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bstract

A new type of anode, a Ni framework coated with Sm-doped ceria (SDC), was developed for direct utilization of methane fuel in low-temperature
olid oxide fuel cells (SOFCs) with thin-film SDC electrolytes. The coated SDC was prepared with an ion impregnating method and the electrolyte
lms were fabricated with a co-pressing and co-firing technique. The impregnating process produced an ideal anode microstructure where nickel
articles were effectively connected and uniformly covered with nanosized SDC. This anode microstructure was believed to enlarge the triple-
hase boundaries and therefore enhance the anode performance. The cell performance was much higher than that of a conventional fuel cell with a
i-SDC composite anode. In addition, the performance increased with impregnated SDC loading up to a maximum at 20 mg cm−2, indicating that

he coated SDC is the contributing factor for the enhanced fuel cell performance. Power density as high as 571 and 353 mW cm−2 were obtained
t 600 ◦C when humidified hydrogen and methane were used as fuels, respectively. The stability of the cell also increased with the SDC loading.

o significant degradation was observed for anodes coated with 20 and 25 mg cm−2 SDC. This verifies that the coated SDC electrodes are very

ffective in suppressing catalytic carbon formation by blocking methane from approaching the Ni, which is catalytically active towards methane
yrolysis. The high performance of this anode shows high promise in the developing field of direct hydrocarbon SOFCs.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is desirable to develop solid oxide fuel cell (SOFC) systems
n which the hydrocarbons are fed to the fuel cell directly without
ignificant amounts of water or oxygen [1]. There are basically
wo strategies to achieve such SOFCs. The first involves con-
entional cermet anodes. Ni cermet anodes, on which the most
dvanced SOFCs are based, have been extensively studied for
irect utilization of hydrocarbons [2]. Since nickel catalyzes the
ormation of carbon, which rapidly deactivates the fuel cell, the
i-cermets can only be used under conditions in which carbon
oes not form. The conditions are usually restricted to ther-

odynamically stable composition and temperature regimes.
owever, the operation still requires the exercise of caution,
iven that carbon can form catalytically on Ni surfaces and the

∗ Corresponding author. Tel.: +86 551 3607475; fax: +86 551 3606689.
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arbon formation is more likely to be related to kinetic rather than
o thermodynamic considerations. One solution for avoiding
arbon-deposition problems associated with Ni-based anodes,
s to replace Ni with Cu [3,4], which is not a catalyst for carbon
ormation. However, Cu is not a good oxidation catalyst and has
relatively low melting temperature, which decreases the anode

tability. Further, the low melting temperature of copper oxides
akes the fabrication procedures typically used for Ni-cermets

mpossible. The second strategy is to use ceramic materials,
hich do not catalyze carbon formation. Among these materials,
ighly conductive perovskites have received much attention for
irect hydrocarbon conversion in SOFCs. For example, Tao and
rvine demonstrated that a (La0.75Sr0.25)0.9Cr0.5Mn0.5O3 based
node is effective for 3% H2O humidified CH4 [5]. Doped ceria
s also used as a ceramic anode for direct hydrocarbon conver-

ion. Interesting properties have been primarily demonstrated by
teele and co-workers for ceria-based anodes in direct utilization
f methane [6]. Further work has shown that the performance
as too low for practical considerations. The reason is most

mailto:xiacr@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.02.020
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ikely due to insufficient electronic conductivity of the doped
eria. Later work by Marina and co-workers has shown excellent
erformance for a Gd-doped ceria anode, which is 10–15 �m
hick with an Au-GDC composite layer as the current-collector
7]. It has been argued that this anode is essentially an Au-GDC
omposite with Au providing the electronic conduction. Never-
heless, it does imply that doped ceria is an excellent catalyst for
lectrochemical oxidation of hydrocarbons.

