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bstract

A Cu/Ni/Sm-doped ceria (SDC) anode has been designed for direct utilization of dry methane in low-temperature anode-supported solid oxide
uel cells. The anode is prepared by the impregnation method, whereby a small amount of Cu is incorporated into the previously prepared Ni/SDC
orous matrix. After reduction, Cu nanoparticles adhere to and are uniformly distributed on the surface of the Ni/SDC matrix. For the resulting

u/Ni/SDC anode-supported cell, maximum power density of 317 mW cm−2 is achieved at 600 ◦C. The power density shows only ∼2% loss after
2-h operation. The results demonstrate that the Cu/Ni/SDC anode effectively suppresses carbon deposition by decreasing the Ni surface area
vailable and the level of carbon monoxide disproportionation. This combination of effects results in very low-power density loss over the operating
ime.
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. Introduction

In comparison with conventional solid oxide fuel cells
SOFCs) that use H2, low-temperature SOFCs that involve
irect hydrocarbon oxidation have several advantages, including
igher fuel efficiency, lower cost and no reforming process [1–4].
owever, carbon deposition on Ni-based anodes due to Ni-

atalyzed hydrocarbon decomposition [5] may rapidly degrade
he SOFC performance. Hence, an anode with strong ability to
uppress carbon deposition is critical in the design of SOFCs
perated with hydrocarbon [6,7].

One approach for inhibiting carbon deposition is to replace Ni
n the anode by other metals on condition that the electrochemi-
al catalytic activity and electronic conductivity are maintained.

owever, the choices are limited. Some metals, such as Co and
e, show good electrochemical catalytic activity, but suffer from
imilar carbon decomposition problems [8,9]. Noble metals are
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xpensive for anode use in large amounts. Some conducting
xides, such as La0.8Ca0.2CrO3 and Ce0.9Gd0.1O1.95 [10], have
lectronic conductivity values that are too low to meet SOFC
equirements, even though their electrochemical reactivity and
arbon deposition inhibition are excellent.

Cu is relatively inert for carbon formation during
lectrochemical oxidation of hydrocarbons. However, the elec-
rochemical catalytic activity of Cu is inferior to that of Ni
11] and the low-melting temperature of CuOx means that Cu-
ased anodes are not very feasible. A practical approach to
ombining good electrochemical catalytic activity and effec-
ive inhibition of carbon deposition is to incorporate a small
mount of Cu into a Ni-based anode. Xie et al. [6] pre-
ared a Ni0.95Cu0.05/Ce0.8Sm0.2O1.9 (SDC) anode-supported
ell operated with hydrocarbon at low temperature. Fairly good
erformance was achieved and the carbon deposition rate was
elatively low, but carbon was still formed on the anode. Fur-
her improvement of Cu–Ni bimetal anodes in terms of their
apability to suppress carbon deposition is still necessary.
In the present study, a novel anode was designed for direct
peration with hydrocarbons. This anode is based on a porous
i/SDC cermet modified with a small amount of Cu nanopar-

icles. The Cu nanoparticles were uniformly distributed on the
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3.1. Anode characterization

The XRD pattern of the Ni/SDC anode (Fig. 1a) only shows
diffraction peaks for Ni and SDC phases. After Cu incorporation
42 Z. Wang et al. / Journal of Po

ore walls of the cermet to form a Cu/Ni/SDC anode. For this
roposed anode, it is expected that carbon deposition will be
ffectively suppressed because the role of Cu is maximized and
DC itself can inhibit carbon formation. Furthermore, Ni–Cu
11,12] and SDC–Cu [7] interactions in the anode can pro-
ote catalysis of carbon monoxide oxidation, which has also
positive effect on suppressing carbon formation [3]. Here,
e report on such a Cu/Ni/SDC anode that was prepared by

n impregnation method. The resulting Cu/Ni/SDC-supported
ell was tested at 600 ◦C with dry CH4 as fuel. For compari-
on, Ni/SDC and Ni0.95Cu0.05/SDC anodes were also prepared
nd tested in cells under the same conditions. The possible
echanism for Cu/Ni/SDC suppression of carbon deposition is

iscussed.

. Experimental

.1. Powder preparation

Nanosized SDC, NiO/SDC, Ni0.95Cu0.05O and Sm0.5Sr0.5
oO3 (SSC) powders were synthesized by the glycine–nitrate
rocess [13,14]. Stoichiometric amounts of the precursors
e(NO3)4·6H2O (99.9%) and Sm(NO3)3·6H2O (99.9%) were
issolved in deionized water. Then glycine was added with
tirring. The molar ratio of NO3− to glycine was 2. The
esulting solution was heated to evaporate excess free water,
nd the residual viscous resin transformed to a dark-brownish
oam on heating. When heated further, spontaneous ignition
ccurred, and a voluminous, pale-yellow, sponge-like SDC ash
as obtained. The SDC ash was subsequently fired at 700 ◦C

or 2 h to yield SDC powder. The other powders were prepared
sing a similar procedure. SSC powder was mixed with 30 wt.%
DC powder by wet ball-milling for 72 h as the cathode material.
i0.95Cu0.05O powder was mixed with 35 wt.% SDC powder by
et ball-milling for 72 h as the anode material. Ethanol was used

s the liquid medium for ball-milling.

