic anodes operating on H2 fuel. Enhancement in anodic
roperty of Ni by a small amount of Fe addition was found. With
n addition of 5 wt.% Fe to Ni, the anodic overpotential was
educed to almost half of that for pure Ni. In the Ni–Fe alloy
ystem, an intermetallic phase Ni3Fe existed below 517 ◦C in
he composition range of 10–36 wt.% Fe [23]. Wan et al. [24]
ound that the H2 molecules were easily adsorbed and desorbed
n the surface of an ordered Ni3Fe phase at room temperature.
i3Fe was also chemically active towards the decomposition of
ydrogen molecules. Even though the ordered phase Ni3Fe is
nstable in the temperature range of 600–800 ◦C of interest to
OFC, local short-range ordering might still exist in this com-
osition range and as a result these alloys might exhibit unique
nodic behaviors.

In this work, the electrochemical properties of a series of
i1 − xFex + SDC (x = 0, 0.05, 0.1, 0.2, 0.25, 0.3 and 0.67) com-
osite anodes were evaluated at intermediate temperature using
LSGM electrolyte supported cell configuration. Some Ni–Fe

lloy compositions were identified which exhibited low polar-
zation resistance and are therefore potential anode materials.

. Experimental

.1. Synthesis of cell components

A series of mixed Ni–Fe oxide powders were prepared
sing the glycine-nitrate process. First, stoichiometric amounts
f Ni(NO3)2 (99.95%, Sigma–Aldrich) and Fe(NO3)3 (98+%,
igma–Aldrich) were dissolved in distilled water. The amounts
f Ni(NO3)2 and Fe(NO3)3 were controlled such that the Fe
ontent in the Ni–Fe alloy will be 0, 5, 10, 20, 25, 30, 67 wt.%
fter reduction. After glycine (NH2–CH2–COOH, 99.5+%, Alfa
esar) was added to the solution, it was boiled to evaporate

xcess water. The resulting viscous liquid was ignited and under-
ent combustion, producing an ash composed of oxide products.
he ash was then fired at 900 ◦C for 2 h to remove possible
arbon residues. The SDC powders were prepared in a similar
ay, starting with Ce(NO3)3 (99.5%, Alfa Aesar) and Sm(NO3)3

99.9%, Aldrich). Finally, the Ni–Fe oxide powders and the SDC
owders (the weight percentage of the reduced metal was about
0 wt.%) were thoroughly mixed and ball-milled as the anode
aterial.
LSGM with a composition of La0.8Sr0.2Ga0.83Mg0.17O2.815
as selected as the electrolyte, which was prepared by solid-
tate reaction. La2O3 (99.99%, Alfa Aesar), SrCO3 (99.99%,
lfa Aesar), Ga2O3 (99.999%, Alfa Aesar) and MgO (99.99%,
lfa Aesar) were used as starting materials. Precalcination of

(
t
a
d
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tarting materials, La2O3 and MgO, at 1000 ◦C for 10 h was
onducted in order to remove the hydroxides and carbonates
mong them, while SrCO3 and Ga2O3 were dried at 120 ◦C
or 1 h. Stoichiometric amounts of pre-treated La2O3, SrCO3,
a2O3 and MgO were mixed evenly in an agate mortar with the

id of acetone. After mixing, the powders were pelletized, fired
t 1250 ◦C for 5 h and ground with mortar and pestle. This pro-
ess was repeated twice, followed by ball-milling to reduce the
owder size. Finally, the powders were pelletized and sintered
t 1470 ◦C for 10 h. The pellets were then ground and polished
o a thickness of 300 �m for single cell tests.

SrCo0.8Fe0.2O3 − δ (SCF) was selected as the cathode because
f its excellent mixed ionic/electronic conductivity and good
oupling with the LSGM electrolyte. It was also prepared by
onventional solid-state reaction. Stoichiometric amounts of
rCO3, CoO and Fe2O3 were mixed, pelletized and then sin-

ered at 1100 ◦C for three times. The SCF powders were finally
alled-milled to reduce the particle size.

