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Abstract

Ni;_ Fe, bimetallic-based cermet anodes were investigated for hydrocarbon-fueled solid oxide fuel cells. Ni,_ Fe,—CeysGd,0; 9
cermet anodes were synthesized using a glycine nitrate process, and their electrical conductivity and the amount of carbon deposits were
found to decrease with increasing Fe content. The anode polarization resistance for the CH, fuel was significantly reduced by Fe
alloying, which was strongly related to the carbon deposition behavior. The maximum power density of the single cell with Nij gsFeg 15—
Ceg sGdg»0, o in CH, at 800 °C was 0.27 W/cm?. Fe alloying significantly improved the electrochemical performance of solid oxide fuel
cells in CHy fuel by suppressing carbon deposition.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A major advantage of solid oxide fuel cells (SOFCs) is the
fuel flexibility in that hydrocarbon fuels such as CH4 can be
used directly via an internal reforming process instead of pure
hydrogen fuel [1-3]. This is feasible due to the high operating
temperature of SOFCs. The state-of-the-art anode material for
SOFC:s is nickel-yttria stabilized zirconia (Ni-YSZ) cermet [1].
Although nickel shows superior catalytic activity for hydrogen
oxidation, when hydrocarbon fuel is used as a fuel, the formed
carbon can be deposited on the Ni surface, which can result in
performance degradation [4,5]. Nickel is well known as a
catalyst for the growth of carbon nanotubes or fibers [6,7].

There have been various investigations of novel anode
materials to overcome the carbon deposition problem, such
as ceria-based and perovskite oxides [8—10]. To decrease
carbon deposition, Ni in the Ni-YSZ cermet anode can be
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partly or completely replaced by other metals, such as Co or
Cu. Itome and Nelson demonstrated that the rate of methane
conversion with Co-YSZ cermet increased at high tempera-
tures [11]. Additionally, Cu exhibited tolerance for carbon
deposition when a hydrocarbon fuel was used [12]. Ceria
(CeO,)-based catalysts are used to suppress coking or desul-
furization in catalytic processes and have a high catalytic
activity for methane oxidation [13]. Ingram and Linic reported
that the calculated activity of Fe in the direct utilization of
hydrocarbon fuels under SOFC operating conditions was
comparable to that of Ru and Ni [14]. With the exception
of a few studies of Ni—Fe based anodes, a systematic
investigation of the factors that control their carbon deposition
behavior and electrocatalytic activity is scarcely available in
the literature [15-17]. With this perspective, in this paper we
present the effects of Fe alloying on crystal chemistry, electrical
conductivity, carbon deposition, and electrochemical perfor-
mance based on the carbon deposition behavior.

2. Experimental procedure

Ni; _Fe O-GDC powders (x=0, 0.05, 0.1, 0.15) were
synthesized by a glycine nitrate process (GNP). An
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appropriate amount of Ni(NO;3),-6H,O (Alfa Aesar,
98%), Fe(NO3);-9H,O (Alfa Aesar, 98%), Ce(NO3);-
6H,0 (Aldrich, 99% metal basis), Gd(NO;)3 - 6H,O (Alfa
Aesar, 99.9%, REQO), and glycine (Alfa Aesar, 99%) were
dissolved in deionized water. After stirring for 2 h, the
mixed solution was heated at approximately 250 °C until
combustion occurred. The ashes formed by combustion
were calcined at 750 °C for 2 h. After ball-milling with
zirconia balls for 24 h, the synthesized Ni,_ Fe, O-GDC
powders were reduced to Ni;_ Fe,-GDC in H, at 800 °C
for 2 h. The Ni;_,Fe,-GDC composites were synthesized
at a mixing ratio of 60:40 vol%.

