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bstract

Anode-supported solid oxide fuel cells (SOFC) based on gadolinia-doped ceria (GDC) are developed in this study. A carbonate co-precipitation
ethod is used to synthesize the nano-sized GDC powders. A dense GDC electrolyte thin film supported by a Ni–GDC porous anode is fabricated

y dry-pressing and spin-coating processes, respectively. In comparison with dry pressing, it is easy to prepare a thinner electrolyte film by the
ovel spin-coating method. Cell performance is examined using humidified (3% H2O) hydrogen as fuel and air as oxidant in the temperature
ange of 500–700 ◦C. Cell performance is strongly dependent on the electrolyte thickness. With a porous Ni–GDC anode, a dense 19-�m GDC

lectrolyte film and a porous La0.6Sr0.4Co0.2Fe0.8O3–GDC cathode, the cell exhibits maximum power densities of 130, 253, 386 and 492 mW cm−2

t 500, 550, 600 and 650 ◦C, respectively. It is also found that at the low operating temperature about 500 ◦C, the cell resistance is significantly
ominated by the electrode polarization resistance.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Lowering the operating temperature to an intermediate tem-
erature of 500–800 ◦C is the main challenge in current SOFC
esearch activities. Such a reduction would greatly enhance the
ong-term performance stability, widen the material selection,
essen the sealing problem, enable the use of low-cost metallic
nterconnects, and eventually accelerate the commercialization
f SOFC technology [1]. Significant barriers to intermediate-
emperature SOFCs are the increase of electrolyte resistance
nd the high electrode polarization resistance for the reactions.
o overcome these problems, the following approaches are
ormally adopted: decreasing the electrolyte thickness [2–4],
eveloping alternative electrolyte materials with high ionic
onductivity at intermediate temperature [5–7], and minimiz-

ng electrode polarization resistance [8–10]. In recent years,
onsiderable effort has been devoted to the development of
ntermediate-temperature SOFCs based on a thin-film elec-
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rolyte of doped ceria [11–16]. This is due to the much
igher ionic conductivity of doped ceria than the conventional
lectrolyte material of yttria-stabilized zirconia (YSZ) at inter-
ediate temperatures [7].
Currently, various processes have been developed for the

reparation of thin electrolytes on porous electrode substrates,
uch as screen printing [12], dry pressing [13,14], spray coating
15], slurry spin coating [16], magnetron sputtering [17], and
ape casting [11,18]. For instance, Doshi et al. [11] applied a

ulti-layer tape casting technique to fabricate a fuel cell that
onsisted of a 30-�m thick Gd0.2Ce0.8O1.9 (GDC) electrolyte,
Ni–GDC anode and an ANLC-1 cathode. The cell gener-

ted a maximum power of 140 mW cm−2 at 500 ◦C when using
ydrogen and air. Xia et al. [12] developed a screen-printing
ethod to produce a Sm0.2Ce0.8O1.9 (SDC) electrolyte film and

emonstrated a peak power of 188 mW cm−2 at 500 ◦C for a
ell with a Ni–SDC anode and a Sm0.5Sr0.5CoO3 (SSC)–SDC
athode. Leng et al. [15] recently successfully prepared a 10-�m

hick GDC electrolyte film by a spray-coating method. The cell,
ssembled with a La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)–GDC cath-
de and Ni–GDC anode, exhibited maximum power of 578 and
67 mW cm−2 at 600 and 500 ◦C, respectively. It is usually dif-

mailto:miytok@ntu.edu.sg
dx.doi.org/10.1016/j.jpowsour.2007.11.113
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Cell performance was evaluated using a built-in-house
SOFC test station. The anode side of the cell was sealed
between two alumina tubes with ceramic paste. During the
0 Y.D. Zhen et al. / Journal of

