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a b s t r a c t

Solid oxide fuel cell (SOFC) running directly on hydrocarbon fuels has attracted much attention in recent
years. In this paper, a dual-layer structure anode running on ethanol is fabricated by tape casting and
screen-printing method, the addition of a LSCM–CeO2 catalyst layer to the supported anode surface yields
better performance in ethanol fuel. The effect that the synthesis conditions of the catalyst layer have on the
performances of the composite anodes is investigated. Single cells with this anode are also fabricated,
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of which the maximum power density reaches 669 mW cm−2 at 850 ◦C running on ethanol steam. No
significant degradation in performance has been observed after 216 h of cell testing when the Ni-ScSZ13
anode is exposed to ethanol steam at 700 ◦C. Very little carbon is detected on the anode, suggesting that
carbon deposition is limited during cell operation. Consequently, the LSCM–CeO2 catalyst layer on the
surface of the supported anode makes it possible to have good stability for long-term operation in ethanol
fuel due to low carbon deposition.
olid oxide fuel cell

. Introduction

Solid oxide fuel cell (SOFC) is one of the most promising energy
onversion devices that convert chemical energy in fossil fuels into
lectricity. It can be applied not only to alternative thermal power
lants but also dispersed power plants and integrated coal gasifica-
ion combined cycle power plants (IGCC). The state-of-the-art SOFC
node material is the Ni-YSZ cermet [1,2] which offers excellent
atalytic properties, mixed conductivity and good current collec-
ion. However, such cermets present some disadvantages related
o the low tolerance to carbon build up when operating under
ydrocarbon fuelling [3,4]. Since Ni is a good catalyst for hydrocar-
on cracking reaction. Carbon deposition (coking) covers the active
ites of the anode, resulting in rapid, irreversible cell deactivation
5–9]. High steam/carbon ratio is necessary to suppress the carbon
eposition, which lowers the electrical efficiency of the system [10].

In order to overcome the disadvantages of Ni-YSZ cermet anode,
everal alternative materials were investigated as potential anodes
n recent years. Ceria-based anodes have important advantages

ver conventional Ni-based anodes, namely the ability to sup-
ress carbon deposition on electrodes in hydrocarbon (such as
ethane) atmospheres as the presence of mobile lattice oxygen

educes the rate of carbon deposition [11,12]. However, relatively
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large lattice expansion associated with the loss of oxygen under
anodic conditions can result in the anode spilling off the electrolyte
[13]. LaCrO3-based oxide such as (LaSr)CrO3 was also shown to
have very low activity towards carbon deposition [14]. Catalytic
activity of LaCrO3 for methane oxidation can also be substan-
tially enhanced by partial substitution at A- and B-sites. Sfeir et al.
[15] studied the thermodynamic stability and the catalytic activ-
ity of (LaA)(CrB)O3 system (A = Ca, Sr and B = Mg, Mn, Fe, Co, Ni)
as alternative anode materials under simulated SOFC operation
conditions. Thermodynamically, Sr and Mn substitution maintains
the stability of the perovskite while other substitutes destabilize
the system. Recently, Tao and Irvine [16,17] reported promising
results of La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) as anode for SOFC. LSCM
is a p-type conductor with conductivity of ∼38 S cm−1 in air and
1.5 S cm−1 in 5%H2 at 900 ◦C. The electrode polarization resistance
for the oxidation reactions in wet CH4 and H2 at 900 ◦C was 0.85 and
0.26 � cm2, respectively. The performances are considered to be
compatible to the Ni-YSZ cermet anodes. Gorte and his co-workers
resolved the problem of carbon deposition by using Cu–CeO2–YSZ
anode [18–21], in which copper acted as current collector while
ceria provided a high catalytic activity for hydrocarbon reforming.
Due to the low melting point of copper and its oxides, an alter-

native method in place of traditional high temperature sintering
was developed on basis of tape casting and wet-impregnation. The
results indicate high electrochemical activity owing to the devel-
opment of porous structures from very fine particles with a large
TPB area. Though the results were encouraging, wet-impregnation

