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a b s t r a c t

A series of ceramic–metal composite anodes containing 1.0 wt.% Cu1−xPdx alloys (where x = 0, 0.15, 0.25,
0.4, 0.5, 0.75 and 1.0) were prepared by impregnation of the respective metal salts and 5.0 wt.% CeO2 into a
porous La0.4Ce0.6O2−� anode skeleton. The performance of these anodes was evaluated in both dry H2 and
CH4 in the temperature range of 700–800 ◦C using the 300-�m thick La0.8Sr0.2Ga0.83Mg0.17O3−� (LSGM)
electrolyte-supported solid oxide fuel cells (SOFCs). The addition of Pd to Cu significantly increased
vailable online 2 December 2009

eywords:
olid oxide fuel cell
omposite anode

the performance of the single cells in dry CH4, with the cell maximum power density changed from
66 mW cm−2 for Cu1.0Pd0.0 to 345 mW cm−2 for Cu0.0Pd1.0 at 800 ◦C. In H2, however, the performance
improvement was not as significant compared to that in CH4. In addition, carbon formation was greatly
suppressed in the Cu–Pd alloy-impregnated anodes compared to that with pure Pd after exposure to dry

◦ to dif
mpregnation
u–Pd alloy
irect oxidation of methane

CH4 at 800 C, which led
CH4.

. Introduction

Direct oxidation of hydrocarbons in solid oxide fuel cells (SOFCs)
as recently attracted tremendous interest as a promising pro-
ess for portable generation of electrical energy. Various anode
atalysts have been proposed, including ceria-based cermets [1], Sr-
oped LaCr0.5Mn0.5O3−� (LSCM) and Sr2MgMoO6−�-based double
erovskites [2,3], which were reported to be effective in prevent-

ng carbon formation and also to have good tolerance to sulfur
hen compared to conventional Ni-base anodes. For example, a

OFC with the CeO2-based anode provided stable power generation
rom the fuels having 100–450 ppm of sulfur under various opera-
ion conditions, implying that natural gas and low-sulfur gasoline
robably could be directly used as fuels for SOFCs without high
esulfurization [4–8]. Unfortunately, the power densities of these
ells with the oxide anodes were somewhat low due to the fact
hat the cermet anodes had insufficient conductivity and/or low
ctivity toward hydrocarbon oxidation. Especially for methane, the
eactivity of CH4 to oxidation is extremely poor compared to other
ydrocarbon fuels. Usually, Cu was added to improve the conduc-
ivity of the cermets because Cu is an excellent electronic conductor

nd yet a poor catalyst for coke formation; however, Cu is also a
oor catalyst for C–H bond scission.

In order to obtain higher performance, one approach is the
ptimization of the structure of the cell with the Y2O3-stabilized

∗ Corresponding author. Tel.: +1 931 372 3186; fax: +1 931 372 6340.
E-mail address: jzhu@tntech.edu (J.H. Zhu).

378-7753/$ – see front matter. Published by Elsevier B.V.
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ferent performance stability behaviors for these cells operating with dry
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ZrO2 (YSZ) electrolyte, such as decreasing the thickness of the
porous anode by using a thick La0.3Sr0.7TiO3 current-collector layer
or using cathode-supported configuration to decrease the ohmic
resistance of the cell [9,10]. However, the fabrication process of
the single cell likely needs to be simplified for commercial appli-
cation while at the same time maintaining adequate performance.
Another approach to improving the performance of the single cell
with ceria-based cermet anodes is via alloying addition of a second
metal into Cu to form a bimetallic alloy, such as Ni and Co [11–15].
For the Cu–Ni alloys, the addition of Ni to Cu significantly increased
the performance of the cells for operation in H2 and reduced coking
in CH4 compared to that with pure Ni, even though no change in
performance with n-butane was observed. Unlike the Cu–Ni sys-
tem, Cu–Co bimetallics exhibited a two-phase microstructure. It
appears that when Cu covered the surface of most of the Co, the per-
formance was improved for both H2 and n-butane in the cells with
a cermet anode with a Cu–Co alloy. The maximum power densities
(MPDs) at 800 ◦C on the CeO2 anode containing 20 wt.% Cu0.5Co0.5
were 570 and 360 mW cm−2 in dry H2 and n-butane, respectively,
compared to the values of only 420 and 300 mW cm−2 with 20 wt.%
Cu, when the Cu (20 wt.%)–CeO2 (10 wt.%)–YSZ (600 �m)/YSZ
(60 �m)/La0.8Sr0.2Mn3−� (LSM)–YSZ assembly was used [11]. Even
with the thickness of the porous YSZ layer decreased to 400 �m, the
single cell with the 80 wt.% Cu–20 wt.% Ni alloy–CeO2 (10 wt.%)–YSZ

