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bstract

Solid oxide fuel cells (SOFCs) that can operate directly on hydrocarbon fuels, without external reforming, have the potential of greatly speeding
p the application of SOFCs for transportation and distributed-power supplies. In this paper, a dual tape casting method for fabricating an anode-
upported thin-electrolyte (scandia stabilized zirconia (ScSZ)) film and SOFCs that are active for the oxidation of wet ethanol was presented. The
abrication method relies upon the inclusion of ammonium oxalate ((NH ) C O ·H O) pore formers in the anode green tape in order to produce
4 2 2 4 2

porous ScSZ matrix, which forms the anode after wet impregnation with aqueous solutions of Cu(NO3)2 and Ce(NO3)3, and firing. Anodes with
ifferent ratios of copper to ceria but with the same total loading were fabricated and measured. The performance characteristics for such cells were
tudied in both H2 and C2H5OH + H2O, for comparison, and the long-term performance of the cells in C2H5OH stream at 800 ◦C was also presented.

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

Due to their high efficiencies, low cost and fuel flexibility,
olid oxide fuel cells (SOFCs) are considered to be promising
andidates for electrical power generation. Many fuels have been
uggested as potentially applicable to SOFCs and among them,
thanol is considered to be an attractive “green” fuel due to the
ollowing reasons: ethanol is a liquid fuel which is easy and
afe in storage, handing and delivery; ethanol is renewable from
arious biomass sources including energy plants, waste materi-
ls from agriculture, forestry residue materials and even organic
ractions from solid wastes; ethanol can be easily mixed with
he necessary amount of water and vaporized simultaneously
or reforming; ethanol nowadays is widely available and there
eems to be no difficulty in its supply infrastructure.
It is well known that Ni–YSZ (yttria stabilized zirconia)
ermet anodes of solid oxide fuel cell have excellent catalytic
roperties and stability for the H2 oxidation at SOFC opera-

∗ Corresponding author. Tel.: +86 21 52412058; fax: +86 21 52413903.
∗∗ Corresponding author.

E-mail addresses: yexf@mail.sic.ac.cn (X.-F. Ye),
uangbo2k@hotmail.com (B. Huang).

t
b
n
w
C

i
p
i

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.10.056
d zirconia; Composite anode; Ethanol; Carbon deposition

ion conditions [1,2]. However, since Ni is a good catalyst for
he hydrocarbon cracking reaction, the use of hydrocarbon fuels
n an SOFC with Ni-based anode results in carbon deposition
nd rapid, irreversible cell degradation [3–7]. Ni–YSZ cermet
nodes can only be directly used for hydrocarbon fuels if excess
team is present to ensure complete fuel reforming and to sup-
ress carbon deposition [4,8].

Gorte and his co-workers focused their attention on develop-
ng carbon resistant anodes by replacing Ni with Cu and CeO2
9–13]. Compared to Ni, Cu is not catalytically active for carbon
eposition but is effective as a current collector, while ceria pro-
ides a high catalytic activity for hydrocarbon reforming due to
ts special mixed conductivity. Since the melting points of both
opper and copper oxide are significantly less than the sintering
emperature of, ca.1500 ◦C which is necessary for the densifica-
ion of electrolytes, it is not possible to prepare Cu–YSZ cermets
y high temperature sintering technology. Therefore, an alter-
ative method for preparing Cu–YSZ cermets was developed in
hich a porous YSZ matrix was prepared first, and then both
u and CeO2 were added through wet impregnation [10,12].
In this paper, we present a tape casting method for prepar-
ng SOFCs with a Cu–CeO2–ScSZ anode, and study the cells’
erformance in ethanol with steam for a long time. Tape cast-
ng is favorable for preparing very thin electrolyte films, and
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ode using a Pt paste. The cathode side of the structure was then
attached to an alumina tube using Pt paste and the edges were
sealed using a glass ring. All the anodes were evaluated with
the same testing procedure. The anodes were fully reduced in a
04 X.-F. Ye et al. / Journal of Po