Phase analysis was performed by X-ray diffraction using
an X-ray diffractometer (Rigaku Model D/MAX-111A,
Japan) with Cu K, radiation. Diffraction patterns were
recorded at a scan rate of 4°/min in a 20 range of 20° to
60°. Lattice constants were calculated from the XRD
results. For the microstructure analysis and electrical
conductivity measurements, bar-type samples were fabri-
cated by sintering in an air atmosphere at 1400 °C for 4 h.
The microstructure and composition of the samples were
confirmed by scanning electron microscopy/energy-disper-
sive X-ray spectroscopy (SEM/EDX, SN-3000 Hitachi,
Japan). The electrical conductivity and porosity of the
sintered samples were measured by the DC four-probe
method and a mercury porosimeter (UPA-150, Microtrac,
USA), respectively. The amount of carbon deposits was
calculated by thermal gravimetric analysis (TGA, TA
Q600, TA Instruments Ltd., USA). After the calcined
samples were exposed to a dry CH4 atmosphere at 800 °C
for 3 h, TGA was then executed from room temperature to
900 °C at a heating rate of 20 °C/min in air, allowing the
deposited carbon to re-oxidize with oxygen. The amount
of deposited carbon was calculated by analyzing the weight
loss from 500 to 700 °C.

Symmetrical half-cells with 8YSZ electrolyte were fabricated
for electrochemical characterization. 8YSZ pellets were sin-
tered with commercial YSZ powder (TZ-8YSZ, Tosoh, Japan)
at 1450 °C for 4 h. The Ni;_ Fe, O-GDC anode paste was
prepared by mixing the anode powder and binder (Heracus
V006) at a ratio of 70:30 wt%, and the paste was screen-
printed on both sides of the YSZ pellet. Both electrodes were
fired at 1250 °C for 2 h. The geometrical area of the electrode
was 0.25 cm?. Pt mesh and Pt wire were used as the current
collector and lead, respectively. AC impedance measurements
for the symmetric cells were performed using a potentiostat
(SP150, Biologic SAS, France) equipped with a frequency
response analyzer under open-circuit conditions at 800 °C in
H, and CH,4 atmospheres. The applied frequency ranged from
50 uHz to 100 kHz with a voltage amplitude of 20 mV.
Current—voltage (I~V) measurements of single cells with a
Ba()A5SI'0A5C00A8F€0A203_5—C€0A8Gd0201_() (BSCF-GDC) cathode
and YSZ electrolyte were performed.

A Ni,_ Fe,-GDC (x=0, 0.15) cermet anode layer was
screen-printed onto 0.3-mm thick YSZ pellets and then
fired at 1250 °C for 2 h. Similarly, the BSCF-GDC cathode
layer was screen-printed onto the other side of the YSZ

pellets in a symmetric position, followed by firing at
1050 °C for 2 h. The geometric area of both electrodes
was 0.25 cm®. A Pt mesh pushed onto the electrode with a
spring loaded alumina tube was used as the current
corrector. A seal between the single cell and alumina tube
was achieved with a Pyrex™ glass ring. Humidified H,
(~3% H,0 at 30 °C) and air were supplied as the fuel and
oxidant, respectively, at a rate of 100 cm?/min. Humidified
CH, was also used as the fuel to verify the hydrocarbon
fuel use.

3. Results and discussion

The X-ray diffraction patterns of the Ni; _ Fe O-GDC
powders (x=0, 0.05, 0.1, 0.15) calcined at 750 °C for 2 h
are shown in Fig. 1(a). Peaks of Fe,O3; were observed when
Fe was added to NiO, indicating that Fe is not soluble in
NiO. However, when the calcined samples were reduced in
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Fig. 1. XRD patterns of the Ni; _ ,Fe,O-GDC composites (a) calcined in
air at 750 °C for 2 h and (b) reduced in H, at 800 °C for 2 h.
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the H, atmosphere at 800° C for 2 h, Fe was completely
alloyed in the Ni lattice in Ni;_ Fe,-GDC, as shown in
Fig. 1(b). The Ni peaks shifted toward low 26 as the Fe
content increased. This shift is attributed to an increase in
the lattice constant of Ni caused by Fe alloying and is
primarily due to the difference in atomic radii of Ni
(Rni=1.24 A) and Fe (Rp=1.72 A) [18]. Meanwhile, the
reduction of Fe,O5 to Fe is thermodynamically feasible in
the H, atmosphere at 800 °C. It has been reported that
Fe,O3 was reduced to Fe in H, below 600 °C [19,20].