In this work, an alternative anode is explored for direct uti-
ization of hydrocarbons. The anode is based on an electronic
onducting framework covered with doped ceria. Nickel is used
s the framework to ensure electronic conduction and to make
he co-firing technique applicable to SOFC fabrication. Doped
eria, which is a poor catalyst for carbon formation and a good
atalyst for electrochemical oxidation, is used to coat nickel
o block hydrocarbon from accessing to Ni surface. Conse-
uently, the catalytic reaction of carbon deposition is expected
o be effectively prevented while the electrochemical reaction
s likely to be enhanced since a large ceria surface is exposed
o the hydrocarbon fuels. Here we report such an anode sys-
em in a low-temperature SOFC using a thin-film electrolyte of
m-doped ceria (SDC). The electrolyte was fabricated with a
o-press/co-fire technique. SDC was coated with an ion impreg-
ating method, which has been recently developed to introduce
anosized oxides into a SOFC electrode structure at relative low
emperatures to increase the electrode performance [8,9].

. Experimental

SDC (Sm0.2Ce0.8O1.9) powders were prepared using a
lycine–nitrate method as described elsewhere [10]. A solu-
ion containing Sm3+ and Ce4+ was prepared by dissolving
m(NO3)3 and Ce(NH4)2(NO3)6 in distilled water with a molar
atio of Sm3+:Ce4+ = 1:4. After adding glycine, the solution was
eated till self-combustion occured. The resulted ash was heated
t 600 ◦C for 2 h and 800 ◦C for 4 h to form SDC powders,
hich were used in electrolytes and electrodes. NiO and SSC

Sm0.5Sr0.5CoO3, as cathode) powders were also prepared using
he glycine–nitrate process. Bi-layer pellets consisted of porous
iO–SDC substrates and dense SDC electrolytes were fabri-

ated using a co-press process [11,12]. The porous substrates
ere derived from NiO–SDC powders with 10 wt.% starch as
ore former. SDC, with 10 wt.% in the oxides, was used to

nhance the bonding between the substrate and electrolyte, and
o increase the mechanical strength of the substrates. The bi-
ayer was co-fired at 1250 ◦C in air for 5 h to densify the SDC
lectrolyte. The thicknesses of the porous substrate and dense

d
n
t
i

able 1
DC loading and porosity (ρ) of anodes

ell No. of loading
cycles

Impregnated SDC
loading (mg cm−2)

Measure
reduction

0 0 30.5
I 5 15 ± 0.2 20.6
II 7 20 ± 0.2 19.7
V 9 25 ± 0.2 18.8
ources 160 (2006) 897–902

lectrolyte were about 0.4 mm and 35 �m, respectively. The
iameter of the fired pellet was 11.2 mm.

The porous NiO–SDC layer was then impregnated under vac-
um with a Sm(NO3)3 and Ce(NO3)3 aqueous solution where
he Sm–Ce ratio was 1:4. After drying, the pellet was calcined
t 800 ◦C for 2 h to form SDC oxide. The loading of SDC was
etermined by weighing the samples before and after the impreg-
ating process. The impregnation and calcination cycle was
epeated to increase the SDC loading. A loading of 15 mg cm−2

equired five cycles, while nine cycles resulted in 25 mg cm−2.
he impregnated SDC loading at different cycles is listed in
able 1, where the porosity and SDC volume fraction are also
hown. The porosity was measured by the Archimedes method.

After impregnation, cathode slurry consisting of SSC–SDC
aving a weight ratio of 7:3 and a binder was applied to the
lectrolyte to form a single cell. The cell was then sealed in an
lumina tube with a glass sealant. The glass sealing as well as
he gas-tubing system were gas-tight as checked with a gas chro-

atograph (GC9750, Fuli). Two silver wires were attached to the
node and cathode with a silver paste (DAD-87 from the Shang-
ai Research Institute of Synthetic Resins). Electrochemical
haracterizations were performed at 600 ◦C under ambient pres-
ure. Humidified (3% H2O) hydrogen and methane were used as
uel and stationary air as oxidant. The current–voltage curves and
tability were obtained using a potentiostat/galvanostat (DJS-
92, SPSIC). The electrochemical impedance spectra were mea-
ured using an Electrochemical Workstation (IM6e, Zahner)
nder open circuit conditions in the typical frequency range from
.1 Hz to 100 kHz. The morphologies were characterized with a
canning electron microscope (JSM-6700F, JEOL).