.2. Cell fabrication

The (Ni–Fe + SDC)/SDC/LSGM/SCF single cells were pre-
ared as follows. A thin layer of SDC was deposited on one
ide of the LSGM electrolyte by screen printing a slurry of the
DC ink and drying at 150 ◦C on a hot plate. The composite
node was screen printed atop the SDC interlayer. The double
ayers together with Pt-mesh current collector were annealed at
300 ◦C for 0.5 h. The thickness of the interlayer and the anode
ayer was 10 and 15–20 �m, respectively. The SCF cathode layer
as screen printed on the opposite side of LSGM electrolyte with
similar procedure and was fired at 1100 ◦C for 0.5 h. The thick-
ess of the cathode was 20 �m. The effective working electrode
rea was 0.24 cm2. Reference electrodes consisting of the same
aterials as working electrodes were deposited on the LSGM

isc about 2.5 mm away from working electrodes. The reference
lectrodes were used to monitor the overpotentials of the anode
nd cathode.

.3. Cell characterization

The composite anode powders were first fired at 1300 ◦C
nd then reduced in H2 with 3% H2O at 800 ◦C, followed
y quenching to room temperature by removing the powders
way from the hot zone. The phases in the reduced powders
ere identified by powder X-ray diffraction (XRD). The cross-

ectional microstructures of various anodes after cell testing
ere examined by scanning electron microscopy (SEM, FEI
L30 environmental scanning electron microscope). The sin-
le cell tests were carried out using an electrochemical interface
Solartron 1287, Solartron Analytical) with a LabView program
n the temperature range of 600–800 ◦C. The electrochemical
mpedance spectra (EIS) of the single cells were measured with
he electrochemical interface and a frequency response analyzer

Solartron 1260, Solartron Analytical) under open circuit condi-
ion (OCV). The frequency range was from 2 MHz to 0.005 Hz
nd the ac amplitude was 10 mV. A double-layer glass sealing
esign was used in all our single cell tests as previously described
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25]. The assembled cells were placed in the hot zone of a ver-
ical furnace. Wet fuel (H2 with 3% H2O) was fed to the anode
urface at a rate of 30 ml min−1 and stationary air was used as
xidant at the cathode side.

. Results and discussion

.1. Phase identification and microstructure of the
i–Fe + SDC anodes

XRD results show that two phases (a FCC Ni–Fe solid solu-
ion and a cubic SDC phase) were present in all the Ni–Fe + SDC
node powders after reduction in H2 with 3% H2O followed by
apid cooling, as shown in Fig. 1(a)–(e). This result is consistent
ith the Ni–Fe phase diagram, which indicates that Ni and Fe

re completely soluble at elevated temperatures [23]. The peaks
rom the solid solution shifted slightly to the lower angles with
he increasing addition of Fe to Ni.

Typical cross-sectional views of the fractured cells near the
node side after cell operation are shown in Fig. 2. The SDC
nterlayer was quite dense and uniform with a thickness of about
0 �m. The Ni–Fe + SDC layers of about 15–20 �m thick were

elatively porous after reduction. Strong bonding between all
he anodes and the electrolytes was achieved. No obvious differ-
nces in microstructure were noticed among these Ni–Fe + SDC
nodes.

Fig. 1. XRD patterns of some Ni–Fe + SDC composites after reduc-
tion in H2 + 3% H2O followed by quenching to room temperature: (a)
Ni + SDC; (b) Ni0.95Fe0.05 + SDC; (c) Ni0.9Fe0.1 + SDC; (d) Ni0.8Fe0.2 + SDC;
(e) Ni0.75Fe0.25 + SDC.

ig. 2. SEM images of the cross sections of different Ni–Fe + SDC composite anodes: (a) Ni + SDC; (b) Ni0.95Fe0.05 + SDC; (c) Ni0.75Fe0.25 + SDC; (d)
i0.33Fe0.67 + SDC.
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ig. 3. Comparison in anodic overpotential of various Ni–Fe + SDC anodes at
00 ◦C in H2 + 3% H2O.

.2. Comparison of the anodic properties of the
i–Fe + SDC anodes

Fig. 3 compares the overpotentials of the Ni–Fe + SDC
nodes at 800 ◦C with LSGM and SCF as the electrolyte
nd cathode, respectively. Both the Ni0.80Fe0.20 + SDC and
i0.75Fe0.25 + SDC anodes exhibited lower overpotentials than

he Ni + SDC anode. This implies that a proper alloying of Ni
ith Fe might give a higher activity towards H2 oxidation.
he anodic overpotentials of different Ni–Fe + SDC composi-

ions are in the following order: Ni0.8Fe0.2 < Ni0.75Fe0.25 < Ni <
i0.7Fe0.3 < Ni0.9Fe0.1 < Ni0.95Fe0.05 < Ni0.33Fe0.67. The over-
otential results at the same current density of 2000 mA cm−2,
s shown in Fig. 4, indicate that the change of overpotential

s opposite to that of power density with the increase in the
ddition of Fe. The power density of the cells reached a max-
mum as the metal composition got close to Ni0.8Fe0.2, while
he anodic overpotential reached a minimum. Fig. 5 shows the

ig. 4. Effect of alloy composition on the anodic overpotential and power density
or single cells with a current density of 2000 mA cm−2 at 800 ◦C.