Quantitative analysis of the synthesized samples was
performed using EDX to verify the designed compositions
and the results are listed in Table 1. Based on the elemental
analysis, the synthesized samples had the expected
stoichiometries.

The geometrical morphology of the samples should be
considered as the electrical conductivity strongly depends on
the microstructure. Fig. 2 shows the microstructures of the
reduced samples after sintering at 1400 °C for 4 h in air and
the measured porosity of the samples is listed in Table 2.
Although no pore formers were used, all samples had a porous

Table 1
EDX elemental analysis data for the synthesized Ni, _Fe,-GDC samples.

Composition Element stoichiometry (molar ratio)

structure. In general, pores in Ni-based cermet anodes without
pore formers are derived from two sources; incomplete
sintering and the reduction of NiO. The porosity and average
pore size of the Ni;_,Fe,-GDC samples increased slightly
with increasing Fe content. However, there was no significant
change in the porous microstructure.

The electrical conductivities of the Ni;_,Fe -GDC
samples measured by the DC 4-probe method are shown
in Fig. 3. The electrical conductivity of the samples
decreased with increasing Fe content. Similarly, the elec-
trical resistivities of electrodeposited Ni-Fe alloys
increased monotonically with increasing Fe content
[21,22]. This electrical behavior of the Ni—Fe bimetallic
system is due to the enhancement of electron scattering
caused by the solid solution effect based on Nordheim’s
rule. Additionally, the resistivity of Ni—-Cu and Ni—Co
alloys increases with Cu and Co content, respectively,
which means the electrical conductivity decreases [23,24].

The calculated carbon deposition rates of all the samples
from the TGA data are shown in Fig. 4. The amount of
carbon deposits significantly decreased with Fe alloying.
The formation of carbon at CH, fueled-SOFC anodes

Table 2
Porosity and average pore size of the Ni;_,Fe,-GDC cermet anode
materials reduced at 800 °C for 2 h in H,.

Ni/(Ni+Fe) Fe/(Ni+Fe) Ce/(Ce+Gd) Gd/(Ce+Gd) Composition Porosity (%) Average pore size (nm)
x=0 1 0 0.793 0.207 x=0 32 175
x=0.05 0.951 0.049 0.795 0.205 x=0.05 34 186
x=0.1 0.908 0.092 0.805 0.195 x=0.1 36 193
x=0.15 0.852 0.148 0.810 0.190 x=0.15 36 197

Fig. 2. Cross-sectional SEM micrographs of Ni, _ ,Fe,-GDC cermets reduced in H, at 800 °C for 2 h after sintering at 1400 °C for 4 h in air: (a) x=0, (b)

x=0.05 (¢) x=0.1 and (d) x=0.15.
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Fig. 3. Electrical conductivity of the Ni; _ ,Fe ,-GDC cermets measured in
a reducing atmosphere.
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Fig. 4. Carbon deposition rate of the Ni,_,Fe,-GDC cermets with
various Fe contents.

generally occurs via pyrolysis (CH;— C+2H,) or the
Boudouard reaction (2CO —CO,+C). In the Boudouard
reaction, CO can be supplied by a steam reforming process
(CH4+H>O—-CO+3H,) or partial oxidation reaction
(CH44+0?~ ->CO+2H,+2¢7). However, in this study,
carbon deposits primarily originated from CH, pyrolysis
because the carbon deposition behavior was evaluated in a
dry CH,4 atmosphere. Both carbon filaments and nickel
carbides from the cracked carbon species are easily formed
on Ni surfaces [25,26]. Nikolla et al. reported that Sn-
containing surface alloys can suppress the formation of
C-C bonds and/or have a lower thermodynamic driving
force for carbon nucleation on low-coordinated sites [27].
Similarly, Fe alloying in a Ni matrix could suppress carbon
deposition by breaking up ensembles of Ni atoms, which
are required for the sustained growth of solid carbon
deposits.
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Fig. 5. Typical AC impedance spectra of symmetrical half-cells with a
Ni, _Fe,-GDC cermet anode and YSZ electrolyte in (a) H, and (b) CHy
at 800 °C.