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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reatment of the porous YSZ material is a time-consuming pro-
ess. It requires repeated wet-impregnation/sintering treatments
or three to five times to obtain a sufficient amount of ionic conduc-
ance of the anode structure. Moreover, it is difficult to determine
he mass or volume fraction of Cu–CeO2 impregnated into the
orous YSZ material. Most recently, Barnett group reported a new
OFC that combines a Ru–CeO2 catalyst layer with a conventional
node, allowing internal reforming of iso-octane without cok-
ng [22]. However, its use is limited by the high cost of Ru and
vaporation above 1200 ◦C to produce volatile RuO4 species [23].
d0.2Ce0.8O2-coated anodes have shown good performance for the
irect utilization of hydrocarbon in SOFC [24].

In this study, a Ni-scandia-stabilized zirconia (ScSZ) cer-
et anode with a catalyst layer La0.75Sr0.25Cr0.5Mn0.5O3–CeO2

LSCM–CeO2) was prepared by screen-printing LSCM–CeO2 slurry
n the surface of Ni-ScSZ anode. This study’s focus was to evaluate
he impact of a catalyst layer on the catalytic activity and tolerance
o carbon deposition of this anode in SOFC fueled by ethanol fuel.
he results clearly show that the LSCM–CeO2 catalyst layer on the
urface of Ni-ScSZ anode not only improves the kinetics of hydro-
en or ethanol oxidation reaction, but also reduces the degradation
n performance of this anode in ethanol fuel.

. Experimental

.1. Fabrication of catalyst layer and unit cells

The SOFC devices investigated in this study were typical anode-
upported cells. Test cells were generally constructed through

four-layer process which includes: (a) porous LSCM–CeO2
atalyst layer; (b) porous Ni-ScSZ-supported anode layer (thick-
ess: 0.8 mm); (c) dense ScSZ electrolyte layer; (d) porous PCM
(Pr0.7Ca0.3)0.9MnO3) cathode layer. Fig. 1 showed the schematic
iagram of anode-supported single cell constructed through a four-

ayer process.
The material system used in the catalyst layer was based

n commercial cerium oxide (CeO2, Shanghai Chem. Ltd.,
hina) powder and Sr and Mn-doped lanthanum chromites
a0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) powder. LSCM material was pre-
ared using a combustion synthesis technique as reported
lsewhere [25]. The cell fabrication process is briefed as follows
ccording to the procedure described previously [24]. Commer-
ial nickel oxide (NiO, Inco Canada) powder and scandia-stabilized
irconia Zr0.89Sc0.1Ce0.01O2−x (ScSZ, 99.99% pure, Daiichi Kigenso
agaku Kogyo, Japan) powder was ball-milled with proper amounts
f ammonium oxalate ((NH4)2C2O4·H2O, 200 mesh) as pore for-
er to increase the porosity; azeotropic mixture of butanone and

thyl alcohol absolute as solvent; triethanolamine as a kind of zwit-
erionic dispersant to reduce the interfacial tension between the
urface of the particle and the liquid; polyethylene glycol (PEG 200)
s plasticizer to increase the flexibility of the tapes; poly-vinyl-
utyl (PVB) as binder to provide their strength after the evaporation

f the solvent. Start materials were weighed, mixed and ball-milled,
hen homogeneous slurry was obtained. The slurry was degassed
sing a vacuum pump (pressure: 200 mbar absolute) and cast onto
lass surface. Anode-supported SOFC was fabricated using a dual
ape cast layers of Ni-ScSZ and ScSZ, one containing pore formers

ig. 1. The schematic diagram of anode-supported single cell constructed through
four-layer process.
urces 195 (2010) 3053–3059