. Results and discussion

.1. Cell performance with hydrogen as fuel

Shown in Fig. 1 are the cell voltages and power densities at
00 ◦C as a function of current density for the cells with humidi-
ed (3% H2O) H2 as fuel. The performance of the different cells

n terms of the open circuit voltage (Voc) and maximum power
ensity are summarized in Table 2. Vocs are found to be between
.881 and 0.902 V, which are similar to typical values achieved
or SOFCs with ceria-based electrolytes[13,14]. The relative low
oc is believed to be due to the mixed ionic and electronic con-

uction of the ceria electrolyte in the reducing environment,
ot caused by the leakage through either the glass sealant or
he electrolyte film. The fuel cell system, including the seal-
ng material and electrolyte film, was proved to be gas-tight by

d ρ before
(vol.%)

Measured ρ after
reduction (vol.%)

Calculated SDC volume
fraction (vol.%)

51.7 5.8
47.0 9.9
45.4 11.2
43.6 12.6
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ig. 1. Cell potentials (open symbols) and power densities (solid symbols) as a
unction of current density at 600 ◦C for cell I (square), cell II (circle), cell III
triangle) and cell IV (star) with humidified H2 as fuel.

nalyzing the outlet gas from the anode side using a gas chro-
atograph before and after humidified H2 was applied to the

ell. In our previous study [15], a cell based on an SDC elec-
rolyte had achieved a maximum power density of 491 mW cm−2

t 600 ◦C when humidified hydrogen was used as the fuel. The
lectrical output of cell I was 131 mW cm−2 lower than that
f the previously reported performance. Although the two cells
onsisted of the same cathodes and electrolytes with identical
hickness, their anodes were quite different. The anode in the pre-
ious study was derived from a powder comprised of 35 wt.%
DC and 65 wt.% NiO while anode of cell I was made from
0 wt.% SDC and 90 wt.% NiO. The poor performance exhibited
n cell I was possibly caused by its anode microstructure since
he anode had 42.5 vol.% Ni and only 5.8 vol.% SDC, resulting
n a very small triple-phase boundary (TPB) length. Further, it
as observed that the maximum power density increased with

ncrease of SDC loading in the anode. For example, maximum
ower densities of 455 and 571 mW cm−2 were achieved with
ells II and III, respectively. The improvement in cell perfor-
ance seems to be due to the microstructural modification of

he anode by SDC impregnation. Shown in Fig. 2 are the SEM
ictures for the anode surface and cross-sectional view of cell III.
or this cell, 20 mg cm−2 SDC was impregnated in the anode.
t can be seen that the anode consisted of Ni particles with an
verage size of about 1 �m and the Ni particles were coated

ith SDC particles of submicron size. The SDC particles were
bserved to be distributed uniformly from the anode surface to
he anode–electrolyte interface. Therefore, all the impregnated

able 2
pen circuit voltages (Vocs) and maximum power densities at 600 ◦C for cells
ith humidified H2 and CH4 as fuel

ell H2 CH4

Voc (V) Pmax (mW cm−2) Voc (V) Pmax (mW cm−2)

0.881 360 0.857 254
I 0.886 455 0.890 325
II 0.894 571 0.896 353
V 0.902 398 0.904 260
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ig. 2. SEM micrographs of (a) surface and (b) cross-section of the anode for
ell III after testing.

DC particles were connected along the surface of the Ni parti-
les, forming a pathway for oxygen ion conduction. Eventually,
he TPB was extended beyond the anode–electrolyte interface
here the electrochemical oxidation possibly took place. Con-

idering the size effect of the small SDC particles which are most
ikely tens of nanometers, the TPB is further enlarged, resulting
n an even higher activity for the oxidation reaction. The anodic
nterfacial resistance, Ra, was characterized using the electro-
hemical impedance spectrum technique. Shown in Fig. 3 are
he impedance spectra of cells I and III measured under open cir-
uit conditions using a two-electrode configuration in humidified
ydrogen. The ohmic resistances, Rr, measured from the high-
requency intercepts with the real axis are primarily due to con-
ributions from the electrolyte and the lead wires. The interfacial
esistance of the cell, Ri, determined from the difference between
he high and low frequency intercepts with the real axis, is a
ombination of the anodic and cathodic interfacial resistances.