(400 �m)/YSZ (60 �m)/LSM–YSZ assembly initially also showed
very poor performance, only around 70 mW cm−2 at 0.5 V in CH4
[12]. These results indicate that it is still needed to improve the
activity of the anode with the impregnation of novel alloy catalysts
for direct electrochemical oxidation of hydrocarbon fuels.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jzhu@tntech.edu
dx.doi.org/10.1016/j.jpowsour.2009.11.111
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Although ceria is one of the best oxidation catalysts among
arious oxides, its catalytic activity is not comparable to that
f some metallic catalysts, particularly precious metals [16–18].
or example, the addition of dopant levels of Rh to a Sm2O3-
oped CeO2 (SDC) anode significantly improved the performance
f the cell in CH4 [18]. Recently, we have successfully replaced
he porous (La,Sr)(Ga,Mg)O3−� layer with a porous La0.4Ce0.6O2−�

LDC) layer as a skeleton for metal catalyst impregnation on the
SGM electrolyte-supported single cell. The single cell with the
orous LDC layer and lower loading of Cu (10 wt.%)–CeO2 (5.0 wt.%)
xhibited a higher performance than that with the porous LSGM
ayer and higher loading of Cu (20 wt.%)–CeO2 (10 wt.%), due to the
act that LDC possesses a higher conductivity in a reducing atmo-
phere than LSGM [6,19]. The results also indicate that it is possible
o decrease the metal catalyst loading to dopant levels to avoid
atalyst sintering at cell operating temperatures.

In this paper, a series of composite anodes with the Cu1−xPdx

x = 0, 0.15, 0.25, 0.4, 0.5, 0.75 and 1.0) alloys were synthesized by
o-impregnation technique. These composites were exposed to dry
ethane at 800 ◦C for 35 h to assess their carbon formation propen-

ity. The LSGM electrolyte-supported cells with the porous LDC
ayer impregnated with the 1.0 wt.% Cu1−xPdx alloy and 5.0 wt.%
eO2 as anode and SrCo0.2Fe0.8O3−� as cathode were evaluated

or direct electrochemical oxidation of dry CH4 in the temperature
ange of 700–800 ◦C.

. Experimental

.1. Preparation of powder materials

Both the La0.8Sr0.2Ga0.83Mg0.17O3−� (LSGM) and La0.4Ce0.6O2−�

LDC) powders were synthesized by a conventional solid-state
eaction procedure. La2O3 (Alfa Aesar, 99.99%), SrCO3 (Alfa Aesar,
9.99%), Ga2O3 (Alfa Aesar, 99.999%), CeO2 (Alfa Aesar, 99.99%)
nd MgO (Alfa Aesar, 99.99%) were used as starting materials. For
ynthesis of the LSGM powder, pre-treatment of La2O3 and MgO
t 1000 ◦C for 10 h and SrCO3 and Ga2O3 at 100 ◦C for 10 h was
onducted in order to remove the hydroxides and carbonates. Sto-
chiometric amounts of pre-treated La2O3, SrCO3, Ga2O3 and MgO

ere mixed evenly in an agate mortar, then pelletized and fired
t 1250 ◦C for 5 h, followed by grinding with mortar and pestle.
his process was repeated again. The LDC powder was synthesized
imilarly, with an intermediate firing temperature of 1400 ◦C. The
rCo0.2Fe0.8O3−ı (SCF) cathode powder was prepared by the Pechini
ethod, and was calcined at 800 ◦C for 5 h. All the powders were

all-milled for 0.5 h to reduce the particle size.

