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In the present paper, we investigated the electrical performance of anode-supported solid oxide fuel cells
(SOFCs) composed of Gd0.1Ce0.9O1.95 (GDC) electrolyte films of 1–75 �m in thickness prepared by simple
and cost-effective methods (dry co-pressing process and spray dry co-pressing process), and discussed
the effect of thickness of the GDC electrolyte films on the electrical performance of the anode-supported
SOFCs. It was shown that reducing the thickness of the GDC electrolyte films could increase the maxi-
mum power densities of the anode-supported SOFCs. The increase of the maximum power densities was
attributed to the decrease of the electrolyte resistance with reducing the electrolyte thickness. However,
lectrolyte thickness
DC
OFCs
ower density
lectronic conduction

when the thickness of the GDC electrolyte films was less than a certain value (approximately 5 �m in
this study), the maximum power densities decreased with the decrease in the thickness of the GDC elec-
trolyte films. The calculated electron fluxes through the GDC electrolyte films increased obviously with
reducing the thickness of the GDC electrolyte films, which was the reason why the maximum power den-
sities decreased. Therefore, for anode-supported SOFCs based on electrolytes with mixed electronic–ionic

n opt
conductivity, there was a

. Introduction

Low temperature solid oxide fuel cells (SOFCs) have attracted
uch attention due to low operating temperatures enhancing

he long-term performance stability, widening the material selec-
ion, lessening the sealing problem, enabling the use of low-cost

etallic interconnects and accelerating the commercialization of
OFCs [1–3]. However, low operating temperatures result in the
ncrease of electrolyte resistance and high electrode overpoten-
ial, which reduce the electrochemical performance of SOFCs. In
rder to lower the operating temperature of SOFCs while keep-
ng their electrochemical performance, the following approaches
re normally adopted: reducing the electrolyte thickness, develop-
ng alternative electrolyte materials with high ionic conductivity
t low temperatures, and minimizing electrode polarization resis-
ance [4–6]. Over the past few years, considerable effort has been

evoted to the development of anode-supported SOFCs based on a
hin-film electrolyte of doped ceria [7–19].

Good electrical performance has been obtained for anode-
upported SOFCs with ceria-based electrolyte films. For instance,

∗ Corresponding author. Tel.: +81 22 795 7524; fax: +81 22 795 4311.
E-mail address: dingchsh@rift.mech.tohoku.ac.jp (C. Ding).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.03.075
imum electrolyte thickness for obtaining higher electrical performance.
© 2010 Elsevier B.V. All rights reserved.

Zhen et al. [11] applied a spin-coating method to fabricate an anode-
supported single cell that consisted of a 19 �m Gd0.2Ce0.8O1.9 (GDC)
electrolyte, a Ni-GDC anode and a La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)-GDC
cathode. The single cell exhibited a maximum power density of
386 mW cm−2 at 600 ◦C. Xia et al. [12] developed a screen-printing
method to prepare a Sm0.2Ce0.8O1.9 (SDC) electrolyte film with the
thickness of 30 �m and demonstrated a maximum power density of
397 mW cm−2 at 600 ◦C for a single cell with a Ni-SDC anode and a
Sm0.5Sr0.5CoO3 (SSC)-SDC cathode. Leng et al. [13] successfully fab-
ricated an anode-supported SOFC with thin-film GDC electrolyte of
10 �m prepared in situ by solid-state reaction and showed a max-
imum power density of 578 mW cm−2 at 600 ◦C for a single cell
assembled with a LSCF-GDC cathode and a Ni-GDC anode. Hib-
ino et al. [18,19] fabricated an anode-supported single cell with
GDC electrolyte film of approximately 20–40 �m in thickness by
a spin-coating method, and showed a maximum power density of
769 mW cm−2 at 600 ◦C for a single cell with a SSC cathode and
a Ni-GDC anode. Though high quality electrolyte films have been
fabricated and high electrical performance has been achieved, no

effect of thickness of electrolyte film on the electrical performance
of anode-supported SOFCs is investigated in detail. That is, there is
no report about the optimization thickness of electrolyte films.

