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Abstract A Ni0.5Cu0.5–CGO (Ce0.8Gd0.2O1.9) anode in a
LSM ((La0.75Sr0.25)0.95MnO3−δ)–CGO cathode-supported
SOFC is tested in humidified H2 (3% H2O) and in low
concentration of dry methane, respectively. After co-
sintering at 1,300 °C, it was found that the A-site-deficient
LSM effectively hindered the formation of La2Zr2O7 or
SrZrO3. The OCVs of the cell are as high as 1.132, 1.14,
and 1.147 V in humidified H2 and 1.314, 1.269, and 1.2 V in
14.8% of dry methane at 850, 800 and 750 °C, respectively,
indicating that the ScSZ electrolyte film prepared by the
present method is dense enough. The corresponding peak
power densities are 0.396, 0.287, and 0.19 Wcm−2 in hu-
midified H2 and 0.249, 0.164, and 0.096 Wcm−2 in 14.8%
of dry methane at 850, 800, and 750 °C, respectively. The
prepared cathode-supported SOFC with NiCu–CGO

bimetallic anode shows long-term stability when dry meth-
ane is used as fuel.
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Introduction

As a device that convert chemical energy into electric power
through electrochemical reactions at elevated temperatures,
solid oxide fuel cells (SOFC) have attracted increasing
attention due to its high energy conversion efficiency, low
emission, and flexibility of choices of fuels [1]. SOFC that
operate directly with hydrocarbon fuels without external
reforming is expected to become an important technology
for power generation in the future [2, 3]. There are several
disadvantages associated with traditional SOFC anode
materials such as Ni/YSZ and these include Ni coarsening,
sulfur poisoning, carbon deposition, and redox instability
[4–6]. Recently, several alternative materials such as Cu–
CeO2 and ceramic materials have been developed as poten-
tial anodes [4, 7–10]. Compared to cermet ones, ceramic
anodes are difficult to get sintered and can withstand sulfur
contamination and carbon deposition even when they work
for a long time. However, due to either low electrical con-
ductivity or low electrochemical activity, their performance
is still lower than that of the cermet anode [4, 11]. Therefore,
Ni anode is still recognized as the most active material for
the oxidation of hydrocarbon fuels. Gorte et al. [8–10] found
that carbon deposition was avoided by using a Cu–CeO2

anode. It is possible that Cu is a poor catalyst for forming
and breaking C–C bonds and can hinder the formation of
carbon on itself [11]. However, it is difficult to prepare Cu–
YSZ cermets via high-temperature sintering technology
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because the melting points of both copper (1,085 °C) [12]
and copper oxide are significantly less than 1,500 °C, which
is necessary for the densification of electrolytes. An ap-
proach for enhancing the activity and thermal stability of
Cu-based anodes could be achieved by alloying the Cu with
a more catalytically active metal with a higher melting
temperature. Several authors [13, 14] demonstrated that
carbon formation was greatly suppressed when Cu–Ni
alloy-based anode was used instead of Ni-based anode. In
addition, Kendall et al. [15] found that carbon deposition
could also be suppressed if diluted methane was used to
replace pure methane as fuel. In this case, low concentration
of methane could be completely reacted with oxygen ions,
and less carbon deposition could occur due to partial oxida-
tion of methane (POM).

To date, fourmain types of SOFC structures, i.e., electrolyte-,
anode-, cathode-, and metal-supported SOFC, have been stud-
ied [16]. The cathode-supportedtype shows various structural
advantages over other varieties. In this type of SOFC, the anode
and electrolyte can be very thin, and those problems such as
oxygen transport in the anode, volume contraction, and expan-
sion related to anode redox cycles and ionic resistance of the
electrolyte can be avoided [1, 16, 17]. On the other hand, some
novel anodes with low sintering temperature or low electronic
conductivity for hydrocarbon fuels are easy to be used in
cathode-supported SOFC. Furthermore, the possibility of ap-
plying low-cost cathode-supporting materials such as LSM has
the advantage with regards to commercialization of SOFC [18].
However, in the preparation of cathode-supported SOFC, it was
found that the formation of zirconate phases (La2Zr2O7 and
SrZrO3) at the interface of the LSM and zirconia-
based electrolyte resulted in the degradation of the cell
[19]. In order to solve this problem, A-site-deficient materials
such as (La0.75Sr0.25)0.95MnO3−δ, which showed less reactiv-
ity with a zirconia-based electrolyte compared with its stoi-
chiometric counterpart even at high temperatures during the
preparation stages, have been developed [1, 20].