.2. LDC–LSGM bilayer and cell fabrication

The bilayer structure with a dense LSGM electrolyte support
nd a porous LDC layer was fabricated by the uniaxial co-pressing
pproach. A layer of the LSGM powder with 0.5% PVB was initially
laced in a metal die and pressed at 10 MPa; subsequently, a mix-
ure of LDC and graphite pore formers was spread uniformly onto
he LSGM layer. The bilayer was then pressed at 40 MPa to form a
reen body that was then fired for 4 h at 1450 ◦C in air. During the
intering process, the graphite pore formers were removed, leaving
porous LDC layer that was used as a skeleton for the Cu–Pd alloy
nd CeO2 impregnation.

Single cells were fabricated as follows. First, the SCF cathode was

abricated by screen-printing on the LSGM electrolyte side of the
DC–LSGM bilayer with embedded Pt mesh and firing at 1100 ◦C
or 0.5 h. The cathode area was 0.24 cm2. CeO2 was then loaded
nto the porous LDC layer by wet impregnation of an aqueous solu-
ion of Ce(NO3)3 (Alfa Aesar, 99.5%). The impregnated disc was then
urces 195 (2010) 3097–3104

heated at 500 ◦C for 2 h to convert the nitrate into CeO2. This pro-
cess was then repeated until the CeO2 loading in the LDC skeleton
reached 5 wt.%, which was determined by measuring the weight
change of the LDC skeleton before and after impregnation with
a high-precision analytical balance. After achieving the required
amount of CeO2, the Cu1−xPdx alloy was introduced into the porous
LDC layer by impregnation with a mixed CuCl2 (Aldrich, 99.999%)
and PdCl2 (Aldrich, 99.9+%) solution in 10 wt.% HCl of the desired Cu
and Pd atomic ratio, and then heated at 300 ◦C for 1 h. The impreg-
nation/heat treatment cycle was carried out repeatedly in order
to get the proper loading of the Cu1−xPdx alloys. After reduction
in 95% Ar + 5% H2 at 800 ◦C for 5 h, the weight percentage of the
metal catalyst in the LDC skeleton was around 1.0 wt.%. The chem-
ical compositions of the resulting Cu1−xPdx alloys attained from
solutions were verified via lattice parameter measurement with
X-ray diffraction (XRD). Au mesh with several separate dots of Au
paste was used as the anode-side current collector.

2.3. Evaluation of the Cu1−xPdx alloys and single cells

To determine the effect of the Cu–Pd alloy composition on the
propensity of the impregnated anodes to form carbon deposits in
dry CH4, a series of co-fired LSGM–porous LDC bilayers impreg-
nated with 5.0 wt.% CeO2 and 1.0 wt.% Cu1−xPdx alloys with
different x values were reduced in 5% H2 + 95% Ar at 800 ◦C for 5 h,
and then exposed to flowing CH4 at 800 ◦C for 35 h. These impreg-
nated bilayers were identical to the cells used in fuel cell testing,
except that the SCF cathode was not attached on the LSGM side.
Carbon formation was assessed by both visual examination and
measurement of the weight change of the anode as a function of
the exposure time in CH4 at 800 ◦C.

The single cell was sealed onto an Al2O3 tube with Pyrex glass.
The assembled test cell was placed in a vertical furnace with the
cathode exposed to ambient air and the anode to dry H2 and CH4
at a flow rate of 40 ml min−1. The single-cell tests were carried out
using an electrochemical interface (Solartron 1287) with a LabVIEW
program at 700, 750 and 800 ◦C in H2. The fuel was then switched to
dry CH4; once the single cell open-circuit voltage (OCV) in CH4 was
relatively stable, the single-cell performance was measured at the
three different temperatures. The electrochemical impedance spec-
tra (EIS) of the single cells were measured with the electrochemical
interface and a frequency response analyzer (Solartron 1260) under
the open-circuit voltage (OCV) condition. The frequency range was
from 1 MHz to 0.01 Hz and the AC amplitude was 10 mV. For some
cells, the performance stability in CH4 at 800 ◦C was also deter-
mined at a cell voltage of 0.5 V.