There are certain theoretical and practical limitations to the
reduction in electrolyte thickness that can be achieved. Steele [20]

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dingchsh@rift.mech.tohoku.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.03.075
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nvestigated ceramic ion conducting membranes and discussed the
ffect of electrolyte thickness on the surface exchange and diffusion
oefficient of oxygen. Results showed that at a certain thickness the
urface exchange reaction of oxygen becomes the rate-limiting step
nd thus further reduction in thickness is unsuitable for improv-
ng the surface exchange and diffusion of oxygen. From a practical
tandpoint, it is difficult to prepare electrolyte thin films of less
han 1 �m without small pinholes or cracks which may decrease
he electrical performance of anode-supported SOFCs [21]. In addi-
ion, doped ceria is prone to be reduced under reducing conditions
22]. The reduction of ceria from Ce4+ to Ce3+ may give rise to elec-
ronic conduction of ceria and thus result in a non-negligible loss
n the open circuit voltage (OCV) of SOFC due to internal short cir-
uit. The reduction of ceria may also cause lattice expansion of the
eria electrolyte at the fuel side and thereby lead to mechanical sta-
ility problems with the cell [23]. Thus, the effect of reduction of
oped ceria electrolytes has to be considered when the thickness
f doped ceria electrolytes is less than a certain value. Therefore,
he unlimited reduction in the thickness of doped ceria electrolytes

ay be unsuitable for improving the electrochemical performance
f anode-supported SOFCs. Thus, in this study, the main purpose is
o investigate the relationship of thickness of GDC electrolyte films
nd electrical performance of anode-supported SOFCs based on the
DC electrolyte films.

To investigate the relationship of electrolyte film thickness and
lectrical performance, the preparation of gas-tight electrolyte
lms with different thickness is very important. Various film
eposition techniques have been developed to prepare dense elec-
rolyte films on porous substrate [4,11–19,24]. Each technique has
ts advantages and disadvantages. In this study, the GDC elec-
rolyte films with different thickness were prepared by simple
nd rapid methods: dry co-pressing method and spray dry co-
ressing method. The electrical performance of anode-supported
OFCs based on the GDC electrolyte films was investigated, and
he effect of thickness of GDC electrolyte films on the electrical
erformance of anode-supported SOFCs was presented and dis-
ussed.

. Experimental

.1. Fabrication of anode-supported SOFCs

Gd0.1Ce0.9O1.95 (GDC) nanopowders (Anan Kasei Co. Ltd., Japan)
ere used as electrolyte material. NiO-GDC nanocomposite pow-
ers synthesized by co-precipitation method [25] were used as
node material. La0.8Sr0.2Co0.8Fe0.2O3 (LSCF) nanopowders synthe-
ized by sol–gel method [26] were used as cathode material. To
repare anode-supported SOFCs with GDC electrolyte films of dif-
erent thickness, the dry co-pressing and spray dry co-pressing
rocesses were adopted.

The anode-supported SOFCs with thick GDC electrolyte films
ere fabricated by the dry co-pressing process. The NiO-GDC
anocomposite powders were pressed in a steel die of 20 mm
iameter to form green NiO-GDC anode substrate. The GDC
anopowders were then added onto the surface of the green NiO-
DC anode substrate which was still contained in the steel die. And

hen, the GDC powder layer and NiO-GDC anode substrate were
o-pressed at 100 MPa to form a green bilayer and subsequently
o-sintered at 1300 ◦C for 5 h to form a dense GDC electrolyte film.
he thickness of the GDC electrolyte film was controlled by chang-

ng the additive amount of the GDC nanopowders. Here, the GDC
lectrolyte films with the thickness of 16-75 �m were prepared. To
repare cathodes, the LSCF nanopowders were ball-milled with an
rganic vehicle to form LSCF cathode paste. The LSCF cathode paste
as then screen-printed on the GDC electrolyte films supported
rces 195 (2010) 5487–5492

by the NiO-GDC substrates and sintered at 900 ◦C for 2 h to form
completed single cells.