cult, however, to fabricate a thin GDC electrolyte film with a
ense structure. One reason is associated with the fact that CeO2-
ased materials are difficult to densify even when sintered at high
emperatures (∼1600 ◦C) for a long time [19]. In order to reduce
he sintering temperature, nano-structure powders are desir-
ble. Our previous work has successfully synthesized nano-sized
DC powders by a carbonate co-precipitation method [20,21].
he sintering temperatures of co-precipitated GDC powders
an be reduced to 1300 ◦C. In this study, the nano-sized GDC
owders are further investigated for the application in the fabri-
ation of anode-supported, thin-electrolyte cells. A spin-coating
ethod is adopted to prepare the thin GDC electrolyte layer. This

s a simple and effective process to fabricate a thin electrolyte
oating on the porous substrate. The process requires no strict
aking and cooling rate, and only a few cycles are needed to
btain the designed thickness. By comparison, the fabrication
nd performance of a cell with a GDC electrolyte prepared by
onventional dry pressing are presented in this paper.

. Experimental

A carbonate co-precipitation method was used to syn-
hesize a nano-sized powder of Gd0.2Ce0.8O1.9. High-purity
eagents (Ce(NO3)3·6H2O; Gd(NO3)3·6H2O; 99.9% purity,
igma–Aldrich Chemical Company, US) were used as starting
aterials. Ammonium carbonate ((NH4)2CO3; 99.99% purity,
lfa Aesar, Johnson Matthey, US) was employed as the co-
recipitation medium. Stoichiometric amounts of nitrate salts
ere dissolved in distilled water, and then dropped into an

mmonium carbonate solution under vigorous stirring. The
esultant co-precipitate was washed for several times with dis-
illed water and ethanol, respectively. After drying at 70 ◦C for
0 h, the co-precipitated powder was calcined at 700 ◦C for 2 h
o yield the nano-sized oxide particles. Details of the synthesis
rocess can be found in our previous publications [20,21]. Phase
nalysis of the synthesized powder was conducted by means of
-ray diffraction (XRD) to confirm the formation of the correct
uorite structure. The morphology of the powder was exam-

ned with transmission electron microscope (TEM, JEOL 2010,
apan).

The anode-supported fuel cells were fabricated by dry-
ressing and spin-coating methods. The anode powder was
repared by ball-milling NiO powder (J.T. Baker, US) and the
DC powder in a composition ratio of 65%:35% by weight.
raphite (10 wt.% of the solid content) was used as a pore

ormer. The resulting NiO–GDC mixture was then pressed uni-
xially at 100 MPa in a steel die of 24-mm diameter. For the
ry-pressing process, the nano-sized GDC powder was dispersed
niformly on to the pre-pressed green NiO–GDC substrate
hich was contained in the die. The GDC powder and the

node substrate were then co-pressed at 200 MPa to form a
reen bilayer and subsequently co-sintered at 1350 ◦C for 4 h to
btain a dense electrolyte film. The film thickness can be con-

rolled with the amount of GDC powder. For the spin-coating
rocess, the green NiO–GDC anode discs were pre-sintered at
000 ◦C for 1 h to coarsen the microstructure and to strengthen
he mechanical property of the anode substrates. A stable sus-

F
n

Sources 178 (2008) 69–74

ension of 10 wt.% GDC was prepared by mixing the GDC
owder in iso-propanol solution with suitable organic additives.
he GDC suspension was spin coated on to the anode substrate
t 1200 rpm for 15 s. The electrolyte film was dried at room tem-
erature and the spin-coating process was repeated to obtain the
esigned thickness. The bilayer of GDC film and NiO–GDC
node was then co-sintered at 1350 ◦C for 4 h.