After cell testing, some cells were fractured manually and the
cross-sections of the tested cells were examined using a scanning
electron microscope (SEM, FEI XL30) attached with an energy-
dispersive spectroscope (EDS).

3. Results and discussion

3.1. Typical microstructure of the single cells

Typical cross-sectional views of the fractured cells after cell test-
ing in CH4 are shown in Fig. 1. According to Fig. 1(a), the dense
LSGM electrolyte and the porous LDC layers were uniform and well-
sintered. The thickness of the LSGM electrolyte, porous LDC anode
layer and screen-printed SCF cathode layer was ∼300, ∼100 and

∼20 �m, respectively.

According to Fig. 1(a), no cross-membrane cracks or open pores
were present in the electrolyte. In addition to the numerous fine
pores, a small number of large-sized pores were also observed in the
LDC skeleton layer; however, the total porosity in the LDC layer was
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3.3. Electrochemical performance of the anodes impregnated
with the Cu1−xPdx alloys

Fig. 4(a) and (b) shows the voltage and power density as a func-
tion of current density for the cell impregnated with pure Cu as
ig. 1. Cross-sectional images of the fractured cell after operation in CH4: (a) overa
u and 5 wt.% CeO2.

nly about 27% due to co-firing with the LSGM electrolyte at high
emperature. This level of porosity is sufficient for the relatively low
oadings of CeO2 and metal catalysts used in this study, as no gas
iffusion polarization was observed for a similar anode in our pre-
ious work [6]. Low porosity might be beneficial as it improves the
onductivity of the anode. From Fig. 1(b), a small amount of metal
nd CeO2 particles were dispersed on the large LDC grains due to
he low loading of metal and CeO2 (i.e. 1.0 and 5 wt.%, respectively).

.2. Characterization of the Cu1−xPdx alloys

Impregnation with a mixed solution of CuCl2 and PdCl2 resulted
n the formation of the solid-solution Cu1−xPdx alloys after reduc-
ion in 5% H2 + 95% Ar at 800 ◦C for 5 h. According to the XRD results,
ll the Cu–Pd alloys exhibited a face-centered cubic structure at
oom temperature upon cooling down from the reducing temper-
ture; the variation of the lattice parameter for the Cu–Pd alloys
ith the molar fraction of Pd ions in the impregnation solution is

hown in Fig. 2. Since the lattice parameter of the Cu–Pd solid solu-
ion was also almost a linear function of the Pd content [20], the x
alue in the Cu1−xPdx alloy was very close to the molar fraction of
d in the impregnation solution, indicating that the desired alloy
ompositions were achieved in the impregnated Cu–Pd alloys.
The chemical composition of the Cu–Pd alloy catalysts had a
ignificant effect on the propensity of the impregnated anodes to
oke. The weight change of the bilayer impregnated with various
u1−xPdx alloys is plotted in Fig. 3 after different times of expo-
ure to dry CH4 at 800 ◦C. For the bilayers with x ≤ 0.4 in Cu1−xPdx,

ig. 2. Variation in lattice parameter of the Cu–Pd alloy with molar fraction of Pd in
he Cu–Pd impregnation solution.
of the cell and (b) the microstructure of the LDC anode impregnated with 1 wt.%

the weight remained essentially constant upon exposure to CH4 at
800 ◦C for 35 h. However, as x increased to larger than 0.4, notice-
able weight increase was observed, which became more severe as x
increased from 0.5 to 1. Apparently, the amount of carbon deposited
on the Pd-impregnated bilayer was the highest, which seemed to
increase continuously with the exposure time. However, for the
Cu0.5Pd0.5- and Cu0.25Pd0.75-impregnated bilayers, the amount of
carbon deposited in the anode approached a relatively stable value
after 15-h exposure.