(the porous Ni-ScSZ anode matrix) and one without pore formers
(the dense ScSZ electrolyte layer). The electrolyte layer was cast
first and then allowed to dry at room temperature for 48 h. A sec-
ond layer of Ni-ScSZ which contained pore formers was then cast
on top of the electrolyte green tape and allowed to dry overnight.
The composite structure was then co-sintered in the air at 1400 ◦C
for 2 h. Thus a disk-shaped anode-supported composite membrane,
having a diameter of about 3.0 cm, a thickness of 0.8 mm, was then
produced. The cathode was fabricated by screen-printing a slurry
containing PCM onto the surface of the dense ScSZ electrolyte and
then sintered at 1200 ◦C for 3 h. Lastly, the slurry of catalyst layer
LSCM–CeO2 (with weight ratios of 1:0, 1:1 and 1:3) was screen-
printed on the anode disks and then sintered at 1100 ◦C for 3 h. Thus,
the Ni-ScSZ anodes with the LSCM–CeO2 catalyst layer (denoted as
Ni-ScSZ10, Ni-ScSZ11 and Ni-ScSZ13, respectively) were obtained.
The thickness of the LSCM–CeO2 catalyst layer was controlled at
8 �m while that of the electrolyte and the cathode was controlled
at 15 and 20 �m, respectively, which was demonstrated in field
emission scanning electron microscopy (FE-SEM) images using a
microscope (FE-SEM, PHILIPS 515, Holland) equipped with an X-ray
analyzer for energy-dispersive X-ray spectroscopy (EDS). The cath-
ode surface area was controlled to a known value so that current
density can be calculated for electrochemical measurements.

2.2. Characterization of single cell performance

Experimental techniques, apparatus and the electrochemical
cell assembly for SOFC tests have been described previously [24,25].
A Pt mesh and lead wire were attached to the surface of the cathode
using a Pt ink, followed by sintered at 950 ◦C for 0.5 h. On the anode
side, a Au mesh and lead wire were used as the current collector
and were attached using a Au ink applied to the edges of the Au
mesh, followed by sintering at 850 ◦C for 0.5 h. The anode side of
the structure was then attached to an alumina tube using Au ink
and the edges were sealed using a ceramic adhesive. All the anodes
were evaluated with the same testing procedure. The anodes were
fully reduced in H2 atmosphere at 850 ◦C for 2 h prior to cell testing.
Hydrogen or gasified ethanol–water mixture (with volume ratio
2:1) were used as fuel and oxygen was used as oxidant. The fuel
and oxidant flow rate were all controlled at 25 mL min−1, and the
liquid fuel was vaporized by water bath (70 ◦C) and then brought
into the anode surface by nitrogen. The current–voltage curves and
electrochemical impedance spectroscopy (EIS) were obtained using
an Electrochemical Workstation IM6e (Zahner, GmbH, Germany).
These measurements were started after stabilized under a constant
discharge voltage of 0.6 V for 4 h in order to obtain a sufficiently
stabilized system necessary for a cell testing experiment. Then the
current was switched off and the impedance spectra of the elec-
trochemical cell were recorded under open circuit from time to
time with amplitude of 20 mV over the frequency range 0.02 Hz
to 100 kHz. The measurement was carried out in the temperature
range of 700–850 ◦C in steps of 50 ◦C. The specific ohmic resistance
of the electrolyte, the cathode and the anode (R�) was estimated
from the high-frequency intercept of the impedance curves and the
specific polarization resistance (Rp) was directly measured from the
differences between the low and high-frequency intercepts on the
impedance curves.

3. Results and discussion
3.1. Performances of single cells

Figs. 2–4 show typical voltage and power density vs. current
density of the three cells with different catalyst layers while operat-
ing on humidified hydrogen (a) and ethanol steam (b), respectively.
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ig. 2. Voltage and power density vs. current density for an SOFC with Ni-ScSZ10
node while running on humidified hydrogen (a) and ethanol steam (b) at different
emperature: (©, �) 850 ◦C; (�, �) 800 ◦C; (�, �) 750 ◦C; (�, �) 700 ◦C.

he performance of the cell with Ni-ScSZ10 anode while operat-
ng on humidified hydrogen was modest with a maximum power
ensity of 521, 413, 298 and 186 mW cm−2 at 850, 800, 750 and
00 ◦C, respectively, and whereas the corresponding values were
86, 485, 356 and 219 mW cm−2 for the cell with Ni-ScSZ11 anode,
10, 582, 475 and 354 mW cm−2 for the cell with Ni-ScSZ13 anode.
he highest power density of the cell with Ni-ScSZ10 anode while
perating on ethanol steam was 486, 286, 218 and 161 mW cm−2 at
50, 800, 750 and 700 ◦C, respectively. The counterparts of the cells
ith Ni-ScSZ11 and Ni-ScSZ13 anodes while operating on ethanol