ulti-layer structures. It is also easy in scaling up. We adopted
his process to prepare a thin dense film of scandia stabilized
irconia (ScSZ) electrolyte, supported by a thick porous ScSZ
ayer which serves as the framework for the final anode. Ammo-
ium oxalate ((NH4)2C2O4·H2O) was used as the pore former.
lthough wet impregnation of Cu and CeO2 was carried out
ith a similar process as in the YSZ system [10,12], the method

dopted in this study is able to prepare large area cells, which
re necessary for real application of SOFCs. In previous work,
n Cu–CeO2–YSZ composite anodes by others, the ratios of
u:CeO2 were not stable, so the influence was not clear. In order

o study the influence of different amounts of copper and ceria
n the fuel oxidation, we fabricated, measured and compared
nodes with different ratios of copper to ceria. We also demon-
trated the feasibility and stability of using liquid fuels such as
thanol on Cu–CeO2–ScSZ composite anodes.

. Experimental

.1. Preparation of porous anode matrix

Fine ScSZ powders (99.99% pure, Daiichi Kigenso, Japan)
nd ammonium oxalate reagent (99.8% pure) were used to
repare the porous supporter of ScSZ by a tape casting and
ubsequent sintering process. The solvent system used in this
aper was an azeotropic mixture of butanone and ethyl alcohol.
riethanolamine as a kind of zwitterionic dispersant was used
s the dispersant. Poly-vinyl-butyl (PVB) and a mixture of
olyethylene glycol (PEG 200) and dibutyl-o-phthalate (DOP)
ere used as the binder and plasticizer, respectively. All the
rganic additives were supplied by Shanghai Chem. Ltd.,
hina.

The amount of ammonium oxalate pore formers (200 mesh)
anged from 10 to 60 wt.% in the ScSZ powders. Starting mate-
ials were weighed, mixed and ball milled, then a homogeneous
lurry was obtained. The slurry was degassed using a vacuum
ump (pressure: 200 mbar absolute) and cast onto a glass sur-
ace. The green tapes were allowed to dry at room temperature
or 48 h. They were then sintered in air at 1450 ◦C for 3 h. The
orosities of the sintered porous ScSZ layers were determined
sing a standard test method based on Archimedes’ principle
y measuring the mass of water that could be absorbed into
he porous ScSZ layer [15]. The microstructure of the sin-
ered porous ScSZ layer before and after impregnation was
nalyzed by scanning electron microscope (SEM) images using
microscope (SEM, PHILIPS 515, Holland) equipped with

n X-ray analyzer for energy-dispersive X-ray spectroscopy
EDS).

.2. Fabrication of unit-cells

Anode-supported SOFCs were fabricated using dual tape
ast layers of ScSZ, one containing pore formers (the porous

node matrix) and the other without pore formers (the electrolyte
ayer). The electrolyte layer was cast first and then allowed to
ry at room temperature for 48 h. A second layer of ScSZ which
ontained pore formers was then cast on top of the electrolyte
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reen tape and allowed to dry overnight. The composite struc-
ure was then sintered in the air at 1450 ◦C for 3 h. The cathode
ith 1.54 cm2 area was fabricated by screen-printing a slurry

ontaining (Pr0.7Ca0.3)0.9MnO3 (provided by co-workers in our
ab) onto the surface of the dense ScSZ electrolyte and then sin-
ered at 1200 ◦C for 3 h. SEM images showed that the thickness
f the dense ScSZ layer, porous ScSZ layer and PCM cathode of
he single cell used in this study were about 20, 600 and 30 �m,
espectively.

.3. Cu–CeO2 coating

The Cu–CeO2–ScSZ anodes were prepared by impreg-
ating the porous ScSZ layer with aqueous solutions of
u(NO3)2·3H2O and Ce(NO3)3·6H2O into the anode matrix,

ollowed by low temperature calcinations at 450 ◦C to form
he oxides. The calcination temperature of Cu(NO3)2·3H2O
nd Ce(NO3)3·6H2O were determined from their TG curves.
nodes with different ratio of copper versus ceria were fabri-

ated by impregnating solutions containing different amount of
u(NO3)2 and Ce(NO3)3. For these cells the total amount of Cu
nd CeO2 was held constant at 30 wt.%, while the ratio of Cu to
eO2 in the anode was varied. The impregnated Cu and CeO2
eight loading in the ScSZ anode matrix was calculated from

he weight change of the ScSZ anode matrix before and after the
mpregnation treatment. We made four kinds of cells with dif-
erent ratios of 2.5:1 (21.5 wt.% Cu–8.5 wt.% CeO2, denoted as
ell 1), 2:1 (20 wt.% Cu–10 wt.% CeO2, denoted as cell 2), 1.5:1
18 wt.% Cu–12 wt.% CeO2,denoted as cell 3) and 1:1 (15 wt.%
u–15 wt.% CeO2, denoted as cell 4).

