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a  b  s  t  r  a  c  t

The  effects  of  the microstructural  factors  of  electrodes,  such  as the  porosity  and  pore  size of  anode  sup-
ports and  the  thickness  of  cathodes,  on  the  performance  of  an  anode-supported  thin  film  solid  oxide  fuel
cell (TF-SOFC)  are  investigated.  The  performance  of  the  TF-SOFC  with  a 1 �m-thick  yttria-stabilized  zirco-
nia (YSZ)  electrolyte  is  significantly  improved  by  employing  anode  supports  with  increased  porosity  and
pore size.  The  maximum  power  density  of  the  TF-SOFCs  increases  from  370  mW  cm−2 to 624  mW  cm−2

−2 ◦
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hin film electrolyte solid oxide fuel cell
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athode thickness

and  then  to over  900  mW  cm at 600 C with  increasing  gas  transport  at the  anode  support.  Thicker  cath-
odes  also  improve  cell  performance  by  increasing  the  active  reaction  sites.  The  maximum  power  density
of  the  cell  increases  from  624  mW  cm−2 to over  830  mW  cm−2 at  600 ◦C  by changing  the  thickness  of  the
lanthanum  strontium  cobaltite  (LSC)  cathode  from  1 to  2–3  �m.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Micro-solid oxide fuel cells (micro-SOFCs) have drawn much
ttention for their application as high performance portable and
obile power sources due to their advantages such as high energy

ensity and fuel flexibility [1–5]. To realize miniaturized SOFC
ystems for portable applications, lowering the operating temper-
ture without performance compromise should be accomplished
or the thermal management, as well as for the reliability, of the
ntegrated system by preventing chemical reaction between con-
tituent material components [1–4]. One of the most attempted
ethods to lower the operating temperature of micro-SOFCs is

mploying thin film electrolytes. Thin electrolytes less than 1 �m
ere mostly realized in backside etched free-standing membrane
esigns [3–5]. However, due to the significant weakness in terms of
hermal–mechanical stability of the thin membrane [6],  it is desir-
ble to fabricate a supported thin film electrolyte SOFC rather than a

ree-standing membrane SOFC. Nevertheless, it is highly challeng-
ng to obtain an appreciable OCV with a thin film electrolyte of a
hickness less than a few microns over bulk ceramic processed sub-

∗ Corresponding author. Tel.: +82 2 958 5530; fax: +82 2 958 5529.
E-mail address: jwson@kist.re.kr (J.-W. Son).

378-7753/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.09.038
strates because of the surface roughness and porosity of the support
[7–9].

In a previous study [1],  a very uniform nano-structure anode
interlayer with fine pores with sizes less than 200 nm was fabri-
cated by using pulsed laser deposition (PLD). This layer worked as
a surface modification layer of a tape-casted anode support [10]. On
the basis of the nano-structure interlayer, an anode-supported thin
film electrolyte SOFC (denoted as TF-SOFC hereafter) with a 1 �m-
thick yttria-stabilized zirconia (YSZ) electrolyte was fabricated and
it exhibited an open circuit voltage (OCV) value of over 1 V. The cell
with a thin film electrolyte and nano-structure electrodes exhibited
higher cell performances especially at low operating temperatures
(350–550 ◦C) compared with those of thick film electrolyte SOFCs
[1].

Despite the performance improvement with the thin elec-
trolyte, the degree of performance increment was  rather lower than
expected. The TF-SOFC exhibited a lower power density than that of
the bulk-processed 8 �m-thick film electrolyte SOFC at 600 ◦C [1].
There are two factors postulated to induce the performance com-
promise of the TF-SOFC. The first factor is the gas transport at the

anode support. In Fig. 1(a), the AC impedance spectrum of the TF-
SOFC at 600 ◦C is provided, and it is observable that the arc which
appears at a low frequency range (f ≤ 1 Hz) is pronounced [1].  The
low frequency arc is known to be related to the mass transport

dx.doi.org/10.1016/j.jpowsour.2010.09.038
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jwson@kist.re.kr
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Fig. 1. (a) Impedance spectrum of TF-SOFC on tape-casted anode [1], and