team was 541, 356, 252 and 206 mW cm−2, 669, 422, 335 and
38 mW cm−2, respectively. Since the electrolyte and cathode were
repared identically, the performance of the three cells depended
trongly on the anode composition. The data show an increase in
erformance of the single cell from cell with Ni-ScSZ10 anode to
ell with Ni-ScSZ13 anode while running on humidified hydrogen
nd ethanol steam. These results indicate the anode performance
mproves with the increase of CeO2 content in catalyst layer.

In an attempt to examine the reason for the three cell perfor-
ances in Figs. 2–4, we measured the impedance spectra of the

hree cells while running on humidified hydrogen and ethanol
team at 800 ◦C. Fig. 5 shows a comparison of typical EIS results,
rom cells with Ni-ScSZ10, Ni-ScSZ11 and Ni-ScSZ13 anodes oper-
ting on humidified hydrogen and ethanol steam under open

◦
ircuit at 800 C, respectively. The high-frequency intercept of the
mpedance spectra corresponds to the ohmic resistance of the cell
R�), including ohmic resistance of the ScSZ electrolyte, ohmic
esistance of the Ni-ScSZ10 (Ni-ScSZ11 or Ni-ScSZ13) anode and the
CM cathode, contact resistance at the electrode/electrolyte inter-
Fig. 3. Voltage and power density vs. current density for an SOFC with Ni-ScSZ11
anode while running on humidified hydrogen (a) and ethanol steam (b) at different
temperature: (©, �) 850 ◦C; (�, �) 800 ◦C; (�, �) 750 ◦C; (�, �) 700 ◦C.

face, and contact resistance between the electrodes and current
collector [26]. The high-frequency and low-frequency depressed
arcs correspond to different electrochemical processes, typically
charge transfer and gas diffusion either or both in the cathode
and anode. As above-mentioned, the compositions and preparation
conditions for the electrolyte and cathode, as well as the single cell
fabrication steps, were identical for the two single cells; therefore,
the cathodic polarization resistance and total ohmic resistance of
the cells (exclusive of the anode) should be the same. Since the high-
frequency arc changed slightly for the different cells, On the other
hand, the low-frequency arc changed significantly as the anode
composition varied; therefore, it was related to the anodic pro-
cess taking place on the different anode surface. We could find that
total resistance of the single cell increased from cell with Ni-ScSZ13
anode to cell with Ni-ScSZ10 anode while running on humidified
hydrogen and ethanol steam. Impedance measurements taken at
open circuit voltage for the three cells in humidified hydrogen or
ethanol steam presented in Fig. 5 indicated that the LSCM–CeO2
catalyst layer with much more CeO2 content caused the polar-
ization resistance to decrease. These results are consistent with
the above-mentioned performance of the three cells with different
anode catalyst layer.

On one hand, this agrees with previous studies that indicate that
CeO2 promotes hydrocarbon oxidation [27], the high electrocat-
alytic activity of CeO2-based materials for hydrocarbon oxidation is

most likely due to the extraordinary ability of CeO2 to store, release
and transport oxygen ions [28,29], thus also increasing hydrogen
or ethanol oxidation rates in our experiment. On the other hand,
we think that in LSCM–CeO2/Ni-ScSZ anode, LSCM as a p-type con-
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presence of nickel catalyst [30]. We used LSCM in the catalyst layer,
ig. 4. Voltage and power density vs. current density for an SOFC with Ni-ScSZ13
node while running on humidified hydrogen (a) and ethanol steam (b) at different
emperature: (©, �) 850 ◦C; (�, �) 800 ◦C; (�, �) 750 ◦C; (�, �) 700 ◦C.

uctor plays important role because it provides the conductivity
nd connectivity path of the anode system. So when the CeO2
mount in the anode reaches some value, a certain amount of LSCM
ill improve the anode performance by providing better conduc-

ive network. It is noted that CeO2 is a good promoter for Ni in
eforming catalysis. In the dual-layer anode structure, by having
he LSCM–CeO2 catalyst layer at the top of the supported anode in
ontact with Ni, the case is probably that ethanol steam reforming
akes place in the catalyst layer first, and then the supported anode
atalyses the oxidation of the products of internal reforming and
rovides the conductivity of the whole anode, which means that
he catalysis of ethanol on CeO2 is much more important in the
ual-layer anode structure. Therefore, we deduce that CeO2 can
eform the ethanol before it can get to the Ni part of the supported
node.