.2. Single cell fabrication

To prepare Cu/Ni/SDC anode-supported cells, NiO/SDC
owder was mixed with polystyrene (10 wt.%) foaming agent
15] and first pressed at 100 MPa into a disc (∼15 mm in diame-
er and 1 mm in thickness). Then SDC powder was placed on top
nd pressed at 200 MPa to yield a bilayer disc [16]. The bilayer
as subsequently fired at 1350 ◦C for 4 h and reduced in flow-

ng H2 at 600 ◦C for 4 h. Cu was added to the porous Ni/SDC
ermet by impregnation in an aqueous solution containing cop-
er nitrate and urea at a 1:1.5 molar ratio [17]. The deposited
opper salts were reduced to Cu metal in flowing H2 at 500 ◦C.
he Cu/Ni molar ratio was 1:19 and Cu loading was controlled
y the number of times impregnation was carried out. In the
resent study, the molar ratio of different metal elements in the
u/Ni/SDC anode was the same as that in the Ni0.95Cu0.05/SDC

node. A slurry consisting of SSC/SDC (30 wt.% SDC) and
thylcellulose was then spin-coated onto the electrolyte surface
nd subsequently fired at 950 ◦C in air for 2 h to form a porous
athode.

F
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Ni/SDC (35 wt.% SDC) and Ni0.95Cu0.05/SDC (35 wt.%
DC) supported cells with thin SDC electrolytes were prepared
sing a similar procedure, but without impregnation. To avoid
ariations in resistance due to cathodic polarization, all the cath-
des were fabricated using the same processes. All the single
ells consisted of a ∼20-�m SSC–SDC cathode, a ∼20-�m
DC electrolyte and a ∼550-�m anode.

.3. Cell testing

The single cells were mounted onto a quartz tube. Silver
aste was used to seal the anode compartment. A silver cur-
ent collector was fabricated on the cathode surface by painting
circular pattern in the center of the cathode using silver paste

18]. Two silver wires were attached to the anode and the cathode
ith silver paste. The single cells were tested at 600 ◦C and the

node and cathode were fed with dry CH4/air as fuel/oxidant.
urrent density–voltage (I–V) relationships were determined for

he cells using a potentiostat (CHI600C, CH Instruments) with
constant fuel flow rate of 60 cm3 min−1 at room temperature.
he impedance of the cell under open-circuit conditions was
easured in the frequency range from 0.01 Hz to 100 kHz with
mV as the excitation ac amplitude using an ac impedance spec-

roscope interfaced to a computer. The microstructure of the
repared electrodes was observed using a field emission scan-
ing electron microscope (FESEM, model SIRION-100, FEI).
he conductivity of the different anodes was measured using

he four-probe method [19]. Carbon deposition after testing
as analyzed using an energy-dispersive spectroscopy (EDS)

ttachment.

. Results and discussion
ig. 1. XRD patterns of the (a) Ni/SDC, (b) Cu/Ni/SDC and (c)
i0.95Cu0.05/SDC anodes.
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Table 1
Conductivity of the different anodes at 600 ◦C

Anode Conductivity (S cm−1)

Ni/SDC 405
N
C

Z. Wang et al. / Journal of Po

nto the anode by impregnation and reduction, an additional Cu
hase appeared (Fig. 1b), confirming that a Cu/Ni/SDC anode
as obtained. The XRD pattern of the Ni0.95Cu0.05/SDC anode

Fig. 1c) shows diffraction peaks attributed to the (1 1 1) and
2 0 0) planes of the fcc structure of Ni, with no Cu phase. Fur-
hermore, the fcc peaks are at lower angles compared to those for
he Ni-based anode (Fig. 1a), indicating that Ni0.95Cu0.05 alloy
as formed.

The SEM micrograph (Fig. 2a) and the corresponding copper

ap (Fig. 2b) for the Cu/Ni/SDC anode confirm that Cu parti-
les were distributed uniformly on the porous Ni/SDC matrix.

ig. 2. (a) SEM image of the porous Ni/SDC matrix after impregnation with
u, (b) EDS mapping of the Cu distribution in (a) and (c) higher resolution of

he SEM image in (a).
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i0.95Cu0.05/SDC 417
u/Ni/SDC 633

he higher-magnification micrograph (Fig. 2c) shows that the
mpregnated Cu particles adhered well to the surface of the
i/SDC matrix and that the particle size of Cu ranged from
0 to 250 nm.