To prepare the cathode, commercial La0.6Sr0.4Co0.2Fe0.8O3
owder (Nextech Materials Ltd., US) was mixed with GDC pow-
er in a weight ratio of 60%:40% to form the composite cathode
owder. The composite powder was then mixed with polyethy-
ene glycol 400 to form the cathode paste. The paste was applied
t the centre of the electrolyte side of the bilayer by screen print-
ng and sintered at 975 ◦C for 2 h to form a completed cell. The
hickness of the cathode was ∼30 �m and the cathode area was

2

ig. 1. (a) TEM micrograph and (b) XRD pattern of GDC powder after calci-
ation at 700 ◦C for 2 h.
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est, hydrogen humidified at room temperature (3% H2O)
as fed to the anode chamber at a flow rate of 70 ml min−1,
hile the cathode was exposed to the static air. Platinum gauze
as used as the current-collector for both the anode and the

athode. Electrochemical measurements were performed using
Solartron 1260 frequency response analyzer in conjunction
ith a 1287 electrochemical interface. The current–voltage

haracteristics of the cell were measured using linear sweep
oltammetry at a scan rate of 5 mV s−1 over a temperature range
f 500–700 ◦C. The overall cell impedance was determined
n the frequency range of 100 kHz to 0.1 Hz with a signal
mplitude of 10 mV under open-circuit conditions. The ohmic
esistance was measured from the high-frequency intercept
nd the electrode polarization resistance was directly obtained
rom the difference between the high-frequency and the low-
requency intercept in the impedance spectra. After testing, the
icrostructure of the cell was examined by scanning electron
icroscopy (SEM, JEOL 6360, Japan).

. Results and discussion

Fig. 1 shows a TEM micrograph and the XRD pattern of
he Gd0.2Ce0.8O1.9 powder synthesized through a carbonate co-
recipitation method (calcined at 700 ◦C for 2 h). All the peaks
f XRD pattern (Fig. 1b) correspond to the fluorite structure

f CeO2, which demonstrates a single crystalline phase of the
owder synthesized. Fine grain size of the GDC powder can be
xpected from the very wide diffraction peaks in the XRD pat-
ern. The TEM observation (Fig. 1a) revealed that the obtained

p

e
s

ig. 2. Cross-sectional SEM micrographs of anode-supported cell: (a) overview of e
b) GDC electrolyte; (c) LSCF–GDC cathode; (d) Ni–GDC anode.
Sources 178 (2008) 69–74 71

DC powders have mean particle size around 20 nm after cal-
ination at 700 ◦C for 2 h.

To reduce the electrolyte resistance in the intermediate tem-
erature range, many approaches have been adopted to fabricate
he anode-supported cell, as described above. Among the devel-
ped methods, the dry-pressing process is a simple handling and
ost-effective approach [13]. Fig. 2 shows cross-sectional micro-
raphs of an anode-supported cell fabricated by a dry-pressing
rocess, which consisted of porous Ni–GDC anode support
bottom), a dense GDC electrolyte (middle) and a porous LSCF-
DC cathode (top). It is observed that the GDC electrolyte layer

s well adhered to the porous Ni–GDC anode support. The thick-
ess of the GDC electrolyte is ∼98 �m. The dense structure
f electrolyte layer is clearly seen in Fig. 2b. The GDC layer
ppears to be almost fully dense except for some isolated pores,
ut no cross-layer pinholes or cracks are observed. This indicates
hat a dense electrolyte film has been successfully prepared from
he nano-sized GDC powders even though it is sintered at a com-
aratively low temperature. In contrast to the dense electrolyte
ayer, both the anode and cathode are highly porous, as shown
n Fig. 2c and d. The average grain size of the Ni–GDC anode
nd the LSCF-GDC anode is about 0.7 and 0.1 �m, respectively.
he retained fine grain-size of the electrodes after sintering at
low temperature will significantly increase the active sites for

he electrode reactions, and thus improve the electrochemical

erformance of the cell.

The voltages and power densities of a cell with a 98-�m GDC
lectrolyte film as a function of current density at different mea-
uring temperatures are shown in Fig. 3. An open-circuit voltage

ntire cell (top layer: cathode; middle layer: electrolyte; bottom layer: anode);
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ig. 3. Cell voltages and power densities as a function of current density of a
uel cell with a 98-�m thick GDC electrolyte.

