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bstract

A Ni/scandia-stabilized zirconia (ScSZ) cermet anode was modified by coating with nano-sized gadolinium-doped ceria (GDC, Gd0.2Ce0.8O2)
repared using a simple combustion process within the pores of the anode for a solid oxide fuel cell (SOFC) running on methane fuel. X-ray
iffraction (XRD) and scanning electron microscopy (SEM) were employed in the anode characterizations. Then, the short-term stability for
he cells with the Ni/ScSZ and 2.0 wt.%GDC-coated Ni/ScSZ anodes in 97%CH4/3%H2O at 700 ◦C was checked over a relative long period
f operation. Open circuit voltages (OCVs) increased from 1.098 to 1.179 V, and power densities increased from 224 to 848 mW cm−2, as the
perating temperature of an SOFC with 2.0 wt.%GDC-coated Ni/ScSZ anode was increased from 700 to 850 ◦C in humidified methane. The
oating of nano-sized Gd0.2Ce0.8O2 particle within the pores of the porous Ni/ScSZ anode significantly improved the performance of anode
upported cells. Electrochemical impedance spectra (EIS) illustrated that the cell with Ni/ScSZ anode exhibited far greater impedances than the
ell with 2.0 wt.%GDC-coated Ni/ScSZ anode. Introduction of nano-sized GDC particles into the pores of porous Ni/ScSZ anode will result in a
ubstantial increase in the ionic conductivity of the anode and increase the triple phase boundary region expanding the number of sites available
or electrochemical activity. No significant degradation in performance has been observed after 84 h of cell testing when 2.0 wt.%GDC-coated

i/ScSZ anode was exposed to 97%CH4/3%H2O at 700 ◦C. Very little carbon was detected on the anodes, suggesting that carbon deposition was

imited during cell operation. Consequently, the GDC coating on the pores of anode made it possible to have good stability for long-term operation
ue to low carbon deposition.

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

Solid oxide fuel cells (SOFCs) will inevitably exert a great
mpact on the development of the next generation energy tech-
ology and the hydrogen economy as fossil fuels are running
ut. At present, it has been launched into primeval stage of
ommercial manufacture in some developed countries. For con-
entional SOFCs, a high operating temperature (for example,
00–1000 ◦C) is required to ensure sufficiently high ionic con-
uctivity and fast electrode kinetics, because of the low oxide

on conductivity of yttria-stabilized zirconia (YSZ) and the high
verpotential at the electrode at lower operating temperature.
owever, the high operating temperature causes many seri-
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tion; Electrochemical impedance spectroscopy

us problems such as: (1) severe restrictions on the choice
f materials, (2) electrode sintering, (3) interfacial diffusion
etween electrode and electrolyte, and (4) mechanical stress due
o different thermal expansion coefficient. To overcome these
roblems, it is desirable to operate SOFCs at reduced temper-
tures (≤800 ◦C). Reducing the operating temperature down to
00–800 ◦C brings both dramatic technical and economic bene-
ts. The cost of SOFC technology may be dramatically reduced
ince much less expensive materials can be used in cell construc-
ion and novel fabrication techniques can be applied to the stack
nd system integration. Further, as the operating temperature is
educed, system reliability and operational life increase, as does
he possibility of using SOFCs for a wide variety of applica-

ions, including residential and automotive applications [1–7].
n addition, SOFCs require hydrogen as the fuel, but viable
ear-term applications will need to use the more readily avail-
ble hydrocarbons, such as methane. Therefore, much effort has
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een devoted in developing reduced-temperature solid oxide fuel
ells (SOFCs) running on hydrocarbon fuels instead of hydrogen
8–11]. However, conventional Ni-based anode suffers a num-
er of drawbacks in systems where hydrocarbon fuel is used
uch as carbon deposition since Ni is a good catalyst for hydro-
arbon cracking reaction. Carbon deposition covers the active
ites of the anode, resulting in rapid, irreversible cell deactiva-
ion [12–16]. To minimize resistive loss across the electrolyte
embrane, many researchers have developed anode-supported
OFCs based on a thin-film electrolyte [17–19]. The electrode
verpotentials and carbon deposition have remained major prob-
ems for reduced-temperature SOFCs running on hydrocarbon
uels.