Consistent with these observations, a small amount of carbon
was visible only on the bilayer impregnated with Pd, even though
the overall color of all the discs changed to black after exposure
in CH4 for 35 h. With the introduction of Cu into Pd to form the
Cu1−xPdx alloys, carbon deposition was significantly suppressed
compared to pure Pd, which might be due to the enrichment of
Cu on the surface of the Cu1−xPdx alloys, similar to the Cu–Ni alloy
system [12].
Fig. 3. Weight change as a function of exposure time to flowing CH4 at 800 ◦C for
the 1.0 wt.% Cu1−xPdx/5.0 wt.% CeO2-impregnated LDC–LSGM bilayer discs. These
LDC–LSGM bilayer discs were identical to the cells used in the single cell testing and
were reduced in 5% H2 + 95% Ar at 800 ◦C for 5 h prior to exposure to CH4.
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1−x x 2
than 40%, the single cells attained a relatively constant MPD of
∼900 mW cm−2 at 800 ◦C. The results indicate that the addition
of Pd affected the performance of the single cells in H2 much less
than that in CH4, as hydrogen oxidizes much more readily than
ig. 4. Voltage and power density as a function of current density for the single cell
mpregnated with pure Cu as the anode at various temperatures: (a) in H2 and (b)
n CH4.

he anode at different temperatures in dry H2 and CH4, respec-
ively. The MPDs for the cell with the Cu–CeO2–LDC anode in H2
ere 610, 400 and 252 mW cm−2 at 800, 750 and 700 ◦C, respec-

ively. The performance was slightly lower than that of the single
ell with the 10 wt.% Cu–5.0 wt.% CeO2 anode reported in our pre-
ious work [6], due to the decreased loading of Cu from 10 to
.0 wt.%. With the impregnation of 1.0 wt.% Cu the electronic con-
uctivity of the anode is not expected to increase drastically as
hat impregnated with 10 wt.% Cu. Similarly, the MPDs for the cell
n CH4 also decreased to 62, 25 and 6 mW cm−2 at 800, 750 and
00 ◦C, respectively. These MPD values are close to those for the
.0 wt.% Cu-containing cell with a 12-�m porous YSZ/50-�m dense
SZ/300-�m YSZ–LSF (La0.8Sr0.2FeO3−�) combination, as reported
y Gross et al. [21].

When pure Cu was replaced with pure Pd, the performance of
he single cell increased significantly. Fig. 5(a) and (b) represents
he voltage and power density as a function of current density for
he cell with a Pd–CeO2–LDC anode at different temperatures in
ry H2 and CH4, respectively. The MPDs for this cell in H2 was 923,
89 and 471 mW cm−2 at 800, 750 and 700 ◦C, respectively. Thus,
n improvement of 50–80% in performance of the single cell in H2
as obtained by impregnation with pure Pd over that with pure
u. The most significant benefit with the impregnation of Pd was
bserved in CH4 with the MPDs of the single cell reaching 345, 185
nd 100 mW cm−2 at 800, 750 and 700 ◦C, respectively. There is
lso an increase in the OCV in CH4. The OCV for the cell with the

d–CeO2–LDC anode was approximately 1.13, 1.09 and 1.05 V at
00, 750 and 700 ◦C, respectively. Comparing Fig. 4 with Fig. 5, it
an be seen that the OCV of the cell impregnated with 1.0 wt.% Cu
as much lower than that of the cell impregnated with 1.0 wt.% Pd.
Fig. 5. Voltage and power density as a function of current density for the single cell
impregnated with pure Pd as the anode at various temperatures: (a) in H2 and (b)
in CH4.

Fig. 6 summarizes the MPDs of the single cells with the different
Cu1−xPdx anodes in H2 and CH4 at 800 ◦C. Clearly, the performance
of single cells increased with the Pd content in the Cu1−xPdx alloys.
This is especially true in CH4 where the performance of the single
cells was improved almost linearly with the increasing Pd con-
tent in Cu Pd . In H , however, when the Pd content was higher
Fig. 6. Maximum power densities of the single cells using H2 and CH4 as fuel at
800 ◦C as a function of the Pd content in the Cu1−xPdx alloys.
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ig. 7. Impedance spectra of the single cells in dry H2 and CH4 at different temperatu
node in H2 and CH4 at 800 ◦C; (c) Pd-impregnated anode in H2 and CH4 at 700 ◦C;

H4. Pd is the most commonly used catalyst for complete oxidation
f methane and supported Pd has also been found to be the most
romising catalyst for the oxidation of methane [22–24]. The vari-
tions in activity for methane oxidation under different reaction
onditions have been correlated with the corresponding changes
n the particle size and morphology of catalyst, the composition of
he reaction mixture in the anode, and the nature of the active sites.
n increase of Pd content in the Cu1−xPdx alloys is likely to lead to an

ncrease in the number of surface active sites, which could improve
he surface reaction of methane on the Cu1−xPdx alloy-containing
nodes.