In this study, NiCu–CGO anode was prepared on
cathode-supported SOFC at low temperatures, and its elec-
trochemical performance was evaluated in humidified hy-
drogen and in low concentration of dry methane,
respectively. To significantly reduce the cost of fabrication,
a thin 11 mol% Sc2O3-doped ZrO2 (ScSZ) electrolyte film
was prepared on a LSM–CGO cathode substrate via a cost-
effective and simple dual-dry pressing method.

Experimental

Fabrication of unit cells

Ni0.5Cu0.5Ox powder was prepared by a glycine-nitrate com-
bustion method as reported previously [21]. Stoichiometric

amounts of Ni(NO3)2·6H2O and Cu(NO3)2·3H2O were first
mixed and dissolved in deionised water and glycine powder
was then added to the solution at a molar ratio of metal ions
to glycine of 1:0.75. The solution was heated and stirred on
a hot plate at 70 °C to form a gel. The gel was subsequently
heated on a hot plate until it ignited, producing a metal-
oxide “ash”. The ash was then heated to 650 °C to remove
possible carbon residues, and finally a crystalline oxide
powder was obtained. The starting materials for fabrication of
the cathode were commercial A-site-deficient LSM
(CAS, China), CGO (CAS, China), and starch powder in a
weight ratio of 6:4:3.5. The assembly of LSM–CGO cathode
substrate and ScSZ (Tosoh Corporation, Japan) electrolyte
was prepared by a dual-dry pressing method [22]. In order to
achieve higher bending strength of the cell using a sufficiently
dense electrolyte film, the assemblywas subsequently sintered
at 1,300 °C for 8 h in air. Ni0.5Cu0.5Ox–CGO powder in a
weight ratio of 6:4 was ball-milled in ethanol for 24 h
and used for fabrication of the anode via a slurry
coating method. This was followed by sintering at
1,000 °C in air for 3 h to form a porous anode. The
effective area of the anode was 0.78 cm2. To compare
the long-term stability with Ni0.5Cu0.5Ox–CGO anode in
low concentration of dry CH4, NiO–CGO anode was
also prepared on a cathode–electrolyte substrate by the
same method with Ni0.5Cu0.5Ox–CGO anode and then
sintered at 1,300 °C in air for 3 h. As-prepared cell was
mounted in a test rig, in which glass ring was used to
seal the cell. The cell performances were measured at
different temperatures of 850, 800, and 750 °C by
changing the external load in humidified H2 (3% H2O)
and in low-concentration dry methane, respectively. The
outlet gases of the anode were analyzed on-line with an
Agilent GC 7890A gas chromatography system. A time
of 10 min was allowed for each measurement for every
change in current value imposed.

Measurement

The current collector was Pt mesh. The anode was reduced
with hydrogen for 30 min. The flow rates of humidified H2

and O2 were both 100 mlmin−1. The flow rate of 14.8% of dry
methane with Ar was kept at 54 ml min−1. The impedances
were measured between 0.1 Hz and 1 MHz using a frequency
response analyzer and a potentiostat (Solartron 1255B and
1287, respectively) under open-circuit conditions. The micro-
structure and morphology of the cells after testing were char-
acterized by scanning electron microscopy (SEM, Hitachi, S-
800, Japan). To check the interface reaction between the ScSZ
film and LSM–CGO cathode substrate during the preparation
stage, ScSZ and LSM powder in a weight ratio of 1:1 was ball-
milled in ethanol for 24 h, co-sintered at 1,250 and 1,350 °C,
respectively, and the composite obtained was analyzed by X-
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ray diffraction (XRD, Shimadazu, Japan) with Cu Kα radia-
tion. The porosity of the cathode substrate was determined by
the Archimedes method.

Results and discussion

The XRD patterns of (I) ScSZ–La0.75Sr0.25MnO3 (stoichio-
metric LSM) and (II) ScSZ–(La0.75Sr0.25)0.95MnO3−δ (A-
site-deficient LSM) composite powders are shown in
Fig. 1a. One can see that La2Zr2O7 was formed in ScSZ
and the stoichiometric LSM composite powder after sinter-
ing at 1,250 °C, but no La2Zr2O7 or SrZrO3 was found in
ScSZ and A-site-deficient LSM composite powder even
after sintering at 1,350 °C, confirming that the A-site-
deficient LSM could effectively hinder the formation of
La2Zr2O7 or SrZrO3, which could affect the performance
of the SOFC. Figure 1b shows the XRD pattern of the

Ni0.5Cu0.5–CGO cermet. In this case, the Ni0.5Cu0.5–CGO
cermet was obtained by reducing the Ni0.5Cu0.5Ox–CGO
pellet in H2. One can see that a good Ni0.5Cu0.5 alloy was
formed after reduction in hydrogen.