In this study, a novel Ni/scandia-stabilized zirconia (ScSZ)
ermet anode was prepared by coating Gd0.2Ce0.8O2 (GDC)
anometer grains within the pores of porous Ni/ScSZ anode
sing an auto-ignited combustion process with a citrate-metal
itrate precursor. Yoon et al. [20] have demonstrated that the
SZ or SDC layers deposited within the cathode can provide
aths for oxide ions and expand the reaction zone into the new
riple phase boundary (TPB). In addition, ceria is known to read-
ly store and transfer oxygen, and adding zirconia enhances
he storage capability [21]. The present work aimed to study
he effect of the Gd0.2Ce0.8O2 coating on the Ni/ScSZ anode
sing electrochemical impedance spectroscopy (EIS) and dc
olarization methods. The results clearly show that the coating
f nanometer grains Gd0.2Ce0.8O2 within the pores of porous
i/ScSZ anode not only improves the kinetics of hydrogen or
ethane oxidation reaction but also significantly reduces the

egradation in performance of the Ni/ScSZ anode in humidified
ethane.

. Experimental

.1. Starting materials

The material system used in this work was based on
ommercial nickel oxide (NiO, Inco Canada) powder and
candia-stabilized zirconia Zr0.89Sc0.1Ce0.01O2−x (ScSZ, Dai-
chi Kigenso Kagaku Kogyo, Japan) powder, solvent, dispersant,
inder, plasticizer and pore formers. The solvent system used
n this paper consisted of azeotropic mixture of butanone and
thyl alcohol absolute in order to avoid differential evaporation.
riethanolamine as a kind of zwitterionic dispersant was used
s dispersant. Poly-vinyl-butyl (PVB) and polyethylene glycol
PEG 200) were used as binder and plasticizers, respectively.
he PVB binder was supplied as a free flowing fine-grained
owder and the PEG plasticizer was obtained in a liquid form.
mmonium oxalate as pore formers was added to the anodic
ixture in order to increase porosity. All the organic additives
ere supplied by Shanghai Chem. Ltd., China.

.2. Preparation of Ni/ScSZ powder and the anode matrix
The anode matrix of Ni/ScSZ was produced by tape casting
iO and ScSZ slurry containing ammonium oxalate pore form-

rs, followed by sintering at 1450 ◦C for 2 h. The slurries for the
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ape casting process were fabricated by a ball milling method
hat included three steps. Firstly, in order to prepare suitable
node powders for anode-supported type cells, Ni/ScSZ anode
atrix was made by adding 100 g NiO powder and ScSZ pow-

er in a weight ratio of 1:1 to 1 g dispersant. The ingredients
ere mixed thoroughly with 80 g butanone/ethyl alcohol abso-

ute solvents and the slurry was ball milled for 2 h in order to
reak weak agglomerates. Secondly, 10 g PVB and 10 g PEG
ere added to the above system and the resulting slurry was
all milled for an additional 2 h. In the third step, 20 g ammo-
ium oxalate pore formers (200 mesh) was then added to the
ixture and the ball milling was continued for 0.5 h. After

he mixing and the homogenization of the slurry were com-
leted, the slurry was degassed using a vacuum pump (pressure:
00 mbar absolute) and cast on a casting surface of polyethylene
lm by a “doctor-blade” method. The cast tapes were allowed

o dry at room temperature for 48 h. After the solvent in the
apes was completely evaporated, the Ni/ScSZ green tapes were
btained. They were then sintered in the air at 1450 ◦C for 2 h.
he porosities of the sintered Ni/ScSZ layers were determined
sing either Hg porosimetry (Pore Sizer 9320) or a standard
est method based on Archimedes’ principle by measuring the

ass of water that could be absorbed into the Ni/ScSZ layer
22]. Thus, a disk-shaped anode substrate, or a fuel electrode,
aving a diameter of about 3.0 cm, a thickness of 1 mm, and
porosity of about 42%, was then produced. Scanning elec-

ron microscope (SEM) images of the sintered Ni/ScSZ layer
efore and after SOFC single cell operation were analyzed
sing a microscope (SEM, PHILIPS 515, Holland) equipped
ith an X-ray analyzer for energy-dispersive X-ray spectroscopy

EDS).