.4. Characterization of single cell performance

SOFC tests were carried out in a single cell test setup, which
s illustrated in Fig. 1. A Pt mesh and Au lead wire as the current
ollector were attached to the surface of the anode and cath-
ig. 1. Schematic drawing of cell test set up. (1) Furnace tube, (2) anode, (3)
lectrolyte, (4) glass seal, (5) cathode, (6) thermocouple, (7) seal plug, (8) oxygen
nlet, (9) water bath, (10) fuel inlet, (11) heating tape and copper tube, (12) anode
ead wire, (13) cathode lead wire, (14) alumina tube.
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2 atmosphere at 800 ◦C for several hours prior to cell testing.
n order to avoid copper sintering and to keep the anode per-
ormance, the measurement was carried out in the temperature
ange of 700–800 ◦C with an interval of 50 ◦C.

Hydrogen or gasified ethanol–water mixture (with volume
atio 2:1) were used as fuel and oxygen was used as oxidant. The
uel and oxidant flow rate were all controlled at 25 mL min−1,
nd the liquid fuel was vaporized by water bath (70 ◦C) and then
rought into the anode surface by nitrogen. The current–voltage
urves and electrochemical impedance spectroscopy (EIS) were
btained using an Electrochemical Workstation (IM6, ZAH-
ER). The impedance spectra of the electrochemical cell were

ecorded at open circuit voltage (OCV) with amplitude of 20 mV
ver the frequency range 0.02 Hz–100 KHz.

. Results and discussion

.1. Microstructural characterization

.1.1. Porous anode matrix characterization
The effect of the amount of pore formers on the porosity of

he anode film was initially studied. The porosity, defined as the
oid volume divided by the total volume of the sintered anode
lm, is plotted in Fig. 2 as a function of the weight percent
f pore formers in the green tape. It is noted that the weight
ercent of pore formers is based on the mass of ScSZ powders
n the green tape. We can find that the porosity of the sintered
orous ScSZ layer increases linearly with the weight percent
f pore formers up to 40 wt.%. Further increase in the weight
ercent of pore formers did not have a significant effect on the
orosity of the sintered porous ScSZ layer. The data in Fig. 2 also
hows that decreasing the sintering temperature from 1450 ◦C to
400 ◦C had little effect on the porosity of the sintered p-ScSZ

ayer.

Fig. 2 also shows the linear shrinkage as a function of weight
ercent of pore formers in the porous ScSZ green tapes. The
gure shows that the linear shrinkage was all in the vicinity

ig. 2. Porosity (�) and linear shrinkage (�) of samples sintered at 1400 ◦C
open) and 1450 ◦C (closed) as a function of weight percent of pore formers in
reen porous ScSZ tape.
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ig. 3. SEM images of the porous anode matrix: (a) before impregnation; (b)
fter 50 h operation.

f 27% and independent of the amount of pore formers in the
reen tapes. It is noted that there was not a significant difference
etween the shrinkage for ScSZ tapes without pore formers and
hose with pore formers. Therefore, it is possible to fabricate a
reen ScSZ tape with pore formers on one side, and supporting
he other side without pore formers and to co-sinter them without
ntroducing undue stress or cracks in either layer.