The electronic conductivity at 600 ◦C (Table 1) is almost the
ame for the Ni/SDC and Ni0.95Cu0.05/SDC anodes, whereas
he conductivity of the Cu/Ni/SDC anode is approximately 50%
igher. The higher conductivity of the Cu/Ni/SDC anode further
ndicates that the Cu nanoparticles adhered well to the porous
i/SDC matrix, providing an effective passage for transport of
ore electrons from the electrochemical reaction sites and thus

nhancing the power output of the cell.

.2. Cell performance for direct oxidation of dry CH4

Fig. 3 shows the voltage and power density as a function
f current density for different anode-supported cells operated
t 600 ◦C with dry CH4 as fuel. The maximum power den-
ity for Ni/SDC-, Ni0.95Cu0.05/SDC- and Cu/Ni/SDC-supported
ells was 240, 338 and 317 mW cm−2, respectively. The power
utput of the Ni/SDC-supported cell is obviously lower than
hat of the Cu-containing anode-supported cells. This result
grees with that reported by Ringuedé et al. [20]. The open
ircuit voltage (OCV) for Ni/SDC-, Ni0.95Cu0.05/SDC- and
u/Ni/SDC-supported cells was 0.852, 0.902 and 0.884 V,

espectively, all of which are lower than the theoretical
alue of 0.943 V based on complete oxidation of methane

7]:

H4 + 4O2− → CO2 + 2H2O + 8e− (1)

ig. 3. Cell voltage (open symbols) and power density (solid symbols) as a
unction of current density at 600 ◦C for a Ni/SDC supported cell (square), a
i0.95Cu0.05/SDC supported cell (star) and a Cu/Ni/SDC supported cell (trian-
le) with dry CH4 as fuel.
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[reaction (3)] and carbon monoxide disproportionation via the
so-called Boudouard reaction [3,21]:

2CO → C + CO2 (4)

Table 2
Relative carbon deposition area on the surface of the different anodes

Anode Operation time (h) Relative carbon deposition area (%)
ig. 4. Impedance spectra measured at 600 ◦C under open circuit conditions for
Ni/SDC supported cell (square), a Ni0.95Cu0.05/SDC supported cell (star) and
Cu/Ni/SDC supported cell (triangle) with dry CH4 as fuel.

uch a result implies that incomplete oxidation [reaction (2)],
nd/or direct carbonization [reaction (3)] could occur:

H4 + O2− → CO + 2H2 +2e− (2)

H4 → C + 2H2 (3)

he higher OCV for the Cu-containing anodes suggests that the
resence of Cu in the anode can promote full electrochemical
xidation of CH4 according to reaction (1).

The area-specific resistance (ASR), defined as the differ-
nce between the intercepts on the real axis at high and low
requency, is a combination of the anodic and cathodic inter-
acial polarization resistance [7]. According to the impedance
pectra in Fig. 4, the ASR of Ni/SDC-, Ni0.95Cu0.05/SDC- and
u/Ni/SDC-supported cells was 0.44, 0.29 and 0.33 � cm2,

espectively. Since the cathodes and electrolytes in the three
ells are identical, the differences in ASR mainly originate from
he anodic interfacial polarization resistance. It can be concluded
hat the interfacial polarization resistance is very similar for the
i0.95Cu0.05/SDC and Cu/Ni/SDC anodes, but lower than that
f the Ni/SDC anode. This implies that small amounts of added
u can decrease the anodic interfacial polarization resistance,
hich enhances the cell performance.
Both the I–V curves (Fig. 3) and impedance measurements

Fig. 4) demonstrate that a small amount of added Cu enhances
he performance of Ni-based anodes. However, the perfor-

ance of the Cu/Ni/SDC-supported cell is inferior to that of
he Ni0.95Cu0.05/SDC cell. This could be because Cu particles
n the surface of the Ni/SDC matrix decrease the Ni surface
rea available, as well as the triple-phase gas/Ni/SDC boundary
ength in the Cu/Ni/SDC anode, thus yielding lower cell perfor-

ance. However, this is only the case during the initial stage of
ell operation.