.3. Fabrication of unit-cells

Ni/ScSZ anode-supported SOFCs were fabricated using a
ual tape cast layers of Ni/ScSZ and ScSZ, one containing pore
ormers (the porous Ni/ScSZ anode matrix) and one without
ore formers (the ScSZ electrolyte layer). The electrolyte layer
as cast first and then allowed to dry at room temperature for
8 h. A second layer of Ni/ScSZ which contained pore formers
as then cast on top of the electrolyte green tape and allowed

o dry overnight. The composite structure was then co-sintered
n the air at 1450 ◦C for 2 h. The green layers of cathodes with
(0.7 cm)2 = 1.5386 cm2 area were fabricated by screen-printing
slurry containing (Pr0.7Ca0.3)0.9MnO3 onto the surface of the
ense ScSZ electrolyte and then sintering at 1200 ◦C for 2 h.
EM images showed that the thickness of electrolyte and cath-
de of the single cell was 15 and 20 �m, respectively.

.4. Gd0.2Ce0.8O2 coating

Gd0.2Ce0.8O2 precursor gel was prepared as follows.
nitially, stoichiometric amounts of gadolinium nitrate

Gd(NO3)3·6H2O) and cerium nitrate (Ce(NO3)3·6H2O) were
issolved in distilled water with constant stirring. Then, a
toichiometric amount of citric acid (C6H8O7·H2O), which is
chelating agent and fuel, was also dissolved in this solution.
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3.1.2. SEM characterization
Fig. 4 shows the cross-sectional SEM micrographs of the

Ni/ScSZ anode and the 2.0 wt.%GDC-coated Ni/ScSZ anode,
174 B. Huang et al. / Journal of Po

he stoichiometric ratio of citric acid to nitrates was calculated
ccording to Jain et al. [23]. The Ce3+ concentration in the
ransparent solution was 4 mol dm−3. The solution pH was
aintained between 7 and 8. The porous anode layer Ni/ScSZ

f anode-supported cell was completely dipped in the above
olution and evacuated using a vacuum pump set to an absolute
ressure of 200 mbar for 10 min, so that the solution filled the
ores of the Ni/ScSZ layer. Then, it was dried at 75 ◦C, followed
y calcination at 600 ◦C for 2 h. This procedure was repeated
everal times to have a uniform coating. The impregnated
d0.2Ce0.8O2 loading in Ni/ScSZ anode was estimated from

he weight change of the anode coating before and after the
mpregnation treatment. The impregnated GDC loading was
bout 2.0 wt.% after two GDC impregnation treatments.

.5. Characterization of anode performance and single cell
erformance

SOFC tests were carried out in a single cell test setup which
as basically similar to that proposed by Zheng et al. [24]. A Pt
esh and lead wire were attached to the surface of the cathode

sing a Pt ink, followed by sintered at 950 ◦C for 0.5 h. On the
node side, a Au mesh and lead wire were used as the current
ollector and were attached using a Au ink applied to the edges
f the Au mesh, followed by sintering at 850 ◦C for 0.5 h. The
node side of the structure was then attached to an alumina tube
sing Au ink and the edges were sealed using a ceramic adhesive.
ll the anodes were evaluated with the same testing procedure.
he anodes were fully reduced in H2 atmosphere at 850 ◦C for
.5 h prior to cell testing. Hydrogen and methane humidified
t room temperature (∼3%H2O) were used as fuel and oxygen
as used as oxidant. The fuel and oxidant flow rate were all

ontrolled at 25 sccm. The current–voltage curves and electro-
hemical impedance spectroscopy (EIS) were obtained using an
lectrochemical Workstation IM6e (Zahner, GmbH, Germany).
hese measurements were started after stabilizing under a con-
tant discharge voltage of 0.7 V for 4 h, in order to obtain a
ufficiently stabilized system necessary for a cell testing exper-
ment. Then, the current was switched off and the impedance
pectra of the electrochemical cell were recorded under open
ircuit from time to time for 84 h with amplitude of 10 mV over
he frequency range 0.02 Hz to 100 kHz. The measurement was
arried out in the temperature range of 700–850 ◦C in steps of
0 ◦C. The ohmic resistance of the electrolyte, the cathode and
he anode (R �)was estimated from the high frequency intercept
f the impedance curves and the overall electrode polarization
interface) resistance (RE) was directly measured from the dif-
erences between the low and high frequency intercepts on the
mpedance curves.