The anode-supported SOFCs with thinner GDC electrolyte films
were fabricated by the spray dry co-pressing process. First, the GDC
nanopowders were dispersed uniformly into methanol by ultra-
sonic dispersion to form GDC powder suspension. The NiO-GDC
nanocomposite powders were then pressed uniaxially in the steel
die of 20 mm diameter to form green NiO-GDC anode substrate. And
then, the GDC powder suspension was spray-coated onto the pre-
pressed green NiO-GDC anode substrate which was still contained
in the steel die. The wet coating was dried naturally. After multi-
ple coatings were done, the GDC powder layer and NiO-GDC anode
substrate were co-pressed at 100 MPa to form a green bilayer and
subsequently co-sintered at 1300 ◦C for 5 h to form a dense GDC
electrolyte film. The thickness of one-pass spray-coated GDC pow-
der layer was about 0.25 �m. The thickness of the GDC electrolyte
films was controlled by changing the number of spray-coated GDC
powder layers. Here, the GDC electrolyte films with the thick-
ness of 1–30 �m were prepared. Finally, the LSCF cathode paste
was screen-printed on the GDC electrolyte films supported by the
NiO-GDC anode substrates and sintered at 900 ◦C for 2 h to form
completed single cells.

2.2. Characterization of anode-supported SOFCs

Electrochemical performance of the fabricated anode-
supported single cells with the GDC electrolyte films of different
thickness was evaluated by means of an in-house test station. The
single cell was placed between two concentric Al2O3 tubes. The
sealing between the outer Al2O3 tubes and the cell was obtained
by melting glass rings. The test section was initially heated up
to 800 ◦C at a heating rate of 100 ◦C h−1 and held for 2 h to melt
the glass rings and form the glass sealing. After glass sealing, it
was cooled down to testing temperature. Humidified H2 (3 vol.%
H2O) was fed to the anode chamber and oxygen was supplied to
the cathode chamber at a flow rate of 100 ml min−1. The NiO in
the anode was reduced to Ni in situ in the hydrogen atmosphere.
The current–voltage (I–V) characteristics of the anode-supported
SOFCs were measured at 500–600 ◦C. The microstructure and
morphology of the anode-supported SOFCs after performance
testing were examined by a field-emission scanning electron
microscopy (FE-SEM, S4300, Hitachi, Japan).

3. Results and discussion

3.1. Microstructure of anode-supported SOFCs

After electrical performance tests, the microstructure of the
anode-supported single cells was observed by SEM. Fig. 1 shows the
typical cross-sectional SEM micrographs of the anode-supported
single cells with the GDC electrolyte films of different thickness
prepared by the dry co-pressing process and spray dry co-pressing
process. It has been confirmed from SEM observations that all the
anodes and cathodes are porous, crack-free and have uniform thick-
ness. The only difference in all the prepared anode-supported single
cells is the thickness of the GDC electrolyte films. The thickness
of the GDC electrolyte films for the anode-supported single cells
fabricated by the dry co-pressing process is 16, 30, 40, 50 and
75 �m, respectively. The thickness of the GDC electrolyte films
for the anode-supported single cells fabricated by the spray dry

co-pressing process is 1, 2, 3, 4 and 30 �m, respectively.

In addition, it can also be seen from Fig. 1 that all the GDC
electrolyte films prepared by the dry co-pressing process and
spray dry co-pressing process are dense except for some isolated
pores and well adhered to the porous Ni-GDC anodes, and have
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Fig. 1. Cross-sectional SEM micrographs of the anode-supported single cel

niform thickness with the standard deviation of less than 3.7 �m
or the GDC electrolyte films prepared by the dry co-pressing pro-
ess and 0.3 �m for the GDC electrolyte films prepared by the
pray dry co-pressing process. There are no cracks and delami-
ation observed at the interface between the electrolyte and the
lectrodes, which indicates that the GDC electrolyte films prepared
y the dry co-pressing process and spray dry co-pressing process
ave high mechanical stability.