Figure 2 shows the cross-sectional SEM image of the
sandwich structure of the whole cell (a) and the highly
magnified morphology of the electrolyte (b). The thick-
nesses of the cathode substrate, anode, and electrolyte were
approximately 680, 12, and 35 μm, respectively. Some
isolated defects such as small voids could be observed in
the electrolyte film. However, no cross-membrane cracks or
pinholes were observed. The open-circuit voltages (OCVs)
of the cell were 1.14 and 1.269 Vat 800 °C in humidified H2

and in 14.8% of dry methane, respectively, indicating that
the ScSZ layer was sufficiently dense and could prohibit
crossover of gases through the layer. As shown in Fig. 2a,
the electrodes showed typical porous microstructures. The
porosity of the cathode substrate was approximately 38%.

Figure 3 shows typical I–V curves of the as-prepared fuel
cell at various temperatures in humidified H2. The peak

Fig. 1 a XRD patterns of (I) ScSZ+La0.75Sr0.25MnO3 and (II) ScSZ+
(La0.75Sr0.25)0.95 MnO3−δ composite powders co-sintered at 1,250 and
1,350 °C, respectively. b XRD pattern of the Ni0.5Cu0.5–CGO cermet

Fig. 2 a Cross-section of the sandwich structure of the whole cell. b
High magnification of the electrolyte
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power densities were 0.396, 0.287, and 0.19 Wcm−2 at 850,
800, and 750 °C, respectively. The corresponding OCVs of
the cell were 1.132, 1.14, and 1.147 V, respectively, which
agree well with the theoretical values as predicted by the
Nernst equation [23]. Furthermore, the power densities
were a little higher than those of the tubular cathode-
supported cell at the same temperatures [24], and this may be
attributed to the much denser electrolyte film used in the
present study.

Figure 4 shows typical I–V curves of the as-prepared fuel
cell at different temperatures in 14.8% of dry methane. The
OCVs of the cell were 1.314, 1.269, and 1.2 V at 850, 800,
and 750 °C, respectively. The corresponding peak power
densities were 0.249, 0.164, and 0.096 Wcm−2, respectively.
The higher OCVs may be due to the partial oxidation of
methane (POM) under open-circuit conditions [15]. The
standard electromotive forces of POM calculated by the
Nernst equation were 1.228 and 1.336 V at 800 and
900 °C, respectively [25]. The OCVs as well as the
power densities of the Ni0.5Cu0.5–CGO bimetallic anode

in CH4 fuel shown here were higher than those of
CGO-impregnated La0.75Sr0.25Cr0.5Mn0.5O3 anodes at the
same temperatures [26], indicating that the Ni0.5Cu0.5 bimet-
allic anode is a more active material for the oxidation of
methane. Figure 5 shows voltage and current curves of SOFCs
with Ni–CGO anode and Ni0.5Cu0.5–CGO anode after 11 h of
operation time in 14.8% of dry methane at 800 °C with the
current density of 0.218 A cm−2, respectively. One can see that
the output voltage of Ni–CGO anode SOFC in 14.8% of dry
CH4 decreased gradually with the testing time, indicating that
slow carbon deposition occurred on Ni–CGO anode. Howev-
er, almost no degradation was observed in Ni0.5Cu0.5–CGO
anode SOFC in 11 h of operation. It indicated that the
Ni0.5Cu0.5–CGO bimetallic anode should be a good potential
anode for directly using dry methane as fuel with better carbon
deposition withstanding ability. Figure 6a, b shows the SEM
micrographs for the surface microstructure of Ni0.5Cu0.5–
CGO anode reduced in H2 and after testing in 14.8%
of dry CH4 for 11 h, respectively. As indicated in Fig. 6b, no
obvious carbon fibers could be observed after testing in 14.8%
of dry CH4 for 11 h, which indicate that Ni0.5Cu0.5–CGO
bimetallic anode with low concentration of CH4 could
effectively suppress carbon deposition and generate high
power density.