The electrochemical impedance spectra of the single cells with
ifferent anodes at 700 and 800 ◦C were measured under the
CV conditions in dry H2 and CH4, respectively. Fig. 7(a) and (b)

s the impedance spectra of the single cell with the Cu0.5Pd0.5-
mpregnated anode in H2 and CH4 at 700 and 800 ◦C, respectively.
he total ohmic resistance of the single cell from the connecting
ire, electrolyte, electrode and the electrolyte–electrode interfaces
as determined by the high-frequency intercept of the impedance

pectrum. Mainly two frequency-dependent arcs with character-
stic frequencies at around 4 Hz and 0.01 Hz were observed in
he impedance spectra for both H2 and CH4. For comparison, the
mpedance spectra of the single cell with Pd-impregnated anode

ith H2 and CH4 at 700 and 800 ◦C, are also shown in Fig. 7(c)
nd (d), respectively. From Fig. 7(a)–(d), the total cell resistance as
etermined by the low-frequency intercept in the impedance spec-
rum of the single cells in H2 was much lower than that of the single
ell in CH4, consistent with the performance of the single cells in
2 and CH4. According to the previous data reported by Ye et al.
25], the reduction in electrode impedance with Pd impregnation
s primarily on the impedance at low frequencies likely associated

ith the methane oxidation reaction. The second arc with char-
cteristic frequency at the low-frequency region can probably be
) Cu0.5Pd0.5-impregnated anode in H2 and CH4 at 700 ◦C; (b) Cu0.5Pd0.5-impregnated
-impregnated anode in H2 and CH4 at 800 ◦C.

attributed to the anode process, because the cathode condition
remained the same. The ohmic resistance obtained from the high-
frequency intercept of the impedance spectrum was increased from
0.422 to 0.968 � cm2 when H2 was changed to CH4 for the single cell
with the Cu0.5Pd0.5-impregnated anode at 700 ◦C. A similar change
was also observed in the cell with the Pd-impregnated anode from
0.510 to 0.577 � cm2 at 700 ◦C. However, the increase in cell ohmic
resistance for the pure Pd-impregnated cell is much lower than that
for the Cu0.5Pd0.5-impregnated cell. After the operating tempera-
ture was increased to 800 ◦C, the ohmic resistance of the single cell
with a Cu0.5Pd0.5-impregnated anode in H2 was still lower than that
in CH4. For the single cell with a Pd-impregnated anode, however,
the ohmic resistance decreased to only 0.165 � cm2 in CH4, which
is lower than 0.214 � cm2 for the single cell in the H2 at 800 ◦C from
Fig. 7(d).

In order to clarify the effect of Pd content in the Cu1−xPdx alloys
on the ohmic resistance of the single cells with the Cu1−xPdx-
impregnated anodes in CH4, the ohmic resistance of the single cells
in H2 and CH4 at 700 ◦C is plotted in Fig. 8. The ohmic resistance of
the single cells in H2 was similar, indicating that the thickness of
the electrolyte and the porous LDC layer were uniform and repro-
ducible. The ohmic resistance of all the single cells increased when
the fuel was changed from H2 to CH4 at 700 ◦C. The increasing ohmic
resistance was probably due to the fact that the conductivity of LDC
in dry CH4 was lower than that in H2, as the total conductivity of the
doped CeO2 is strongly dependent on the oxygen partial pressure
(PO2 ) in the environment [26,27]. This is in contrast to the ohmic
resistance of the single cell with the Pt–CeO2-impregnated anode
being independent of fuel reported by McIntosh et al. [18]. There are

probably two reasons for such different behaviors. Firstly, the skele-
ton that used in McIntosh’s study was Y2O3-stabilized ZrO2 (YSZ),
the conductivity of which is independent of PO2 ; secondly, a car-
bonaceous layer was deposited by exposing the anode to flowing,
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ig. 8. The ohmic resistance of the single cells with the Cu1−xPdx-impregnated
nodes in H2 and CH4 at 700 ◦C as a function of the Pd content in the Cu1−xPdx

lloys.