. Results and discussion

.1. Microstructural characterization
.1.1. XRD characterization
Fig. 1 shows the X-ray diffraction patterns of Gd0.2Ce0.8O2

owders obtained from the gel after heat treatment at different
F
a

ig. 1. X-ray diffraction patterns of Gd0.2Ce0.8O2 obtained after different heat
reatment of the gel precursor: (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C and
e) 900 ◦C.

emperatures ranging between 500 and 900 ◦C. It is clearly seen
hat the compound formation starts at 500 ◦C and crystalline
roduct could be obtained at 600 ◦C. From the TEM image of the
ynthesized powder as shown in Fig. 2, Gd0.2Ce0.8O2 grains with
anometer size could be clearly observed. The Gd0.2Ce0.8O2 for-
ation onto the Ni/ScSZ anode was confirmed by matching the

ndividual peaks. Fig. 3 shows the XRD pattern of Gd0.2Ce0.8O2
oated Ni/ScSZ anode sintered at 600 ◦C. Individual peaks cor-
esponding to Gd0.2Ce0.8O2, NiO and ScSZ are marked in the
gure. From the above analysis, it can be inferred that the ultra
ne Gd0.2Ce0.8O2 grains may coat the surface of the porous
i/ScSZ anode by burning the citrate + nitrate solution that filled

he pores and covered the surface of the porous Ni/ScSZ anode.
ig. 2. TEM image of combustion-synthesized Gd0.2Ce0.8O2 powder calcined
t 600 ◦C for 2 h.
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Fig. 5. Voltage and power density vs. current density for an SOFC with Ni/ScSZ
a
t

w

ig. 3. X-ray diffraction patterns of Gd0.2Ce0.8O2 coated porous Ni/ScSZ anode
intered at 600 ◦C.

espectively. The morphological difference between Ni/ScSZ
nd 2.0 wt.%GDC-coated Ni/ScSZ anode could be attributed to
he Gd0.2Ce0.8O2 coating within the pores of porous Ni/ScSZ
node followed by sintering. The 2.0 wt.%GDC-coated Ni/ScSZ
node had a good pore structure. In comparison with the cross-
ectional SEM micrographs of Ni/ScSZ, the counterparts of the
re-treated Ni/ScSZ were covered with many tiny GDC grains,
hich were tightly sintered with the Ni/ScSZ.

.2. Current–voltage measurements

Figs. 5 and 6 show typical voltage and power density versus
urrent density of an SOFC with Ni/ScSZ and 2.0 wt.%GDC-
oated Ni/ScSZ anodes while operating on humidified hydrogen
a) and methane (b), respectively. The data show a significant

ncrease in performance as the nano-sized Gd0.2Ce0.8O2 grains
oated the surface of the porous Ni/ScSZ anode while running on
umidified hydrogen and methane. The performance of the cell
ith Ni/ScSZ anode while operating on humidified hydrogen

a
a
2
a

Fig. 4. SEM cross-sectional micrographs of (a) Ni/ScSZ a
node while running on humidified hydrogen (a) and methane (b) at different
emperatures: (©, �) 850 ◦C; (�, �) 800 ◦C; (�, �) 750 ◦C; (�, �) 700 ◦C.

as modest with a maximum power density of 584, 466, 345

nd 212 mW cm−2 at 850, 800, 750 and 700 ◦C, respectively,
nd whereas the corresponding values were 825, 602, 398 and
38 mW cm−2 for the cell with 2.0 wt.%GDC-coated Ni/ScSZ
node. The highest power density of the cell with Ni/ScSZ anode

node and (b) 2.0 wt.%GDC-coated Ni/ScSZ anode.
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Fig. 6. Voltage and power density vs. current density for an SOFC with
2.0 wt.%GDC-coated Ni/ScSZ anode while running on humidified hydrogen
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combined Ni/ScSZ and nano-sized GDC particles. Impedance
a) and methane (b) at different temperature for 48 h: (©, �) 850 ◦C; (�, �)
00 ◦C; (�, �) 750 ◦C; (�, �) 700 ◦C.

hile operating on humidified methane was 586, 352, 251 and
05 mW cm−2 at 850, 800, 750 and 700 ◦C, respectively. The
ounterpart of the cell with 2.0 wt.%GDC-coated Ni/ScSZ anode
hile operating on humidified methane was 848, 529, 350 and
24 mW cm−2 at 850, 800, 750 and 700 ◦C, respectively.