11]. When the partial pressure of the fuel at the anode side was
aried, the low frequency arc changed with respect to the fuel par-
ial pressure (Fig. 1(b)), which supports that the arc corresponds to
he mass transport of the anode [12]. The effect of the concentra-
ion polarization at the anode is more significant than that in the
athode of the anode-supported cell due to the anode thickness,
nd the fuel partial pressure change strongly affects the concen-
ration polarization [12,13].  In the I–V curves of the TF-SOFC, the
oncentration polarization was very significant at 550 and 600 ◦C
1], which is consistent with the observation in the impedance spec-
rum. Recently, it was reported that the microstructural difference
f the anode can cause a significant performance change [12]. Thus,
t is possible that the influence of the anode support microstructure
n cell performance is not negligible at the low temperature regime.

herefore, the anode microstructure related to the mass transport,
uch as porosity and pore size, should be improved for fully taking
dvantage of the thin electrolyte in the anode-supported TF-SOFC.

Fig. 2. Cross-sectional SEM-micrographs of TF-SOFCs
pedance spectra of the same cell with the fuel partial pressure change.

The second factor is the limited active reaction sites of the cath-
ode. Thinning down the electrodes would decrease the triple phase
boundary (TPB) length, which would lead to performance reduction
[14]. Therefore, using the thin film technology for fabricating the
electrode is not as advantageous as in the electrolyte fabrication.
The TF-SOFC reported [1] had a 1 �m-thick lanthanum strontium
cobaltite (LSC) cathode, which might be insufficient for a satisfac-
tory cell performance.

Therefore, in this report, we  investigated the cell performance
improvement of the TF-SOFC cell by changing the parameters such
as the pore structure of the anode support and the thickness of the
cathode. The tape-casted anode support properties were modified
by changing the amount of the plasticizer. In addition, a com-
parison with a TF-SOFC formed on an anode support, fabricated

by compaction molding with a screen printed anode functional
layer (denoted as a C-SP anode support), which was proven to
be the effective anode in the cells fabricated by powder process-

 on (a) T1, (b) T2, and (c) C-SP anode supports.
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ng [15–17],  was performed. The cathode thickness was varied
y simply doubling or tripling the deposition duration. The I–V
haracteristics, impedance spectra (IS), and physical properties are
orrelated to elucidate the origin of the performance changes.

. Experimental

.1. Fabrication of TF-SOFC on various anode support types

The first generation tape-casted anode which was  used in the
revious report [1] (denoted as T1) was fabricated as follows: 112 g
iO and 88 g YSZ (NiO:8YSZ = 56:44 wt%, final Ni vol% in the solid
ontent after reduction is 40 vol%) powders were dispersed in a
8 g ethanol and toluene mixture solvent to make the tape slurry.
.6 g of a polymeric surfactant (Hypermer KD-1, Uniquema) and
6 g of polyvinylbutyral79 (PVB79) were added as a dispersant and

 binder, respectively. 16 g of dibutylphthalate (DBP) was added as
he plasticizer. Tapes with a thickness approximately 300 �m were
abricated by tape casting and three layers of tapes were laminated
t 75 ◦C under a uniaxial pressure of 12.25 MPa. The sintering of T1
as performed at 1300 ◦C for 4 h in air.

The second generation tape anode (denoted as T2) was fabri-
ated based on the same composition, except for the amount of
BP. DBP was increased from 16 g to 20 g to reduce the lamination
efect and to improve the particle arrangement and packing during
he lamination. Sintering and lamination conditions were identical
ith T1.

The C-SP anode support was fabricated as the following:
iO–YSZ (NiO:8YSZ = 56:44 wt%, final Ni vol% in the solid con-

ent after reduction is 40 vol%) composite powder granules were
ni-axially warm pressed to form a green substrate body and an
iO–YSZ functional layer was screen printed over it [15–17].  The

i-layer anode support was sintered at 1400 ◦C for 3 h in air.

A 4 �m thick NiO–8YSZ nano-structure interlayer, a 1 �m-
hick 8YSZ electrolyte, a 200 nm-thick gadolinia doped ceria
Gd0.1Ce0.9O1.95, 10GDC) buffer layer, and a 1 �m-thick LSC

Fig. 3. (a) I–V curves and (b) ISs of TF-SOFCs on T1, T2, and C-SP anode supports.

Fig. 4. Surface morphologies of (a) T1, (b) T2, and (c) C-SP anode supports.
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La0.6Sr0.4CoO3−�) cathode were fabricated using PLD on three dif-
erent types of anode supports. A detailed fabrication scheme for
he thin film components on the anode supports was reported else-
here [1].