.2. I–V characteristics and effect of electrolyte thickness

The current–voltage and current–power density characteristics
f the anode-supported single cells with the GDC electrolyte films
f different thickness prepared by the dry co-pressing process and
pray dry co-pressing process are shown in Fig. 2. It can be seen that
he cell voltage decreases linearly with an increase in the current
ensity for the electrolyte thickness of less than 16 �m. This result

ndicates that the ohmic polarization is mainly responsible for the
eduction of cell voltage. For the electrolyte thickness of 75 �m,
on-linear relationship between cell voltage and current density
an be observed as in Fig. 2d at the lower current density regime,
hich may be attributable to the activation polarization contribut-

ng to the reduction of cell voltage at lower current density levels.
he effect of the operating temperature on the OCV is summarized

n Table 1. The OCV is seen to decrease with an increase in the oper-
ting temperature. The power density increases with increasing the
perating temperature and all single cells show typical electrical
erformance.

able 1
CVs at different temperatures of the anode-supported single cells with different
lectrolyte thickness.

Electrolyte thickness (�m) OCV (V)

500 ◦C 550 ◦C 600 ◦C

2 0.85 0.83 0.81
4 0.96 0.94 0.91

16 0.96 0.94 0.92
75 0.99 0.97 0.95
the GDC electrolyte films of (a) 1 �m, (b) 4 �m, (c) 16 �m and (d) 75 �m.

The different anode-supported single cells show different elec-
trical performance. Furthermore, it can be seen from Fig. 2 that
the electrical performance of the anode-supported SOFCs depends
strongly on the thickness of the GDC electrolyte films when keep-
ing other conditions identical. With the change of the thickness
of the GDC electrolyte films, the electrical performance of anode-
supported single cells also changes, and the maximum power
density at 600 ◦C of the anode-supported single cells as a function
of thickness of the GDC electrolyte films is shown in Fig. 3a.

In the anode-supported single cells fabricated by the dry co-
pressing process, the anode-supported single cell with 16 �m GDC
electrolyte film demonstrates the highest electrical performance,
as shown in Fig. 2c. The maximum power densities are 174, 363
and 644 mW cm−2 at 500, 550 and 600 ◦C, respectively. These
power densities are higher than those for anode-supported single
cells with ceria-based electrolyte films of 10–30 �m in thickness
reported in the previous literatures [11–13]. This indicates that
the anode-supported single cells in this study have good electrical
performance. With increasing the thickness of the GDC electrolyte
films from 16 to 75 �m, the maximum power density at 600 ◦C
decreases from 644 to 165 mW cm−2.

In the anode-supported single cells fabricated by the spray dry
co-pressing process, the anode-supported single cell with 4 �m
GDC electrolyte film shows the highest electrical performance, as
shown in Fig. 2b. The maximum power densities are 325, 548 and
771 mW cm−2 at 500, 550 and 600 ◦C, respectively. The maximum
power densities of the anode-supported single cell with 4 �m GDC
electrolyte film are higher than that of the anode-supported sin-
gle cells with 16 �m GDC electrolyte film prepared in this study
and with 20–40 �m GDC electrolyte film reported in the literatures
[18,19]. This shows that better electrical performance is obtained
by reducing the thickness of the GDC electrolyte film. However,
with decreasing the thickness of the GDC electrolyte films from 4
to 1 �m, the maximum power density at 600 ◦C decreases from 771
to 94 mW cm−2.
In addition, the electrical performance of the anode-supported
single cell with the GDC electrolyte film of 30 �m prepared by the
spray dry co-pressing process is similar to the electrical perfor-
mance of the anode-supported single cell with the GDC electrolyte
film of 30 �m prepared by the dry co-pressing process. This result
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Fig. 2. I–V and I–P characteristics of the anode-supported single cells w