OCV) of 0.981 V was measured at 500 ◦C. This is 130 mV
igher than that of the cell reported by Leng et al. [15] that had a
DC electrolyte with the same thickness, and also 60 mV higher

han that of the cell with a 26-�m GDC electrolyte prepared via
pressing process by Xia and Liu [13]. This implies that a dense
lectrolyte film is prepared in this study and this is in agreement
ith the microstructural observation (Fig. 2b). Nevertheless, the
CV value still shows a large difference from the theoretical
alue, i.e., 1.155 V at 500 ◦C. The difference between the mea-
ured OCV and the theoretical values increases with increase in
perating temperature. This is due to the increasing electronic
onductivity of doped ceria materials in reducing atmospheres
22,23]. At 700 ◦C, the measured OCV is 0.831 V, i.e., much
ower than the theoretical value of 1.121 V. This shows clearly
hat the cell with a doped ceria electrolyte is unsuitable for appli-
ation above 700 ◦C. The maximum power density of the cell
s 83, 155, 245, 337 and 412 mW cm−2 at temperatures from
00 to 700 ◦C at intervals of 50 ◦C. These results are compara-
le with those for the cell reported by Xia and Liu [13], which
onsisted of a Ni–SDC anode, a 26-�m thick GDC electrolyte
nd a SSC–GDC cathode. However, such results were still lower
han those for cells a with thinner electrolyte film reported in the
iterature [9,15,16].

Fig. 4 shows the cell impedance at different temperatures
nder open-circuit conditions and the corresponding total elec-
rode polarization resistance and ohmic resistance. The latter
wo parameters were determined from the impedance spectra.
ll the resistances decrease with increase in temperature. Obvi-
usly, electrode polarization dominates the total cell resistance
t the low temperatures, while the effect of ohmic resistance
n the total cell resistance increases with the increase in tem-
erature. For example, the ohmic resistance of the present cell
s ∼0.52 � cm2 at 600 ◦C while the polarization resistance is

0.41 � cm2. The performance of the cell is significantly lim-
ted by the ohmic resistance at high temperatures. Therefore, it
s critical to reduce the thickness of the electrolyte layer. It is

ifficult, however, to obtain a thin electrolyte film of less than
0 �m by the dry-pressing process although a GDC electrolyte
lm as thin as 8 �m has been obtained by a similar process by
ia et al. [14]. The problems with a dry-pressing process are dif-

c
e
b
t

ig. 4. (a) Impedance spectra and (b) total electrode polarization resistance and
hmic resistance of a cell with a 98-�m thick GDC electrolyte under open-circuit
onditions at various temperatures.

culty in controlling the amount and uniform distribution of the
DC powders on to the green NiO–GDC substrate. Thus a spin-

oating method has been adopted to prepare the thin electrolyte
lm in this study.

Fig. 5 shows the cross-sectional SEM images of a cell fab-
icated by a spin-coating process. The GDC electrolyte film
s about 19-�m thick. Good adhesion can be seen at both the
athode|electrolyte and anode|electrolyte interfaces. Fig. 6 com-
ares the microstructures of the GDC electrolytes prepared by
he dry-pressing and the spin-coating methods. Similar to that
repared by a dry-pressing method, the GDC electrolyte pre-
ared by spin coating is almost dense, as shown in Fig. 6a and c,
ith few residual pores mainly located along the grain bound-

ries. The grain size increases significantly to about 1.5 �m
fter sintering at 1350 ◦C for 4 h. On the other hand, few pores
re observed inside the electrolyte film (Fig. 6d). The pores
ccur at some specific zones, where is most likely the interface
rea between the layers during the coating cycles. However, no

ross-film pore is observed. This shows that the 19-�m thick
lectrolyte film is successfully prepared on the anode support
y the spin-coating process. As compared with that prepared by
he dry-pressing method, the thickness of the electrolyte film is
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ig. 5. Cross-sectional SEM micrograph of an anode-supported cell with a 19-
m thick GDC electrolyte.