ry n-butane at 700 ◦C for 4 h before the cell was tested. Such expo-
ure treatment produced polyaromatic compounds at a coverage of
early 4 wt.% in the anode, which led to the electronic conductivity
f the anode being independent of PO2 [28]. However, only 1.0 wt.%
etal was impregnated into the porous LDC layer in this work;

herefore, the conductivity of the anode could be dominated by the
DC. When the anode was exposed in CH4, the carbon started to
orm in the anode which led to improvement in its electronic con-
uctivity. More carbon was deposited on the Cu1−xPdx anodes with
higher Pd content, which resulted in lowering the ohmic resis-

ance of the single cell, consistent with the weight change of the
ilayer exposed to CH4, as shown in Fig. 3. From Fig. 7(d), the ohmic
esistance of the single cell in CH4 with the Pd-impregnated anode
as lower than that in H2 at 800 ◦C, most likely due to the formation

f more carbon in the Pd-impregnated anode at this temperature.

.4. Comparison in performance stability of single cells with the
u1−xPdx anodes

To determine whether the performance stability of the single
ells was affected by the carbon deposition in the Cu1−xPdx anodes,
he single cells with Pd-, Cu0.5Pd0.5- and Cu0.75Pd0.75-impregnated
nodes were selected for evaluation in CH4 at 800 ◦C for around
0 h, due to their relatively higher output power. Because of the
mall electrode size, the utilization of the fuel was less than 1%
t reasonable flow rates, implying that the H2O:CH4 ratio in the
node compartment was negligible. The cell potential was fixed
t 0.5 V and the current density was measured as a function of
peration time, with the data shown in Fig. 9. The current density
f the single cell with a Pd-impregnated anode increased rapidly
rom 654 to 1110 mA cm−2 in 5 h, followed by a gradual decrease to
64 mA cm−2 in the next 32 h. A precipitous drop in current density
rom 764 to 420 mA cm−2 within 7 h was then observed. In the final
0 h of operation, the single cell performance remained essentially
nchanged.

One model reported in the previous works [12,29] might be
dopted to explain the change of current density in the differ-
nt periods for our Pd-impregnated cell in CH4. In that model, the
etal particles (e.g. Cu or Cu–Ni) are mainly an electronic conduc-

or rather than a catalyst in the three-phase boundary region of the

etal–CeO2–YSZ anode. The model suggests that some metal or

lloy particles are not connected to the outside circuit and can-
ot assist in the removal of the electrons. Therefore, the entire
egion under these isolated metal particles is ineffective in the elec-
rochemical reaction without charge transportation. With carbon
Fig. 9. Variation in current density with time for the cells with the Cu0.5Pd0.5-,
Cu0.25Pd0.75- and Cu0.0Pd1.0-impregnated anodes operating at a constant voltage of
0.5 V at 800 ◦C in dry CH4.

formation, some isolated metal particles could become electroni-
cally connected to the outside circuit, which should lead to more
of the anode surface being involved in the electrochemical reac-
tion. In our Pd-impregnated anode, however, Pd is a good electronic
conductor as well as a highly active catalyst. It is perceived that
some isolated Pd particles were also ineffective for electrochemi-
cal reaction since they also lacked charge transportation. With a
small amount of carbon formed at the anode, some isolated Pd
particles become active, leading to the performance of the single
cell increasing rapidly in the beginning. During further cell testing,
more carbon is formed, leading to some Pd particles being covered
and therefore ineffective. As a result, the performance of the single
cell starts to drop slowly in this stage. In the third period, a rapid
drop was observed in the stability testing, possibly due to some Pd
particles being completely covered by the carbon deposits as well
as some pores being fully blocked by the carbon deposits such that
the electrochemical reaction is impaired due to these active sites
lacking fuel. However, in the final stage, the current density of the
single cell was still stable at 418 mA cm−2 for an additional 40 h,
likely due to the low Pd loading (1.0 wt.%) in the anode. Such low
Pd loading might cause some areas free of the Pd particles in the
three-phase region to be unaffected by carbon formation, where
the methane was electrochemically oxidized by CeO2 rather than
by Pd.