.1.2. SEM characterization
The microstructure of an anode has a great effect on the

erformance of the SOFC because the electrochemical reactions
f the fuel cells take place mainly at the triple phase boundaries
TPB), where the reaction gas meets the electrode and elec-
rolyte. Fig. 3 shows the cross-sectional SEM micrographs of
orous ScSZ anode matrix before impregnation (a) and after cell
peration (Cu/CeO2 2.5) (b). For this cell, the p-ScSZ green tape

ontained 40wt.% ammonium oxalate and was ca.55% porous
fter sintering. The micrographs show that the morphology
f the porous ScSZ layer is relatively uniform with pores of
verage size about 20 �m, which suggests that the pore formers
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of cell 1 was 222, 139 and 94 mWcm−2 at 800 ◦C, 750 ◦C and
700 ◦C, respectively, which were lower than with hydrogen, and
we can also see the same decreasing tendency of the four cell
performances.
ig. 4. Voltage (open) and power density(closed) vs. current density while runn
50 ◦C (�), 700 ◦C, (�) for cell 1(a), cell 2(b), cell 3(c) and cell 4(d).

re homogeneously distributed throughout the tape prior to
intering. After impregnation, we can see well-connected
opper and ceria films formed on the framework of the ScSZ
atrix.

.2. Performances of single cells

Fig. 4 shows curves of voltage and power density versus cur-
ent density while running on humidified hydrogen and ethanol
tream at 800 ◦C, 750 ◦C and 700 ◦C for cell 1(a), cell 2(b),
ell 3(c) and cell 4(d). We can see that the open circuit volt-
ges (OCV) for H2 and C2H5OH were respectively, 1.02–1.12 V
nd 0.98–1.1 V in the temperature range, which were all
lightly below the theoretical OCVs. It reveals that ScSZ elec-
rolyte was not dense enough that resulted in decreased values
f OCV.

In Fig. 5 while using hydrogen as fuel, shows the maxi-
um power density for cell 1 at 800 ◦C, 750 ◦C and 700 ◦C,

espectively reached 372, 234 and 130 mW cm−2, respectively,
hereas the corresponding values for cells 2, 3 and 4 were

22, 220, 122 mWcm−2, 310, 205, 122 mWcm−2 and 323, 201,
06 mWcm−2, respectively. At the same temperature, the values
ecreased from cell 1 to cell 4 with decreasing copper amounts.
hile operating on ethanol stream, the maximum power density

F
o
(

H2 at 800 ◦C (�), 750 ◦C (�), 700 ◦C (�), and C2H5OH + H2O at 800 ◦C (�),
ig. 5. Maximum power density for cell 1, cell 2, cell 3 and cell 4 while running
n H2 (closed) and C2H5OH + H2O (open) at 800 ◦C (�), 750 ◦C (�) and 700 ◦C
�).
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It is known that in Cu–CeO2–ScSZ anode, ceria is a catalyst
or fuel oxidation, while copper provides the conductive path
f electrons in the anode. From cell 1 to cell 4, the cell per-
ormance decreased with decreasing copper amounts while the
otal loading was kept the same. As a catalyst, ceria addition is
ritical, however, when the amount of ceria in the anode reached
ome value, further increases in ceria amount had no effect on
ell performance, while increases in copper provided a better
onductive network, to improve the cell performance. So in the
our cells, cell 1 showed the best performance in both hydro-
en and ethanol steam. Also we can include that at 800 ◦C and
50 ◦C the cell performances are almost the same as the results
een before [14], however, the cell performance at 700 ◦C is poor
ompared to them. With a decrease in temperature, cell perfor-
ance decreased. It has been revealed that cathode polarization

ontributed the most to cells’ internal resistance, so the poor
erformance of the cells would be improved if the PCM cathode
s replaced by a better one.

In an attempt to examine the reason for the different cell
erformances in Fig. 6, we measured the impedance spectra
f cell 1–4 while running on H2 (a), and C2H5OH + H2O (b)
t 800 ◦C. The ohmic resistance, R�, is the real-axis intercept
t high frequency. R� for cell 1–4 at 800 ◦C are respectively
.29, 0.31, 0.42 and 0.46 � cm2, which almost kept the same
s the values for ethanol, and the ohmic resistance of the cells
ncreased from cell 1 to cell 4 because of lower copper content.
he total resistance of the cell, Rt, is the real-axis intercept at

ow frequency. In Fig. 6 we can also see Rt increases from cell 1
o cell 4, and it shows the same tendency for both hydrogen and
thanol steam. The tendency also confirms that cell 1 shows the
est performance in the four cells.