asily controlled by adjustment of the spin-coating cycles. In the
urrent study, an electrolyte film of 19-�m thick is obtained after
ight time cycles. It is clear that a thinner film can be prepared
y reducing the spin-coating cycles. On the other hand, a recent
tudy by Wang et al. [24] shows that it is difficult to obtain a
ense electrolyte film when the thickness of the film is less than

�m. They prepared the electrolyte film by a slurry spin-coating
rocess and concluded that a suitable thickness of electrolyte
lm is about 10 �m for obtaining low ohmic resistance and high
CV. In the present study it is found that the sintered electrolyte

d
i
r
w

ig. 6. SEM micrographs of (a and c) surface and (b and d) cross-section of GDC ele
espectively.
ig. 7. Cell voltages and power densities as a function of current density of a
uel cell with a 19-�m thick GDC electrolyte.

lm is uneven and has many pores after five cycles of coating
reatment. The final OCVs of such cells are much lower than the
heoretical value, indicating a porous electrolyte layer.

The performance of a cell with a 19-�m GDC electrolyte
hin film at different temperatures is given in Fig. 7. The OCV is
.945 V at 500 ◦C, which is lower than that of a cell prepared by
ry pressing. This implies the possible leakage of the electrolyte
lm for the gas transportation although the SEM image shows a

ense structure. The maximum power density of the current cell
s 130, 253, 386 and 492 mW cm−2 at 500, 550, 600 and 650 ◦C,
espectively. The cell exhibits greater performance than a cell
ith a thicker electrolyte (Fig. 4). As the other components of

ctrolyte prepared by dry-pressing (a and b) and spin-coating (c and d) methods,
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ig. 8. (a) Impedance spectra and (b) total electrode polarization resistance and
hmic resistance of a cell with a 19-�m thick GDC electrolyte under open-circuit
onditions at different temperatures.

he cells, i.e. the anode and the cathode, are basically the same
n both cases, the improvement in cell performance is clearly
ttributed to a decrease in electrolyte thickness. The impedance
f a cell with a 19-�m thick electrolyte measured at different
emperatures and the corresponding electrode polarization resis-
ance and ohmic resistance are given in Fig. 8. Obviously, the
hmic resistance of the cell decreases significantly. For exam-
le, the ohmic resistance at 600 ◦C is 0.24 � cm2, i.e., much
maller than that of 0.52 � cm2 of a cell with a 98-�m elec-
rolyte film at the same temperature. Thus, the improved power
utput is mainly due to the use of a thinner electrolyte. It is
easible to prepare a thin electrolyte film by spin coating for an
node-supported SOFC.

Although the cell developed in this study displays much bet-
er performance when using a thinner electrolyte, the value is
till low for practical applications, especially at a low operat-

ng temperature range, i.e., ∼500 ◦C. A forecast given by Steele
7] on a GDC electrolyte-based SOFC is that the peak power is
bout 400 mW cm−2 at 500 ◦C for a cell with 25-�m thin GDC
lectrolyte film. Recent studies show that cell performance at

[

[
[

Sources 178 (2008) 69–74

ow temperature is mainly dominated by the cathode polariza-
ion resistance rather than the ohmic resistance [9,13,16]. Thus
o improve the cell performance, it is important to develop novel
lectrocatalytic cathode materials and improve the electrode
tructure. Performance improvement with a modified cathode
aterial will be presented in a further study.

. Conclusion

Nano-sized GDC powders have been synthesized by a
arbonate co-precipitation method. Dense GDC thin-film elec-
rolytes are successfully fabricated on anode substrates by
ry-pressing and spin-coating processes, respectively. Using the
pin-coating process, it is easy to prepare a thinner electrolyte
lm. The cell performance is critically related to the electrolyte

hickness. With a Ni–GDC anode and a LSCF-GDC cathode,
cell with ∼19-�m GDC electrolyte film generates maximum
ower densities of 386 and 130 mW cm−2 at 600 and 500 ◦C,
espectively.
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