Compared to the single cell with a Pd-impregnated anode, the
current densities of the single cells with Cu0.25Pd0.75 or Cu0.5Pd0.5-
impregnated anodes were relatively stable throughout the stability
testing. This result is likely due to the fact that the carbon forma-
tion decreased significantly by introducing Cu into Pd to form the
Cu1−xPdx alloys, as shown earlier. With limited carbon formation,
the anode conductivity and catalytic activity remained relatively
constant, resulting in stable cell performance in dry CH4. Further
observations regarding the carbon formation in the Cu1−xPdx-
impregnated anodes after testing in CH4 are provided in the next
section.

3.5. Carbon formation in the Cu1−xPdx-impregnated anodes

Fig. 10 shows the SEM cross-sectional images of the different
Cu1−xPdx-impregnated anodes in the cells which were manually
fractured after the completion of the stability test in CH4. The cross-
sectional microstructural features of the Cu Pd -, Cu Pd -
0.6 0.4 0.5 0.5
and Cu0.25Pd0.75-impregnated anodes are shown in Fig. 10(a)–(c),
where no carbon deposits were detected. For the Pd-impregnated
anode, while no visible carbon deposition was observed on the
tested cell, carbon formation inside the anode was verified by
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ig. 10. SEM images of the different Cu1−xPdx alloy-impregnated anodes in the cel
nd (d) Cu0Pd1.0.

EM/EDS. According to Fig. 10(d), the carbon deposits filled some
ores in this anode, probably leading to the performance of the
ingle cell increasing at the beginning, then dropping rapidly as the
arbon blocked the pores. In addition, some areas were clean and
o carbon was observed at all, possibly where no Pd impregnation
ccurred, due to the relatively dense structure of the porous LDC
ayer and low Pd loading.

Although carbon was present in the Pd-impregnated anode, the
ingle cell was not damaged or failed during testing, likely due to the
act that no carbon fibers were formed in the anode. Furthermore,
hose clean areas led to a stable output power being attained after
he single cell was operated with CH4 for around 40 h. The absence
f the carbon fibers in the Pt–CeO2–LDC anode could be associated
ith the CeO2 particles and the LDC support present in the anode,

imilar to the Pd–Ni/Ce(Sm)O2 and Pd-Ni/La(Sr)CrO3 catalyst sys-
ems [30–34]. After Cu was introduced to form the Cu1−xPdx alloys,
o carbon deposits were observed, likely due to the Cu enrichment
n the alloy surface, as mentioned earlier.

The experimental results indicate that the performance of the
OFC anodes impregnated with the Cu–Pd alloys improved sig-
ificantly compared to that impregnated with Cu, while carbon
eposition on the Cu–Pd alloy-containing anodes was greatly sup-
ressed compared to the Pd-containing ones. Therefore, these
u–Pd alloy-impregnated anodes deserve further investigation and
ptimization for potential direct utilization of dry methane.

. Conclusions
Cu1−xPdx alloy-impregnated anodes have been identified for
irect utilization of dry methane in the temperature range of
00–800 ◦C for the LSGM electrolyte-supported single cell with a
o-fired porous LDC skeleton. The Cu1−xPdx-impregnated (x = 0.15,

[

[

tured after testing in dry CH4 for 80 h: (a) Cu0.6Pd0.4, (b) Cu0.5Pd0.5, (c) Cu0.25Pd0.75

0.25, 0.4, 0.5 and 0.75) anodes showed improved performance both
in dry H2 and CH4 compared to pure Cu-impregnated anode and
also exhibited reduced carbon formation in dry CH4 compared to
a pure Pd-impregnated anode. Especially in dry CH4, the perfor-
mance of the single cells with the Cu1−xPdx-impregnated anodes
improved steadily with the increase in Pd content. Based on the
stability testing data of the cells with the Cu0.5Pd0.5-, Cu0.25Pd0.75-
and Pd-impregnated anodes, the alloying of Cu with Pd is a very
effective method for increasing the overall performance stability
of the single cell in dry CH4.
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