.2. Fabrication of TF-SOFC with various cathode thicknesses

The T2 support was used for this series. 4 �m-thick NiO–YSZ
ano-structure interlayer, 1 �m-thick YSZ electrolyte, and 200 nm-
hick GDC buffer were fabricated over the T2 support. The LSC
hickness was varied as 1, 2, and 3 �m.  Cathode layers thicker than

 �m had a delamination issue so the tested cathode thickness was
ontrolled to be 1–3 �m.

.3. Characterization of TF-SOFCs

The porosity and pore size distribution of the anode sup-
orts were analyzed by a mercury porosimeter (AutoPore IV 9510,
icromeritics). Microstructures were observed by using a scan-

ing electron microscopy (SEM, XL-30 FEG, FEI). Electrochemical
roperties of the TF-SOFCs were measured by using a Solartron

mpedance analyzer with an electrochemical interface (SI1260 and
I1287, Solartron). The data measured at 600 ◦C are compared in
his study to exclude the effect of the sealing consistency issue at
ower temperatures [1].

Air and 97% H2–3% H2O were supplied as the oxidant and the
uel, respectively, and the gas flows were 200 sccm at both anode
nd cathode sides when I–V curves were measured.

. Results and discussion

.1. Cell performances of TF-SOFC on various anode supports

In Fig. 2, the cross-sectional microstructures of TF-SOFCs fabri-
ated on T1, T2, and C-SP anodes are shown. The dimensions of each
hin film component (interlayer, electrolyte, buffer, and cathode)
re comparable in three cells. Due to the original surface rough-
ess of the support, the undulation of the thin film components in
he TF-SOFC on C-SP shown in Fig. 2(c) is more pronounced than
hat of the TF-SOFC on tape anodes shown in Fig. 2(a) and (b). Other
han that, it is observed that the cells exhibit similar cross-sectional

icrostructures.
In Fig. 3(a), the I–V curves and power densities of the TF-SOFCs

n T1, T2, and C-SP anodes measured at 600 ◦C are compared.
or several repetitive measurements, all three cell types exhib-
ted OCV values ranging from 1.0 to 1.1 V, which indicates that
he thin electrolyte sustained microstructural integrity. However,
he I–V characteristics are significantly different for the three cells.
he TF-SOFC on T1 exhibited a substantial concentration polariza-
ion, thus the peak power density did not exceed ∼400 mW cm−2

370 mW cm−2). The TF-SOFC on T2 showed a much reduced
oncentration polarization and the peak power density reached
624 mW cm−2. In the TF-SOFC on C-SP, concentration polariza-

ion was not observed and the peak power density reached over
00 mW cm−2.

In Fig. 3(b), the IS of the three cells are presented. All cells
ad similar ohmic area specific resistance (ASR) of ∼0.1 � cm2, but
he polarization ASRs were quite different. First, upon the change
rom T1 to T2, it is noticeable that the low frequency arc (fre-
uency ∼ 1 Hz) was reduced significantly. Second, upon the change
rom tape anodes (T1 and T2) to C-SP, the shape of the impedance
pectra changed drastically. The low frequency arc of the TF-SOFC

n C-SP was remarkably smaller than those of the TF-SOFC on
ape anodes. As mentioned previously, the low frequency arc is
ffected by the gas diffusion of the electrode, especially the anode
n anode-supported cells [12,13]. Both the I–V and IS indicate that
Pore  dia meter /  nm

Fig. 5. Pore size distribution of T1, T2, and C-SP anode support after reduction.

the concentration polarization at the fuel side was improved from
T1 to T2, and tape anodes to the C-SP anode.

Since the film components produced by thin film processing
(PLD in this case) are very reproducible, the possible cause of the
cell performance difference can be correlated to the microstruc-
tures of each anode support. In Fig. 4, the surface morphology of
T1, T2, and C-SP anode supports are displayed. Tape anodes had
a homogeneous fine porous structure throughout the whole thick-
ness and the average grain size of tape anodes was ∼0.53 ± 0.19 �m.
The C-SP anode support consisted of the coarse porous support
(∼1 mm  thick, average grain size ∼0.96 ± 0.24 �m)  fabricated by
warm pressing and the fine porous structure anode functional layer
(∼15 �m thick, average grain size ∼0.88 ± 0.16 �m) fabricated by
screen printing. The grain size difference between the tape anode
and the C-SP anode is postulated to be a reason of the improved
gas transport in the C-SP anode. However, the difference between
the T1 and T2 anodes could not be discerned by the images of the
microstructures.