Figure 7 shows the production rates of anode outlet gases
when the as-prepared fuel cell was operated in 14.8% of
methane at 850 °C. As indicated above, the ScSZ layer is
sufficiently dense to prohibit crossover of gases through the
layer and the cell was well sealed. In such case, it
should be noted that the rate of O2− transfer from the
cathode side to the anode side should be controlled by
the current. The production rates of CO2, CO, and (CH4)out
were calculated based on measurements obtained from
the GC. The water generation rate and the H2 production

Fig. 3 Typical I–V curves of the cell at different temperatures in
humidified H2

Fig. 4 Typical I–V curves of the cell at different temperatures in 14.8%
of dry methane

Fig. 5 Voltage and current curves of SOFCs with Ni–CGO anode and
Ni0.5Cu0.5–CGO anode after 11 h operation time in 14.8% of dry
methane at 800 °C, respectively, and the current density in each cell
was maintained at 0.218 A cm−2
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rate were calculated in sequence via oxygen balance and
hydrogen balance, respectively: [27]

v O2�� � ¼ I=2F ð1Þ

v H2Oð ÞfO ¼ v O2�� �� v COð Þout � 2v CO2ð Þout ð2Þ

v H2ð ÞfH ¼ 2 v CH4ð Þin � v CH4ð Þout
� �� v H2Oð Þout ð3Þ

where ν(CH4)in is the inlet flux of CH4; ν(CH4)out, ν(CO)out,
ν(CO2)out, and v(H2)fH are the outlet fluxes of CH4, CO,
CO2, and H2, respectively. In Eq. 1, ν(O2−) is the O2− flux
calculated from the current (I) passing though the electrolyte
and Faraday constant (F). As shown in Fig. 7, at a low current
density with the open-circuit condition, the anode reaction
mechanism was dominated by POM and methane cracking,
and production rates of CO and H2 increased with an increase
in current density but no CO2 and H2O were generated. The
POM dominated methane reactions at low-current den-
sities. As the current increased (the amount of O2− transported
from cathode to anode increased), the production rate of
H2O increased. When current density increased above
0.256 A cm−2, the production rates of H2O and CO2

both increased rapidly, indicating the start of complete
oxidation of methane (COM). At the same current den-
sity, compared with POM (CH4+O

2−→CO+2H2+2e
−),

only fewer amounts of CH4 could be consumed in the
case of COM (CH4+ 4O2−→CO2 +2H2O+8e−). That is
why the flux of CH4 in outlet gases increased a little
after the current density increased above 0.256 A cm−2.
To date, synthesis gas produced by partial oxidation of
methane can be used as raw materials for the production
of other chemicals. Therefore, co-producing synthesis gas
through controlling methane reactions in the process of gen-
erating electricity attracts wide interest. As indicated in Fig. 7,
the production rates of CO and H2 were obviously higher than
those of CO2 and H2O at each current density condition,
indicating that NiCu alloy is also a good catalyst for generat-
ing synthesis gas while generating electricity.

Results of impedance spectroscopy carried out under
open-circuit condition at different temperatures in humidi-
fied H2 and in 14.8% of dry methane are shown in Fig. 8a, b,
respectively. The high frequency intercept represents the
ohmic resistance (Ro), which involves ionic resistance of
the electrolyte, electronic resistance of the electrodes, and
some contact resistances associated with interfaces. The
difference between the high and low frequency intercepts
represents the electrode polarization resistance (Rp) [23].
The Ro values of the cell are 0.45, 0.55, and 0.77 Ω cm2 in
humidified H2 and 0.43, 0.56, and 0.78 Ω cm2 in 14.8% of
dry methane at 850, 800, and 750 °C, respectively. The Rp

values of the cell in humidified H2 are about 1.02, 1.92, and

Fig. 6 SEM micrographs for the surface microstructure of Ni0.5Cu0.5–
CGO anode reduced in humidified H2 (a) and after testing in 14.8% of
dry CH4 for 11 h (b), respectively