.3. Cell stability during direct oxidation of dry CH4

The time dependence of the maximum power density of the
ells is shown in Fig. 5. As expected, the maximum power
ensity of the Ni/SDC-supported cell decayed rapidly, with
pproximately 60% loss of the initial power density after 7 h of

peration. The power output of Ni0.95Cu0.05/SDC-supported cell
ecreased more rapidly than that of the Cu/Ni/SDC-supported
ell, although its initial maximum power density was higher.
fter 12 h, 7% of the initial power density was lost for the

N
N
C

ig. 5. Maximum power density of supported cells with different anodes oper-
ted at 600 ◦C with dry CH4 as fuel.

i0.95Cu0.05/SDC-supported cell, whereas only 2% was lost for
he Cu/Ni/SDC-supported cell. The results indicate that small
mounts of added Cu efficiently increase the cell stability, and
he presence of a single copper phase in the anode is even more
avorable for improving the SOFC stability.

After testing, carbon formation on the anode surface was ana-
yzed by EDS element mapping, as shown in Fig. 6. The relative
arbon deposition area on the surface of the different anodes is
ummarized in Table 2 (DT-2000 image analysis system). The
elative area on the anode reached approximately 49% for 7 h
f operation of the Ni/SDC-supported cell using CH4. The car-
on covered almost all of the Ni surface, leading to a decrease
n the triple-phase boundary length. Besides, the deposited car-
on blocked the anode pores and obstructed gas transportation,
esulting in an increase in the diffusion overpotential of the
node. All these directly lead to a progressive decrease in perfor-
ance of the Ni/SDC-supported cell (Fig. 5). The Cu-containing

nodes had significantly lower relative areas compared to the
i/SDC anode, although carbon was still deposited on the anode
atrix. Moreover, the Cu/Ni/SDC anode had the lowest amount

f carbon deposition, which may result in more sustained power
utput from the cell than for the Ni0.95Cu0.05/SDC-supported
ell. Obviously, the Cu nanoparticles in the Cu/Ni/SDC anode
ave a beneficial effect in suppressing carbon deposition and
aintaining the stability of the cell.
According to other studies of CH4-fuelled SOFCs, carbon

eposition mainly occurs via two reactions, a pyrolysis reaction
i/SDC 7 49
i0.95Cu0.05/SDC 12 13
u/Ni/SDC 12 5
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ig. 6. EDS mapping of the carbon distribution on the anode surface: (a)
i/SDC, (b) Ni0.95Cu0.05/SDC and (c) Cu/Ni/SDC.

Reaction (3) generally occurs at >700 ◦C [3]. Reaction (4) is
xothermic, and its thermodynamic equilibrium is shifted to the
ight at lower temperature. Hence, it is considered that carbon
ormation according to the Boudouard reaction predominates
ith decreasing SOFC operating temperature [5].
As discussed above, the presence of Cu in the anode plays a

ery important role in suppressing carbon deposition. However,
atalysis by Ni0.95Cu0.05 is similar to that by elementary Ni;

ethane decomposition [reaction (3)] is still catalyzed by the

lloy to a certain extent. For the Cu/Ni/SDC anode, Cu parti-
les are situated on the surface of the Ni/SDC matrix, which
eads to more direct exposure of Cu to the fuel than on the

[
[

[

ources 179 (2008) 541–546 545

i0.95Cu0.05/SDC anode. Hence, the Ni surface area available is
ecreased and less carbon deposition occurs on the Cu/Ni/SDC
node.

Furthermore, good interconnections among the three phases
n the Cu/Ni/SDC anode allow Cu–Ni and Cu–SDC interactions.
he former interaction can promote the water–gas shift reaction
hen H2O is created during cell operation via reaction (1) [11]:

O + H2O → CO2 +H2 (5)

O2 generation decreases the CO/CO2 ratio in the gas and addi-
ional hydrogen generation can increase the power output of the
ell. Besides, Cu–SDC interaction exhibits higher activity for
O oxidation [22], which further decreases the CO/CO2 ratio.
ence, suppression of carbon deposition according to reaction

4) in the Cu/Ni/SDC anode can be enhanced by these lower
O/CO2 ratios.

. Conclusions

A Cu/Ni/SDC anode was prepared by the impregnation
ethod and reduction treatment. Impregnated Cu nanoparticles
ere connected to the surface of the porous Ni/SDC matrix.
uch an anode shows better operational stability and catalytic
ctivity when dry CH4 is used as fuel. The corresponding cell
hows excellent performance and better long-term stability of
ower density output than a cell with a Ni0.95Cu0.05 alloy anode.
he better performance of the cell with the Cu/Ni/SDC anode

s attributed to the presence of Cu nanoparticles in the anode,
hich greatly suppress carbon deposition during cell operation.
irst, the presence of Cu nanoparticles in the anode strength-
ns the role of Cu in suppressing carbon deposition. Second,
ood interconnections between the Cu nanoparticles and Ni and
DC enhance Cu–Ni and Cu–SDC interactions, which decreases
arbon monoxide disproportionation.
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