ecause of the complexity of the impedance spectra obtained
ith an anode-supported cell using a two-electrode configura-

ion, it is difficult to separate the performance of one electrode
rom the other [16]. However, Ra can be estimated by subtract-
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caused by the impregnated SDC. It is also due to the high cat-
alytic activity of ceria toward hydrocarbon oxidation.
ig. 3. Impedance spectra measured at open circuit condition for cells I and III
ith humidified hydrogen as fuel.

ng a typical SSC–SDC/SDC interfacial resistance, which is
.18 � cm2 at 600 ◦C [10]. The anode area-specific resistance
ASR), Ra, decreased from 0.092 � cm2 for cell I to 0.059 � cm2

or cell III. However, it increased to 0.093 � cm2 for cell IV. It is
bvious that the enhancement of cell performance was mainly
ue to the decrease in anode ASR as an effect of impregnating
reatment. However, too much SDC impregnation in the anode
aused an increase in the ASR and consequently resulted in poor
ell performance. This implies that thicker SDC coatings on the
ickel particles in the anode may actually block the gas diffusion
o the TPB region and hence reduce cell performance.

.2. Cell performance with CH4 as the fuel

As shown in Table 2, the Voc for cell I operating with methane
as 0.857 V, which is much lower than 0.943 V, the potential
redicted from equilibrium constant for full electrochemical oxi-
ation reactions:

H4 + 4O2− CO2 + 2H2O + 8e (1)

t is obvious that the full oxidation equilibrium was not achieved
t the anode of cell I. The measured Voc was most likely a mixed
otential or one with the H2/H2O ratio reflecting the amount (or
ate) of methane being cracked [17]. SEM investigation showed
hat the anode consisted of submicron particles, which were
ssentially Ni particles since the anode comprised 42.5 vol.%
i, 5.8 vol.% SDC, and 51.7 vol.% pores as shown in Table 1.
herefore, the anode had a large amount of surface area exposed

o the methane. It is well known that nickel is a good catalyst for
racking C–H and C–C bond and has been used to catalyze the
ormation of carbon nanofibers [18,19]. Under these conditions,
ethane could be accelerated to crack via the pyrolysis reaction:

H4 C + 2H2 (2)

herefore, the lower Voc observed with cell I is possibly due
o methane cracking on the surface of nickel. Similar effects of
uel equilibriums at anode side on Vocs were also observed for
ydrocarbons by Gorte and co-workers [20,21]. Voc for cells

ith impregnated SDCs are higher than that for cell I, ranging

rom 0.890 V for cell II to 0.902 V for cell IV. Although the
ocs are still lower than the theoretical potential, the increase in
oc seems to be an indication of the enhancement in direct elec-

F
h

function of current density with humidified CH4 as fuel at 600 ◦C for cell I
square), cell II (circle), cell III (triangle) and cell IV (star).

rochemical oxidation of CH4 as shown in Eq. (1). In addition,
he increase in Voc may imply the suppression of the methane
yrolysis reaction.

The cells, impregnated with nanosized SDC in the anode,
lso exhibited enhanced performance when methane was used
s fuel. Shown in Fig. 4 is the cell performance when CH4 was
sed as fuel. The performance increased with the amount of SDC
mpregnated in the anode up to its maximum of 20 mg cm−2.

ith 20 mg cm−2 SDC in the anode, cell III achieved a maxi-
um power density of 353 mW cm−2 at 600 ◦C with methane

s fuel. The observed performance enhancement with methane
s fuel was consistent with that when H2 was used as fuel.
hown in Fig. 5 are the impedance spectra measured under
pen circuit conditions when humidified methane was used as
uel. The anode ASR was 0.308 � cm2 for cell I in which there
as no impregnation of SDC in the anode. It decreased with
DC impregnation in the anode to 0.181 � cm2 for cell III.
owever, the ASR increased to 0.319 � cm2 for cell IV where
DC impregnation higher than 20 mg cm−2. As discussed above,

he cell performance improvement is due to the enhanced TPB
ig. 5. Impedance spectra measured at open circuit condition for cells with
umidified methane as fuels.
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.3. Stability of cells with CH4 as fuel