N
a
b

F
c

ig. 5. Voltage and power density as a function of current density for single
ells with different Ni–Fe + SDC anodes at 800 ◦C.

oltage and power density as a function of current density for
ingle cells with different anodes, while Fig. 6 gives the cell
erformance with the Ni0.8Fe0.2 + SDC anode at different tem-
eratures. The maximum power densities of the single cells with
he Ni0.8Fe0.2 + SDC and Ni0.75Fe0.25 + SDC anodes at 800 ◦C
n wet H2 reached 1.43 and 1.38 W cm−2, respectively. The cell
ith Ni0.33Fe0.67 + SDC exhibited the worst performance among

ll the studied anodes, which still reached about 1.03 W cm−2.
ince the electrolyte and cathode were prepared identically, the
erformance of these cells depended strongly on the anode com-
osition.

The impedance spectra of single cells with various
i–Fe + SDC anodes are shown in Fig. 7. All the data were
btained at 800 ◦C in wet H2 under OCV. The high-frequency
ntercept of the impedance spectra corresponds to the ohmic
esistance of the cell, including ohmic resistance of the LSGM
lectrolyte and the SDC buffer layer, ohmic resistance of the

i–Fe + SDC anode and the SCF cathode, contact resistance

t the electrode/electrolyte interface, and contact resistance
etween the electrodes and current collector [26]. The high-

ig. 6. Voltage and power density as a function of current density for a single
ell with the Ni80Fe20 + SDC anode at different temperatures.
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Fig. 9, the power density dropped from 1271 to 1170 mW cm−2
Fig. 7. Impedance spectra of single cells with d

requency and low-frequency depressed arcs are due to different
lectrode polarization processes. As mentioned earlier, the com-
ositions and preparation conditions for the electrolyte and
athode, as well as the single cell fabrication steps, were iden-
ical for all the single cells; therefore, the cathodic polarization
esistance and total ohmic resistance of the cells should be the
ame. Since the low-frequency arc remained essentially con-
tant for the different cells, it was assigned to be from the
athode. On the other hand, the high-frequency arc changed
ignificantly as the anode composition varied; therefore, it
as related to the anodic process. The polarization resistances
f different anodes were calculated from the high-frequency
epressed semicircles, which increased from 0.105 � cm2 for
i0.8Fe0.2 + SDC to 0.265 � cm2 for the Ni0.33Fe0.67 + SDC at

00 ◦C.

Fig. 8 presents the maximum power density and anodic over-
otential as a function of anodic polarization resistance for the
ifferent cells at 800 ◦C. With the increase in anodic polarization

ig. 8. Maximum power density and anodic overpotential as a function of anodic
olarization resistance for single cells with different anodes.

a
E
t

F
a
o

nt Ni–Fe + SDC anodes at 800 ◦C under OCV.

esistance, the anodic overpotential increased and the maximum
ower density decreased accordingly. Clearly, anodic polariza-
ion resistance is the controlling factor in affecting the anodic
verpotential and maximum power density for the Ni–Fe alloy
nodes.

.3. Long-term stability of the Ni0.80Fe0.20 + SDC anode

To evaluate an anode material, long-term stability is another
mportant parameter.

To test the performance stability of the Ni0.80Fe0.20 + SDC
node, a single cell with this anode was run in wet H2 with a
xed current density of 1875 mA cm−2 at 800 ◦C. As shown in
fter almost 160 h. The degradation in power was about 7.9%.
specially, from Fig. 9, it can be seen that the anodic overpo-

ential increased slightly during the first 40 h and kept almost

ig. 9. Long-term stability of a (Ni80Fe20 + SDC)/SDC/LSGM/SCF single cell
t 800 ◦C with a fixed current density of 1875 mA cm−2 (P, power density; Vout,
utput voltage; ηa, anodic overpotential; ηc, cathodic overpotential).
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nchanged afterwards. The power drop after the initial 40 h was
ainly due to the increase of cathodic overpotential. It seems

hat a buffer layer between the LSGM electrolyte and the SCF
athode is needed for improving the long-term cell stability.