ndicates that the anode-supported single cells with thicker GDC

lectrolyte film of larger than 30 �m prepared by the spray dry co-
ressing process may have the same electrical performance with
he anode-supported single cells with thicker GDC electrolyte film
f larger than 30 �m prepared by the dry co-pressing process. Thus,

ig. 3. Power densities of the anode-supported single cells with the GDC electrolyte
lms of different thickness: (a) maximum power densities at 600 ◦C and (b) power
ensities at 0.7 V at 600 ◦C and maximum power densities at 500 ◦C.
e GDC electrolyte films of (a) 2 �m, (b) 4 �m, (c) 16 �m and (d) 75 �m.

the electrical performance of anode-supported single cells pre-
pared by the dry co-pressing process and spray dry co-pressing
process can be combined to evaluate the effect of thickness of the
GDC electrolyte films.

The maximum power density of the anode-supported single
cells increases with decreasing the thickness of the GDC electrolyte
films when the thickness of the GDC electrolyte films is larger
than approximately 5 �m, as shown in Fig. 3a. The increase of
the maximum power density is attributed to the decrease of the
electrolyte resistance with reducing the thickness of the GDC elec-
trolyte films because of all the anode-supported single cells having
the same anodes and cathodes. This result indicates that reduc-
ing the thickness of electrolyte layers can improve obviously the
electrical performance of anode-supported SOFCs.

However, the maximum power density of the anode-supported
single cells decreases with reducing the thickness of the GDC elec-
trolyte films when the thickness of the GDC electrolyte films is
less than approximately 5 �m, as shown in Fig. 3a. This indi-
cates that reducing the thickness of the GDC electrolyte films is
unnecessarily useful to improve the electrical performance of the
anode-supported single cells when the thickness of the GDC elec-
trolyte films is less than approximately 5 �m. The decrease of
the maximum power density may be due to the increase of elec-
tronic conduction of the GDC electrolyte thin films, whose effect
on electrical performance is larger than the effect of the decrease
of electrolyte resistance. Thus, a peak maximum power density is
obtained at the GDC electrolyte thickness of approximately 5 �m
with reducing the thickness of the GDC electrolyte films.

The maximum power densities at 500 and 550 ◦C of the anode-
supported single cells also show similar trend with the decrease in
the thickness of the GDC electrolyte films, as shown in Fig. 3b. The
peak maximum power densities are obtained at the GDC electrolyte
thickness of approximately 5 �m, which means that the position
of peak maximum power density is unaffected by the change of

operating temperature. In addition, with reducing the thickness of
the GDC electrolyte films, the change of power density at a certain
cell voltage (e.g. 0.6 or 0.7 V) and operating temperature is similar
with the change of the maximum power density, as shown in Fig. 3b.
All the peak power densities are obtained at the GDC electrolyte
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The calculated electron fluxes through the GDC electrolytes
with different thickness are shown in Fig. 5. It can be seen that
the electron flux increases with the decrease in the thickness of
the GDC electrolyte film. When the thickness of the GDC elec-
trolyte films is larger than approximately 10 �m, the electron fluxes
ig. 4. OCVs at 600 ◦C of the anode-supported single cells with the GDC electrolyte
lms of different thickness.

hickness of approximately 5 �m, which means that the position of
eak power density is unaffected by the change of cell voltage.