Fig. 7 Production rates of anodic exhausts from SOFC with 14.8% dry
methane
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3.68 Ω cm2 at 850, 800, and 750 °C, respectively, which are
obviously smaller than those of the cell operated in 14.8% of
dry methane at the same temperatures where the Rp values
are about 1.52, 3.08, and 5.73 Ω cm2, respectively. As
shown in Fig. 7, only a small amount of CO appeared under
the open-circuit condition. CO may be produced by the
residual oxygen or by the O element from CGO or by the
O2− transported from the cathode as a small current which
may have existed in the cells. This indicates that POM
occurred at the Ni0.5Cu0.5–CGO anode under open-circuit in
14.8% of dry methane. Kendall et al. [15] also concluded that
POM occurred in pure methane under open-circuit by com-
paring the experimental OCVwith the theoretical OCVon Ni-
based anodes. The higher Rp of the cell in 14.8% of dry
methane indicates that the activation energy, Ea, of POM is
higher than that of the hydrogen oxidation reaction at the
Ni0.5Cu0.5–CGO anode. Similar results have been established
for the Ni–YSZ anode. [28] The ionic conductivities of ScSZ
were estimated to be 0.1 S cm−1 at 800 °C and 0.06 S cm−1 at
750 °C, respectively [29]. The corresponding ohmic resistances

of the ScSZ electrolyte film were estimated to be 0.035 Ω cm2

at 800 °C and 0.058 Ω cm2 at 750 °C based on a ScSZ layer
thickness of 35 μm and an electrode area of 0.78 cm2, and they
aremuch smaller than the experimental results ofRo at the same
temperatures. The estimated electronic resistances of the NiCu–
CGO anode and LSM–CGO cathode substrate should also be
much smaller than the experimental results of Ro due to their
higher electronic conductivity [30, 31]. In order to investi-
gate the cathode–electrolyte interfacial resistance, a Pt an-
ode was chosen to replace the NiCu–CGO anode, and in
this case the electronic resistance of Pt and the contact
resistance between Pt and electrolyte could be neglected.
As shown in Fig. 9, the Ro of the cell with Pt anode was
only a little lower than that of the cell with NiCu–CGO
anode, indicating that the Ro in the cell with NiCu–CGO
anode arose mainly from interfacial resistance between
cathode and electrolyte. Yamaguchi et al. [32] indicated
that the (Zr,Ce)O2 phase, which has low ionic conductivity,
could be formed at the interface of ScSZ and CGO at high
sintering temperatures. Therefore, the high Ro in the cell
with NiCu–CGO anode also could have resulted from the
formation of (Zr,Ce)O2 phase in this study. Yamaguchi et
al. [32] also reported that the introduction of an activa-
tion layer between the cathode substrate and electrolyte
reduced the electrode polarization significantly. Yama-
hara et al. [33] found that infiltration of Co into LSM–ScSZ
cathode substrate enhanced the surface exchange of LSM and
reduced electrode polarization. Thus, to avoid the interfacial
reaction between ScSZ and CGO, reducing the sintering tem-
perature of electrolyte film should be needed. In other words,
to reduce the electrode polarization and improve the electrical
performance of the present cathode-supported cell, optimiza-
tion of the composition and microstructure of the cathode
substrate is necessary.

Fig. 8 Impedance spectra of the cathode-supported SOFC with NiCu–
CGO anode in humidified H2 (a) and in 14.8% dry methane (b) at
various temperatures under open-circuit conditions

Fig. 9 Comparison of the impedance spectra of the cathode-supported
SOFC with NiCu–CGO anode and Pt anode in humidified H2 at 800 °C
under open-circuit conditions
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Conclusions

LSM–CGO cathode-supported SOFC were successfully
fabricated by a cost-effective dual-drying pressing method.
A-site-deficient LSM material was identified to be able to
hinder the formation of impurities between the interfaces of
LSM–CGO cathode and ScSZ electrolyte during the sinter-
ing process at 1,300 °C. Ni0.5Cu0.5Ox alloy anode with good
performance was prepared by a glycine-nitrate combustion
method. High OCVs of the cell, i.e., 1.132, 1.14, and
1.147 V in humidified H2 and 1.314, 1.269, and 1.2 V in
14.8% of dry methane at 850, 800, and 750 °C, respectively,
were obtained, indicating that the as-prepared cell was well
sealed and the ScSZ electrolyte film was sufficiently dense.
The corresponding peak power densities reached 0.396,
0.287, and 0.19 Wcm−2 in humidified H2 and 0.249, 0.164,
and 0.096 Wcm−2 in 14.8% of dry methane at 850, 800, and
750 °C, respectively. An 11-h stability test indicated that
NiCu–CGO could be used as a perspective anode for the direct
use of dry methane as fuel. SEM morphologies indicated that
cathode-supported SOFC with Ni0.5Cu0.5–CGO bimetallic an-
ode could effectively suppress carbon deposition when a low
concentration of methane was used as fuel.
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