.4. Possible mechanism responsible for the “Fe” effect in
he anode

With the addition of 5 wt.% Fe into Ni, the anodic overpo-
ential increased from 0.226 to 0.260 V at the current density of
000 mA cm−2 at 800 ◦C, as shown in Fig. 4. No Fe peaks were
bserved in the XRD patterns of the Ni0.95Fe0.05 + SDC com-
osite anode after reduction at 800 ◦C, indicating that Fe atoms
ave dissolved into Ni to form an alloy, which may decrease
he anode catalytic activity towards H2 oxidation. According to
hinagawa et al. [22], a 5 wt.% of Fe added into Ni increased

he activity of Ni in the anode reaction. Since impregnation was
sed for adding Fe to the Ni anode in their anode fabrication, the
iscrepancy might be due to the difference in anode fabrication
rocess.

Based on the overpotential and power density data, the
i0.8Fe0.2 + SDC anode exhibited the highest catalytic activity

owards H2 and the best performance among all the composite
nodes. Wang and Gao [5] studied the Ni–Fe + LSGM compos-
te anodes for DME fuel cells. Their results are in agreement
ith ours that an addition of 20–30 wt.% Fe into Ni improved

ts catalytic activity for fuel oxidation. The mechanism respon-
ible for such superior performance for the Ni0.8Fe0.2 alloy
node is not clear at this stage. According to the Ni–Fe phase
iagram [23], the Ni3Fe phase will be present in these alloys
t temperatures lower than 517 ◦C. The intermetallic phase,
i3Fe, possesses extraordinary catalytic ability towards H2
ecomposition in the ordered state [27]. However, at higher tem-
erature (e.g. 600–800 ◦C as used in this study) it only exists as
disordered phase [23]. Indeed, if the Ni0.8Fe0.2 + SDC and
i0.75Fe0.25 + SDC anode powders were reduced in H2 + 3%
2O at 800 ◦C and then immediately quenched to room tem-
erature, a disordered Ni–Fe solid solution was detected, as
hown in Fig. 1. Therefore, one postulation is that some short-
ange ordering might still exist in the disordered structure at
igher temperature, which could lead to the enhanced catalytic
erformance for the Ni0.8Fe0.2 + SDC and Ni0.75Fe0.25 + SDC
nodes.

Also, it was noticed that if Ni0.8Fe0.2 + SDC and Ni0.75
e0.25 + SDC powders were reduced in Ar + 5% H2 + 3% H2O

nstead of H2 + 3% H2O, followed by immediate quench-
ng to room temperature, a perovskite phase, CeFeO3, was
etected [28]. On the other hand, in the other compositions of
i–Fe + SDC, no CeFeO3 was observed. The CeFeO3 phase

s stable in a reducing atmosphere of O2 partial pressures from
bout 10−22 to 10−15 atm at 800 ◦C and unstable in air by decom-
osing to CeO2 and �-Fe2O3 [29–33]. Typically, the O2 partial
ressure at the anode side is about 10−22 atm. The partial pres-

ure at the electrolyte/electrode interface may decrease a few
rders of magnitude during the cell operation due to the O2−
ransported from the electrolyte, which implies that CeFeO3

ay exist at the electrolyte/electrode interface. The presence

[

[
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f CeFeO3 might also modify the catalytic properties of the
omposite anode. However, it is very difficult to identify the
hases at the anode region near the electrolyte/anode interface
n situ during cell operation. Clearly, more work is needed to
urther investigate the mechanism(s) responsible for the high
erformance of the Ni0.8Fe0.2 + SDC anode.

. Conclusions

Ni–Fe + SDC composite anodes have been studied as anode
aterials for intermediate temperature SOFC. Among all of

he composite anodes, the Ni0.8Fe0.2 + SDC anode exhibited the
owest polarization resistance (e.g. 0.105 � cm2 at 800 ◦C under
CV). Single cell with the Ni0.8Fe0.2 + SDC anode exhibited

he maximum power density of 1.43 W cm−2 at 800 ◦C and
.62 W cm−2 at 700 ◦C, indicating improved electrochemical
erformance over Ni + SDC. The anodic polarization resis-
ance was found to be the controlling factor in affecting the
nodic overpotentials and the power densities of the cells.
he low polarization resistance of the Ni0.8Fe0.2 + SDC and
i0.75Fe0.25 + SDC anodes might be related to the unique bond-

ng between Ni and Fe in this composition range. Another possi-
le contribution might be the formation of the perovskite phase
eFeO3 at the electrolyte/anode interface during cell operation.
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