The I–V curves showed positive curvature, particularly
t lower temperatures. This is similar to reports on anode-
upported cells operating on hydrogen [25,26]. A detailed study
f anode-supported cells running on hydrogen has shown that
ell power densities can be limited by a number of factors,
ncluding concentration polarization [26]. The decrease in cell
ower density for methane relative to hydrogen may be related
o the higher mass of methane molecules, which yields slower
as-phase diffusion and increased concentration polarization.
owever, it is also noted that each methane molecule reacts with

our times as many oxygen ions as each hydrogen molecule, so
ess methane gas-phase diffusion is needed to yield the same cell
urrent density. Another possible explanation is a difference in
he nature of the oxidizing and reducing species, which makes
he charge transfer in methane more complex and difficult.
2 is obviously more active and more effective for reduction.
H4 is much less reactive than H2 in heterogeneous oxidation

27], thus resulting in a higher polarization resistance associ-

m
N
t

ig. 7. Open circuit voltage values vs. temperature for both hydrogen and
ethane. Also shown are the values predicted by assuming that the humidi-
ed methane reaches an equilibrium composition.

ted with slower electrochemical oxidation of methane versus
ydrogen.

Measured open circuit voltage (OCV) values for an SOFC
ith 2.0 wt.%GDC-coated Ni/ScSZ anode are plotted versus

emperature for both hydrogen and methane in Fig. 7. OCV
alues were measured immediately after stable cell opera-
ion at 0.7 V. The OCV values for methane increased linearly
ith increasing temperature, opposite of the trend shown for
ydrogen. The OCV values at high temperatures are in agree-
ent with Liu and Barnett’s results [28]. The OCV values

f 1.098 ∼ 1.179 V for an SOFC with 2.0 wt.%GDC-coated
i/ScSZ anode measured at 700 ∼ 850 ◦C is between the values
easured at 1000 ◦C, 1.2 V, and at 550 ∼ 650 ◦C, 1.05 V [28].
lso shown in Fig. 7 are the predicted OCV values, assuming

hat the humidified methane reaches equilibrium. The experi-
ental OCV values are fundamentally in agreement with the pre-

icted ones, although the experimental values are about 40 mV
ower. Experimental OCV values are typically slightly less than
heoretical, presumably indicating slight gas leaks in the single
ell test.

.3. Electrochemical impedance spectroscopy (EIS) study

Figs. 8 and 9 show a comparison of typical EIS results, from
ells with Ni/ScSZ anode and 2.0 wt.%GDC-coated Ni/ScSZ
node operated in humidified hydrogen and methane under open
ircuit at different temperature, respectively, associated with the
–I curves in Figs. 5 and 6. As could be expected through
xamination of Figs. 8 and 9, the cell with 2.0 wt.%GDC-
oated Ni/ScSZ anode exhibits far less total impedance than
hat observed for the cell with Ni/ScSZ anode. The rapid elec-
rochemical oxidation of hydrogen or methane at these temper-
tures was due to the anodes employed in these SOFCs, which
easurements taken in humidified hydrogen or methane for
i/ScSZ and 2.0 wt.%GDC-coated Ni/ScSZ anodes indicate that

he nano-sized GDC particles caused the interfacial resistance
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Fig. 8. Electrochemical impedance spectra for an SOFC with Ni/ScSZ anode
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Fig. 9. Electrochemical impedance spectra for an SOFC with 2.0 wt.%GDC-
c
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3

N
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d
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hile running on humidified hydrogen (a) and methane (b) at different temper-
ture under open circuit.