As we know, the two reactions (1) and (2) mainly occur when
thanol steam are fed to the catalyst layer, since Ni is much active
catalyst for hydrogen oxidation than for carbon monoxide oxi-

ation, performance in hydrogen is better than that in ethanol.
robably when CeO2 content in the catalyst layer increased, the
atalyst is much effective for hydrogen production with high selec-
ivity for reaction (2), and the water gas shift of (3) is also a possible
eaction to generate hydrogen. The impedance spectra in Fig. 5 also
emonstrated that the cell with Ni-ScSZ13 anode had much smaller
olarization resistance than the cells with Ni-ScSZ10 and Ni-ScSZ11

nodes possibly because of much more hydrogen production and
ts quicker diffusion:

2H5OH + H2O → 2CO + 4H2 (1)
Fig. 5. Electrochemical impedance spectra for an SOFC with different anode while
running on humidified hydrogen (a) and ethanol steam (b) at 800 ◦C under open
circuit.

C2H5OH + 3H2O → 2CO2 + 6H2 (2)

CO + H2O → CO2 + H2 (3)

Attending to the microstructure, Fig. 6 shows the FE-SEM micro-
graph of the interface LSCM–CeO2/Ni-ScSZ after fuel cell test
in ethanol steam at 700 ◦C for 200 h (Ni-ScSZ10 (a)) and 216 h
(Ni-ScSZ13 (b)), respectively. The figure also shows the FE-SEM
micrograph of the LSCM–CeO2 catalyst layer (about 8 �m). The
microstructure of the LSCM–CeO2 catalyst layer is very promis-
ing, a porous structure made of sintered LSCM and CeO2 particles.
The SEM images of the interface LSCM–CeO2/Ni-ScSZ in Fig. 6
show that the LSCM–CeO2 catalyst layer is well adhered to the Ni-
ScSZ-supported anode layer even after 200 and 216 h operation in
ethanol steam.

3.2. Cell stability tests

Carbon deposition on steam reforming catalysts is a problem
known to petrochemical industry for a long time, especially in the
which is inert for carbon formation, however, considering Ni in
the Ni-ScSZ-supported anode layer, the long-term stability of the
two-layer structure anode should be studied to make sure whether
coking occurs while running on ethanol steam for a long time.
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ig. 6. FE-SEM micrograph of the interface LSCM–CeO2/Ni-ScSZ after fuel cell test in
thanol steam at 700 ◦C for 200 h (Ni-ScSZ10 (a)) and 216 h (Ni-ScSZ13 (b)), respec-
ively.

The stabilization and the degradation of the two cells with Ni-
cSZ10 and Ni-ScSZ13 anodes were also investigated in ethanol
team at 700 ◦C during the measurements. The electrochemical
mpedance spectra were measured during the aging process. Figs.

and 8 depict the electrochemical impedance spectra at 700 ◦C
nder open circuit at different operating time for the two cells
ith Ni-ScSZ10 and Ni-ScSZ13 anodes, respectively. As can be seen

rom Figs. 7 and 8, the polarization resistance (Rp) is decreasing
ith time. This implies that, in the case of two anode materials,

he electrochemical reaction rates are increasing with time. Then,
p increases gradually with time suggesting that the correspond-