In addition, the grain size of GDC electrolyte affects the elec-
ronic and ionic conductivities of GDC electrolyte. It has been
eported that the electronic and ionic conductivities of GDC
ncrease quickly with the decrease in the grain size when the grain
ize of GDC is less than 35 nm [27,28]. This means that the effect of
rain size on electronic and ionic conductivities may be very small
hen the grain size is larger than 100 nm. In this study, the grain

ize of GDC electrolyte films is in the range of 0.3–1.5 �m, and is
naffected by the thickness of GDC electrolyte films. Therefore, the
ffect of grain size of GDC electrolyte films on the electrical per-
ormance is expected to be negligibly small, and the position of
eak power density may be unaffected by the grain size of GDC
lectrolyte films.

.3. Effect of thickness of GDC electrolyte films on OCV

With the change of the thickness of the GDC electrolyte films,
he OCVs of the anode-supported single cells also change obviously,
nd the relation of OCV at 600 ◦C and GDC electrolyte thickness is
hown in Fig. 4. It can be seen that the OCV decreases with reduc-
ng the thickness of the GDC electrolyte films. Especially, when the
hickness of the GDC electrolyte films is less than approximately
�m, the OCV decreases quickly with the decrease in the thickness
f the GDC electrolyte films. This means that the OCV of the anode-
upported single cells is strongly dependent on the thickness of the
DC electrolyte films at fixed operating conditions.

In general, the OCV of a SOFC is related to the density of elec-
rolyte as well as the operating conditions. At fixed operating
onditions, the OCV only depends on the density of electrolyte.
he presence of connecting pores and cracks in the electrolyte may
esult in an OCV value lower than the theoretical value due to the
as leak. In this study, all the GDC electrolyte films are gas-tight,
hich have been approved by helium gas permeability tests, and

he operating conditions of all the anode-supported single cells are
he same. Thus, all the anode-supported single cells with the GDC
lectrolyte films of different thickness should have the same OCV.
owever, the OCV decreases with reducing the thickness of the GDC
lectrolyte films. This indicates that other factor affects the OCV of
he anode-supported single cell with thin GDC electrolyte film. It is

ell known that ceria-based electrolytes are mixed ionic-electronic

onductors [29], and the partial reduction of ceria from Ce4+ to Ce3+

nder reducing conditions gives rise to electronic conduction. The
lectronic conduction of ceria-based electrolyte results in internal
hort circuit of SOFC, which lowers OCV of SOFC. With the increase
rces 195 (2010) 5487–5492 5491

of the electronic conduction of ceria-based electrolyte, the OCV of
SOFC may be lowered further.

In order to investigate the electronic conduction of GDC elec-
trolyte films, theoretical calculation is made to examine the
relationship between GDC electrolyte thickness and electronic con-
duction. For an ideal electrolyte, there is only ionic conduction
and no electronic conduction. In reality, however, any electrolyte
materials have both electronic and ionic conductivities even if one
of them is negligibly small. If the electronic conduction is non-
negligible in the electrolyte, the anode and cathode are partly
short-circuited by the electron flux through the electrolyte itself.

In a steady state, both ionic and electronic currents are con-
tinuous through the electrolyte. Thus, the external current density
extracted from electrodes to outer circuit must be the sum of ionic
and electronic current densities in the electrolyte. In the open cir-
cuit condition, external current density is equal to zero, and the
ion flux and electron flux are balanced everywhere inside the elec-
trolyte. The expression [30] shown below can be used to calculate
the electron flux (Je) through the GDC electrolyte in the open circuit
condition and the theoretical OCV (OCVth):

Je = − RT

4FL

∫ P2
O2

P1
O2

�O2− �e

�O2− + �e
d ln PO2 (1)

OCVth = RT

4F

∫ P2
O2

P1
O2

�O2−

�O2− + �e
d ln PO2 (2)

where R is the gas constant, T the absolute temperature, F the Fara-
day constant, L the electrolyte thickness, �O2− the ionic conductivity
of the electrolyte, �e the electronic conductivity of the electrolyte,
P1