o reduce by a factor of ∼2. It is well known that gadolinium-
oped ceria is beneficial for several reasons. First, it becomes
mixed conductor in the reducing atmosphere [29], a condi-

ion which should expand the reaction zone beyond three-phase
oundaries. Second, the ionic conductivity of gadolinium-doped
eria is higher than that of ScSZ, which improves the trans-
ort of oxygen ions from the electrolyte to the anode. Third,
adolinium-doped ceria is known to readily store and transfer
xygen, and adding zirconia enhances the storage capability
30]. The present anodes have additional ceria/zirconia inter-
aces where enhanced oxygen storage may increase hydrogen or
ethane oxidation rates. Therefore, introduction of gadolinium-
oped ceria into the pores of porous Ni/ScSZ anode will result in
substantial increase in the ionic conductivity of the anode and

ncrease the triple phase boundary region expanding the number
f sites available for electrochemical activity.

d
c
a
a

oated Ni/ScSZ anode while running on humidified hydrogen (a) and methane
b) at different temperature under open circuit.

.4. Cell stability tests

The stabilization and the degradation of the two cells with
i/ScSZ and 2.0 wt.%GDC-coated Ni/ScSZ anodes were also

nvestigated in 97%CH4/3%H2O at 700 ◦C during the measure-
ents. The electrochemical impedance spectra were measured

uring the aging process. Fig. 10 depicts the electrochemi-
al impedance spectra for the two cells with Ni/ScSZ and
.0 wt.%GDC-coated Ni/ScSZ anodes at 700 ◦C under open cir-
uit at different operating time. As can be seen from Fig. 10,
he overall electrode polarization (interface) resistance (RE) is
ecreasing sharply with time initially. This implies that, in the

ase of two anode materials, the electrochemical reaction rates
re increasing rapidly with time. Then, RE increases gradu-
lly with time suggesting that the corresponding electrochem-
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ig. 10. Electrochemical impedance spectra of (a) Ni/ScSZ anode and (b) 2 w
uring the aging process.

cal reaction rates are decreasing slowly with time (in terms
f Ni/ScSZ, 2.0 wt.%GDC-coated Ni/ScSZ, after 68 and 74 h,
espectively). The variation of the overall electrode polariza-
ion resistance with time for the two cells with Ni/ScSZ and
.0 wt.%GDC-coated Ni/ScSZ anodes indicates that the electro-
hemical oxidation reaction of CH4 are not taking place under
onstant conditions, rather the conditions at the anode surface
re modified with the time of exposure to 97%CH4/3%H2O.
hese surface modifications affect electrochemical performance
f anode samples. The changes in the impedance spectra can be
ssumed to be due to carbon deposition in the anode, which hap-
ened after operation of 20 and 28 h in terms of Ni/ScSZ and
.0 wt.%GDC-coated Ni/ScSZ, respectively. Visual inspection
f the cell after the end of the test revealed carbon deposition
n the anode material and the surroundings. The decrease of RE
fter carbon deposition can be understood by a model similar
o that proposed by Gorte and co-workers [31]. Metal Ni in the

node acts also for the efficient current collection. Some metal
i particles are expected to be not connected to the outside cir-

uit and cannot assist in the removal of electrons. Therefore, the
ntire region under the isolated metal Ni particle is ineffective

w
c
f
a

DC-coated Ni/ScSZ anode in 97%CH4/3%H2O at 700 ◦C under open circuit

or the electrochemical reaction. With the addition of moderate
evels of carbon, these isolate metal Ni particles could become
lectronically connected to the outside circuit. Because more of
he anode surface is now involved in the electrochemical reac-
ion, the effect of using a higher fraction of the surface will be an
pparent decrease in polarization resistances. With the addition
f a certain levels of carbon, deposited carbon began to cover
he active sites of the anode and block the pores of gas diffusion,
esulting in an increase in polarization resistances. In one case,
cell with 2.0 wt.%GDC-coated Ni/ScSZ anode was operated

or >84 h with humidified methane at 700 ◦C, before the test was
topped with the cell still running well. Very little carbon was
etected on the anodes, suggesting that carbon deposition was
imited during cell operation.