A detailed study of anode-supported cells running on
ydrogen has shown that cell power densities can be limited
y a number of factors, including concentration polarization
15,16]. The decrease in cell power density for ethanol stream
elative to hydrogen may be related to the higher mass of
thanol molecules, which yields slower gas-phase diffusion and
ncreased concentration polarization. However, it is also noted
hat each ethanol molecule reacts with six times as many oxygen
ons as each hydrogen molecule, so less ethanol gas-phase
iffusion is needed to yield the same cell current density.
nother possible explanation is the difference in the nature of

he oxidizing and reducing species, which makes the charge
ransfer in ethanol more complex and difficult. H2 is obviously
ore active and more effective for reduction. C2H5OH is much

ess reactive than H2 in heterogeneous oxidation, thus, resulting
n a higher polarization resistance associated with slower
lectrochemical oxidation of ethanol versus hydrogen. So the
teps and mechanism of ethanol oxidation need to be studied
ater by analyzing the components of the fuel effluent in order to
mprove the Cu–CeO2–ScSZ composite anode performance for
ydrocarbons.
.3. Long-term performances

To gain information on the cell long-term performance and
arbon formation, we kept every cell discharging at 0.5 V for

p
W
t
p

unning on H2 (a), and C2H5OH + H2O (b) at 800 ◦C.

t least 5 h, cell 2 specially for 50 h, and recorded the curve of
ower density as a function of time for the four cells operating
n ethanol steam at 800 ◦C. From Fig. 7 we know that in the time
eriod, all the cells performance almost kept constant with a
ittle increase of power density with time. The small fluctuation
f power density may be partly attributed to the unstable
thanol flow by our method. In Fig. 8 we see that for a longer
ime of 50 h, the cell performance still kept constant without
ny degradation. After 50 h of operation, the anode surface
as dark red and a little carbon had deposited on the anode

urface, so we think that the Cu–CeO2–ScSZ composite anode
erformance kept constant while operating on hydrocarbons.

e also concluded from Fig. 9 that the ohmic resistance of

he cell increased with time from 0.31 to 0.56 � cm2. This
henomenon may be due to the poor combination of copper and
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Fig. 7. Power density at 0.5 V as a function of time for cell 1 (black), cell 2
(green), cell 3 (blue) and cell 4 (red) operating on steam of ethanol and water,
at 800 ◦C.

Fig. 8. Power density at 0.5 V as a function of time for cell 2 operating on the
steam of ethanol and water, at 800 ◦C.

Fig. 9. Impedance spectra for cell 2 as a function of operation time: (�) at the
beginning; (©) after 20 h; (�) after 50 h.
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he anode matrix because of the low calcination temperature,
hich resulted in mass transfer and related morphological

hanges of copper during cell operation. What is more inter-
sting is that the polarization resistance and the total resistance
ecreased with time. Probably, the carbon particles, which
eposited in the pores lead to better connections of the copper
articles and much longer TPBs [10,17] which decreased the
olarization resistance. We can also see that the total resistance
f the cell didn’t change a lot after 50 h of operation compared
o 20 h, which proved the cell performance tended to be
table.

. Conclusions

We successfully fabricated a Cu–CeO2–ScSZ composite
node by impregnating solutions of copper and cerium nitrates
nto a porous ScSZ matrix made by a tape casting method and
e also produced unit cells with different ratio of copper versus

eria, of which cell 1 with 21.5 wt.% Cu–8.5 wt.% CeO2–ScSZ
node showed the best performance. The cell performances were
ood while using H2, C2H5OH + H2O as fuels at 800 ◦C and
50 ◦C, but poor at 700 ◦C partly due to the poor cathode per-
ormance. The Cu–CeO2–ScSZ composite anode showed a good
nd stable performance for hydrocarbons, after 50 h of operation
n ethanol steam, the cell performance almost kept the same
ith power density at 210 mWcm−2 and there was no visible

arbon deposition on the anode surface after operation, but the
teps and mechanism of ethanol oxidation need to be studied
ore by analyzing the components of the fuel effluent in order

o improve the Cu–CeO2–ScSZ composite anode performance
or hydrocarbons.
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