The stability of cells operated with humidified methane as
uel was also characterized to assess the effect of carbon deposi-
ion on cell performance. Fig. 6 shows the stability of the differ-
nt cells with a constant voltage load at 600 ◦C with humidified
ethane as fuel. Cell I decayed rapidly from 205 to 74 mW cm−2

ithin 7 h. After testing, carbon deposits could be seen on the
node surface. This serious carbon formation was predictable
ecause of the high catalytic activity of nickel towards methane
racking. In contrast, stable operation over a 50 h period was
bserved for cells III and IV. In contrast to the severe degrada-
ion in cell performance for cell I, the outputs after 50 h operating
ere even higher than those achieved initially. No visible carbon
as found on the anode surface of those two cells. Therefore,

arbon deposition has been effectively suppressed in cells with
DC impregnated in the anode.

It is well known that carbon deposition is formed by a pyroly-
is reaction such as Eq. (2) and the disproportionation of carbon
onoxide such as:

CO C + CO2 (3)

hich is thermodynamically preferred at temperatures above
00 ◦C. At temperatures below 650 ◦C, carbon deposition is
ainly formed via the pyrolysis reaction. But the reaction rate is

ery slow without a catalyst such as Ni. For a cermet anode pre-
ared with conventional ceramic processing techniques, such
s anode for cell I and those reported previously [15], nickel
sually has a volume fraction higher than 30 vol.% to meet the
ercolation limit. And the volume fraction of nickel and oxygen
on conductor phase such as SDC is often pretty close. There-
ore, about half of the anode surface area is occupied by nickel.
or example, about 88% surface is nickel for cell I and 60%

or the cell previously reported [15]. The surface-seated nickel
s believed to a good catalyst for fuel oxidation at the anode.
owever, when CH4 is used as fuel, nickel is also a good cat-

lyst for carbon deposition, which should be avoided in SOFC

ig. 6. Time dependence of power densities for cells operated at 600 ◦C with a
onstant output voltage of 0.5 V.
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peration. Although pre-reforming is an effective way to over-
ome this problem, in-situ reforming and direct electrochemical
xidation at the anode is always a hot topic in SOFC research
3,22]. One possible way to avoid carbon deposition is to cover
i particle with materials inert to carbon formation. Here we
ave demonstrated, for the first time that the cell stability has
mproved significantly when methane is used as fuel by covering
ickel with nanosized SDC using the impregnation method. No
arbon deposition was observed after operation of the cell with
ethane as fuel for 50 h. In addition to its function to prevent

arbon deposition, the nanosized SDC is believed to be catalytic
ctive for CH4 oxidation. Finally, and possibly the most impor-
ant, the coated SDC also serves as an oxygen ion conducting
ath to enlarge the TPBs and hence increase the cell perfor-
ance as discussed above. It should be noted that it is possible

hat the nickel particle is not fully covered and unreachable by
H4. Therefore, carbon deposition at the nickel surface is pos-

ible. However, the available nickel surface area is minimized,
o that carbon formation would occur at a low level. The small
mount of carbon can be removed with oxidation at the anode
23] and/or with H2O which is formed at the anode.

. Conclusion

We have demonstrated that an anode-supported SOFC with
modified nickel-cermet anode running directly for methane

xhibits good cell performance and long-term stability without
arbon deposition. Nanosized SDC particles were coated uni-
ormly onto the nickel particles of the anode using an ion impreg-
ation method. When both humidified hydrogen and methane
ere used as fuel, the anode ASR decreased and cell perfor-
ance increased with the SDC loading on the anode through

his impregnation, inferring that the SDC coating on the nickel
urface could effectively increase the number of triple-phase
oundaries. The cells with 20 and 25 mg cm−2 SDC impregnated
n the anode were operated at 600 ◦C for 50 h without obvious
egradation when methane was directly used as fuel. This indi-
ates that carbon deposition has been effectively suppressed.
he advantage of this type of anode, i.e. a Ni framework coated
ith nanosized doped ceria, is that it shows high electrochemical

ctivity towards hydrocarbon oxidation while inhibiting carbon
ormation from catalytic pyrolysis.
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