Figs. 11 and 12 show secondary electron microscopic (SEM)
mages and carbon mapping images of the Ni/ScSZ anode and
he 2.0 wt.%GDC-coated Ni/ScSZ anode, respectively, which

as operated at 700 ◦C in humidified methane under open cir-

uit condition for 73 and 84 h, respectively. Fig. 11(b), taken
rom a region near the Ni/ScSZ anode free surface, shows clear
nd strong carbon deposition, which suggests that coke builds



B. Huang et al. / Journal of Power Sources 162 (2006) 1172–1181 1179

F ted in
i r map
(

u
s
p
A
a
r
n
d
c
t
t

T
f
f
s
a
c
f

ig. 11. Electron probe microscopic analysis (EPMA) of Ni/ScSZ anode opera
mage of the anode free surface; (b) C mapping of the anode free surface; (c) Z
e) C mapping of anode/electrolyte interface.

p within the anode; this may cause performance degradation
hown in Fig. 10(a) by one or more mechanism. For exam-
le, carbon may block anode pores, degrading cell performance.
lternatively, the coke buildup may lead to volume expansion

nd consequent micro-cracking, presumably leading to an inter-
uption of anode current collection pathways. Fig. 11(b) does
ot show any evidence of micro-cracking, performance degra-

ation was often observed after long-term cell operation under
oking conditions. Fig. 11(e) shows little carbon deposition in
he region of the anode/electrolyte interfaces in contrast with
he carbon mapping in the region near the anode free surface.

a
t

e

humidified methane at 700 ◦C under open circuit condition for 73 h: (a) SEM
ping of the anode free surface; (d) SEM image of anode/electrolyte interface;

hese results showed that carbon deposition decreased from the
ree surface (Fig. 11(b)) towards the electrolyte. Fig. 12(b) taken
rom a region near the 2.0 wt.%GDC-coated Ni/ScSZ anode free
urface, shows little carbon deposition compared to the Ni/ScSZ
node free surface. As can be seen from Fig. 12(f), there is no
arbon deposition in the region of the anode/electrolyte inter-
aces in contrast with the carbon mapping in the region near the

node free surface (Fig. 12(b)). From these results, we find that
he GDC coating can reduce carbon deposition in the anode.

However, much more work needs to be done to clarify the
ffect of the GDC coating on the catalytic activities for oxida-
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ig. 12. Electron probe microscopic analysis (EPMA) of 2.0 wt.%GDC-coated N
or 84 h: (a) SEM image of the anode free surface; (b) C mapping of the anode free
nterface; (e) C mapping of anode/electrolyte interface.

ion of methane, determine the stability for long-term operation
nd clarify the effect of the loading of GDC coating on the elec-
rochemical activity of Ni/ScSZ anode.

. Conclusions
Nano-sized Gd0.2Ce0.8O2 particles were coated within the
ores of porous Ni/ScSZ anode using a simple combustion pro-
ess. The present results show that anode supported SOFCs

a
p
t
t

Z anode operated in humidified methane at 700 ◦C under open circuit condition
ce; (c) Zr mapping of the anode free surface; (d) SEM image of anode/electrolyte

ith 2.0 wt.%GDC-coated Ni/ScSZ anode can be operated
irectly with humidified methane, yielding high power den-
ities. The measured OCV dependence on temperature was
onsistent with calculated values. The coating of nano-sized
d0.2Ce0.8O2 particle within the pores of the porous Ni/ScSZ
node significantly improved the performance of anode sup-
orted cells. Electrochemical impedance spectra illustrated that
he cell with Ni/ScSZ anode exhibited far greater impedances
han the cell with 2.0 wt.%GDC-coated Ni/ScSZ anode. Intro-
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uction of nano-sized GDC particles into the pores of porous
i/ScSZ anode will result in a substantial increase in the

onic conductivity of the anode and increase the triple phase
oundary region expanding the number of sites available for
lectrochemical activity. Cell stability tests show that no sig-
ificant degradation in performance has been observed after
4 h of cell testing when 2.0 wt.%GDC-coated Ni/ScSZ anode
as exposed to 97%CH4/3%H2O at 700 ◦C. Very little carbon
as detected on the anodes, suggesting that carbon deposition
as limited during cell operation. Therefore, 2.0 wt.%GDC-

oated Ni/ScSZ anode could be used as an alternative anode
or an SOFC running on methane fuel. We made novel alter-
ative anode material using coating of GDC within the pores
f the Ni/ScSZ anode. Using the manufacturing method, we
xpect that economical and large-scale anode can be made
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