Typical AC impedance spectra of the symmetrical half-
cells with an YSZ electrolyte at 800 °C are shown in Fig. 5.
Considering the oxidation of H, via the CH,4 cracking
process, the H,-fueled SOFCs would be expected to exhibit
better electrochemical performance than CHy-fueled
SOFCs. The anode polarizations of all samples for CHy4
fuel were much greater than for H, fuel due to the lower
concentration of H, and slower pore diffusion of CHy
molecules than H, molecules due to the larger size.

Variations in the calculated R, values from the AC
impedance data measured in H, and CH,4 atmospheres are
shown in Fig. 6. The R, value increased with increasing Fe
content in the H, atmosphere, but decreased in the CHy
atmosphere. The anode reaction on the SOFC is generally
considered to be multiphase, including catalytic activation,
adsorption/dissociation of the hydrogen molecule, charge
transfer, and gas diffusion. Both the electrical conductivity
and catalytic activity of the anode material are critical for
maximizing electrochemical performance in an H, atmosphere.
Reduced electrical conductivity by Fe alloying inhibits the
charge transfer reaction due to the lack of electrons and
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Fig. 6. Variation in R, values of the Ni; _ Fe,-GDC cermets with various
Fe contents in H, and CH,4 at 800 °C.
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Fig. 7. Comparison of the I-V curves and power densities of the
Ni; _ Fe,-GDC (x=0, 0,15) cermet anodes at 800 °C.

decreased number of reaction sites due to the disruption of Ni
atom ensembles by Fe atoms, leading to a decrease in catalytic
activity. Consequently, the electrochemical performance in the
H, atmosphere degrades with Fe alloying. Alternatively, the
gas diffusion may be the rate-determining step for the anode
reaction in the CH4 atmosphere because the deposited carbons
block the anode pores. Moreover, the deposited carbons may
cover the reaction sites, leading to a decrease in catalytic
activity. The variation in the R, values in the CH4 atmosphere
showed the same trends observed for the carbon deposition
rate, as shown in Fig. 4. Consequently, Fe alloying could
suppress carbon deposition, leading to a decrease in anode
polarization for the CHy4 fuel.

Fig. 7 compares the I~V curves and power density of the
Ni-GDC and NijgsFeq 15-GDC anodes at 800 °C. While
the NiggsFeo15-GDC anode showed slightly poorer per-
formance than the Ni-GDC anode in H,, the single cell
with the NiggsFep15-GDC anode showed significantly
better electrochemical performance in the CHy fuel than
the Ni-GDC anode. The maximum power densities of the

single cells with Ni-GDC and Nig gsFeq 15-GDC in CHy4 at
800 °C were 0.15 W/ecm? and 0 27 W/cm?, respectively.

4. Conclusions

Ni, _ Fe, bimetallic-based cermets were investigated as
alternative SOFC anode materials for hydrocarbon fuel
use. The electrical conductivity of the Ni;_,Fe,-GDC
cermets decreased with increasing Fe content. The carbon
deposition rate decreased with Fe alloying due to suppres-
sion of C-C bond formation and/or lowering of the
thermodynamic driving force for carbon nucleation. The
anode polarization resistance in the CH,4 atmosphere also
decreased with increasing Fe content. The electrochemical
performance of the Ni;_ Fe,-GDC cermet anode materi-
als in the CH,4 fuel was strongly correlated with the carbon
deposition behavior. Consequently, Fe alloying was effec-
tive in suppressing carbon deposition and improving the
electrochemical performance of the CHy-fueled SOFCs.
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