ng electrochemical reaction rates are decreasing slowly with time
in terms of Ni-ScSZ10 and Ni-ScSZ13, after 70 and 102 h, respec-
ively). The variation of the polarization resistance with time for the
wo cells with Ni-ScSZ10 and Ni-ScSZ13 anodes indicates that the
lectrochemical oxidation reaction of ethanol steam are not tak-
ng place under constant conditions, rather the conditions at the
node surface are modified with the time of exposure to ethanol
team. These surface modifications affect electrochemical perfor-
ance of anode samples. However, some of the ethanol steam will
ake its way to the Ni-ScSZ-supported anode layer during oper-
tion considering the thickness of the LSCM–CeO2 catalyst layer.
herefore, the changes in the impedance spectra can eventually be
ssumed to be due to carbon deposition in the Ni-ScSZ-supported
node layer, which happened after operation of 21 and 46 h in terms
f Ni-ScSZ10 and Ni-ScSZ13 anode, respectively. Visual inspection
Fig. 7. Electrochemical impedance spectra of Ni-ScSZ10 anode in ethanol steam at
700 ◦C under open circuit during the aging process.

of the cell after the end of the test revealed very little carbon depo-
sition in the anode layer (Fig. 6). The decrease of the Rp after carbon
deposition can be understood by the model similar to that proposed
by Gorte and co-workers [31]. Metal Ni in the anode acts also for the
efficient current collection. Some metal Ni particles are expected
to be not connected to the outside circuit and cannot assist in the
removal of electrons. Therefore, the entire region under the isolated
metal Ni particle is ineffective for the electrochemical reaction.
With the addition of moderate levels of carbon, these isolate metal
Ni particles could become electronically connected to the outside
circuit. Because more of the anode surface is now involved in the
electrochemical reaction, the effect of using a higher fraction of the
surface will be an apparent decrease in polarization resistances.
With the addition of a certain levels of carbon, deposited carbon
began to cover the active sites of the anode and block the pores of
gas diffusion, resulting in an increase in polarization resistances.
As above-mentioned, CeO2 can reform the ethanol before it can

get to the Ni part of the supported anode, the cell with Ni-ScSZ13
anode had much smaller polarization resistance than the cells with
Ni-ScSZ10 and Ni-ScSZ11 anodes possibly because of much more
hydrogen production and its quicker diffusion. Therefore, we think
the LSCM–CeO2 catalyst layer retarded the occurrence of carbon
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Fig. 8. Electrochemical impedance spectra of Ni-ScSZ13 anode in ethanol steam at
700 ◦C under open circuit during the aging process.

Fig. 9. Power density at 0.6 V for an SOFC with Ni-ScSZ13 anode using ethanol steam
as fuel and oxygen as oxidant at 700 ◦C during the aging process.
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deposition of the Ni-ScSZ-supported anode, especially when CeO2
content in the catalyst layer increased.

The stabilization and degradation of the cell with Ni-ScSZ13
anode were also investigated in ethanol steam at 700 ◦C during
the measurements. We recorded the curve of power density for
the cell operating on ethanol steam as a function of time by dis-
charging at 0.6 V at 700 ◦C, shown in Fig. 9. We can find that the
performance of the cell almost kept constant with a little augment
of power density with time in the period of 216 h. In one case, the
cell was operated for >216 h in ethanol steam at 700 ◦C, before the
test was stopped with the cell still running well. Almost no car-
bon deposits were detected after testing in ethanol steam at 700 ◦C
for >216 h on the Ni-ScSZ13 anode under conditions in the present
study, suggesting that carbon deposition was limited during cell
operation.

4. Conclusions

A dual-layer structure anode running on ethanol steam was fab-
ricated by tape casting and screen-printing method in this paper,
and the addition of a LSCM–CeO2 catalyst layer to the support anode
surface yielded much better performance in ethanol steam proba-
bly due to the ethanol steam reforming reaction takes place in the
catalyst layer. CeO2 plays much important role in the catalyst layer.
The anode performance improves with the increase of CeO2 con-
tent in catalyst layer, for example, the single cell with LSCM–CeO2
(with weight ratio 1:3) catalyst layer calcined at 1100 ◦C shows
both good performance with the maximum power density reached
669 mW cm−2 at 850 ◦C and long-term stability in ethanol steam for
216 h with little carbon formation. Fabrication of this structure for
long-term stability continues to be a potential concern, and the con-
version over ethanol feed needs determining to improve internal
reforming efficiency by analyzing the exit gas later. Further studies
should be concerned with the composition and microstructure in
both the catalyst layer and the supported anode layer to enhance
the anode performance.
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