O2
the oxygen partial pressure at the anode, and P2

O2
the oxygen

partial pressure at the cathode. Thus, by changing electrolyte thick-
ness, the relation of electron flux and GDC electrolyte thickness can
be obtained. The calculation of the electron flux at 600 ◦C is based on
the oxygen partial pressures of 1.00 and 1.24 × 10−27 atm, the ionic
conductivity of 2.53 × 10−2 S cm−1 and the electronic conductiv-
ity of 5.48 × 10−8 P−1/4

O2
[5,31]. Here, the 5.48 × 10−8 is a calculated

value based on the linearly proportional relationship between tem-
perature and logarithm of electronic conductivity.
Fig. 5. Calculated electron fluxes through the GDC electrolyte films of different
thickness at 600 ◦C.



5492 C. Ding et al. / Journal of Power Sou

F
t

t
e
e
t
t
G
i
e
m
T
t

l
f
T
s
t
l
G
i
G
t
i
l
l
t
t
G
t
t
t

4

1
a

[

[
[
[
[

[
[

[

[

[

[
[
[

[
[

[
[
[
[28] T. Suzuki, I. Kosacki, H.U. Anderson, Solid State Ionics 151 (2002) 111–121.
ig. 6. OCV loss at 600 ◦C of the anode-supported single cells with the GDC elec-
rolyte films of different thickness.

hrough the GDC electrolytes change slightly with reducing the GDC
lectrolyte thickness, that is, the electron fluxes through the GDC
lectrolytes can be considered as fixed value. But the electron flux
hrough the GDC electrolyte film increases quickly with reducing
he thickness of the GDC electrolyte films when the thickness of the
DC electrolyte films is less than approximately 5 �m. The inflex-

on of change of the calculated electron fluxes through the GDC
lectrolyte films is in good agreement with that of change of the
easured power densities and OCVs of anode-supported SOFCs.

he increasing electron flux through the GDC electrolyte may lower
he OCV and power density of anode-supported SOFC.

According to Eq. (2), the OCVth can be calculated. The calcu-
ated OCVth at 600 ◦C is 0.975 V. Thus, the OCV loss can be obtained
rom the difference between calculated OCVth and measured OCV.
he relation of OCV loss and thickness of GDC electrolyte films is
hown in Fig. 6. It can be seen that the OCV loss increases with
he decrease in the thickness of GDC electrolyte films. In particu-
ar, the OCV loss increases quickly with reducing the thickness of
DC electrolyte films when the thickness of GDC electrolyte films

s less than approximately 5 �m. With reducing the thickness of
DC electrolyte films, the change trend of OCV loss is similar to

he change trend of electron flux through GDC electrolyte. This
ndicates that the increased electron flux through GDC electrolyte
owers the OCV of anode-supported SOFC and results in high OCV
oss. This is the reason why the OCV and maximum power density of
he anode-supported SOFC decrease with reducing the thickness of
he GDC electrolyte thin film. Therefore, when the thickness of the
DC electrolyte films is less than approximately 5 �m, reducing the

hickness of the GDC electrolyte films is unbeneficial for improving
he electrical performance of anode-supported single cells due to
he high electronic conduction of GDC electrolytes.
. Conclusions

Anode-supported SOFCs with dense GDC electrolyte films of
–75 �m were successfully fabricated by dry co-pressing process
nd spray dry co-pressing process. The effect of thickness of the GDC

[

[
[

rces 195 (2010) 5487–5492

electrolyte films on electrical performance of the anode-supported
SOFCs was investigated systemically. Results showed that reduc-
ing the thickness of the GDC electrolyte films could improve the
electrical performance of the anode-supported SOFCs. The anode-
supported single cell with approximately 5 �m GDC electrolyte
film demonstrated the highest electrical performance. When the
thickness of the GDC electrolyte films is less than approximately
5 �m, the electron flux through the GDC electrolyte film increases
quickly with the decrease in the thickness of the GDC electrolyte
film, and thus further reduction in the thickness of the GDC elec-
trolyte film is unsuitable for improving the electrical performance
of the anode-supported SOFC.
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