Therefore, for in-depth analysis of the pore structure of the
anodes, mercury porosimetry was employed. In Fig. 5, the pore
size distribution of T1, T2, and C-SP anodes after reduction are
compared. The y-axis is mercury volume intruded per the sample
mass, which corresponds to the pore volume of the samples. It is
shown that T2 had a larger pore diameter and total pore volume
than T1. The average pore size of T1 was 127.4 nm and that of T2
was 195 nm.  Also, the porosity of T2 (∼23%) was about 4% higher
than that of T1 (∼18.7%). The C-SP anode contained substantially
larger pores and high porosity (average pore size ∼ 542 nm,  poros-
ity ∼ 34%) than tape-casted anodes. The difference between T1 and
T2 explains the concentration polarization difference between the
TF-SOFCs on those anode supports. The characteristic of the C-SP
anodes provides a possible reason why  there is almost no concen-
tration polarization in the TF-SOFC on the C-SP support. The result
provides pore-related physical properties of the anode types that
can be correlated to the electrochemical performance differences.
In addition, it indicates that the limitation of the gas transport from
the porous support should be optimized to fully utilize the potential
of the thin film electrolyte in the supported TF-SOFC design.

3.2. Cell performances of TF-SOFC with various cathode
thicknesses
For investigating the effect of the cathode thickness, TF-SOFCs
on the T2 support were selected for comparison. Although the
TF-SOFC on the C-SP anode showed the best performance in the
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revious section, the tape anode yielded a more consistent cathode
icrostructure due to less surface undulation. Thus, it was thought

o be more appropriate to use the tape-casted anode for the exper-
ments on the cathode. TF-SOFC cell with 1, 2, and 3 �m thick LSC
athode layers are denoted as 1LSC, 2LSC, and 3LSC, respectively.
n Fig. 6(a) and (b), the cross-sectional microstructures of 2LSC and
LSC are shown. The microstructure of 1LSC is shown in Fig. 2(b).

he intended thickness difference of LSC cathodes was obtained and
ther thin film components were almost identical in dimension.

In Fig. 7(a), the I–V curves and power densities of 1LSC, 2LSC, and
LSC are compared. In the I–V curves, the slopes of the I–V curves at

Fig. 7. (a) I–V curves and (b) ISs of 1LSC, 2LSC, and 3LSC cells.
of (a) 2LSC, and (b) 3LSC cells.

the linear regime of 2LSC and 3LSC were smaller than that of 1LSC,
i.e., the cell ASRs of 2LSC and 3LSC were decreased compared with
that of 1LSC. 2LSC and 3LSC showed similar cell performances in
which the peak power density was  ∼830 mW cm−2. That of 1LSC
was 624 mW cm−2, as mentioned in the previous section.

In Fig. 7(b), the ISs at OCV of each cell are compared. All three
cells again exhibited similar ohmic ASRs, about 0.1 � cm2. There
were differences in the exact size of the low frequency arcs, but the
most noticeable difference was  between 1LSC and others was the
size of the arc appearing at a frequency higher than 10 Hz. When
the concentration of the air side was  varied, the size of the arc
at f ≥ 10 Hz was  affected. Thus, it seems that the arc is indicative
of the cathodic reaction, and it appears that the TF-SOFCs with
thicker cathodes exhibit less polarization related to the cathode.
Since LSC is a mixed ionic–electronic conductor (MIEC), the TPB
zone is broadened to the entire surface of the cathode [14]. As
the cathode thickens, the surface of the cathode increases and so
does the number of the active reaction sites. Therefore, this leads
to performance improvement of the TF-SOFC cells.

It cannot be definitely concluded that the effect of the thicker
cathode saturates after 2 �m because it is possible that there is
an additional effect from the gas transport of the anode support,
especially seeing the size of the low frequency arc. However, in
the given I–V curves, a similar trend in terms of the concentration
polarization of three cells was  observed, which implies that the
effect of the gas transport was similar for three cells. Therefore,
we postulate that 2–3 �m thick LSC can provide much less limited
cell performance by the cathode thickness compared to 1 �m-thick
LSC.

4. Conclusions

Microstructural parameters of electrodes affecting the cell per-
formance of the anode-supported TF-SOFCs have been investigated.
The limited performance of the TF-SOFC reported previously [1]
appears to be mainly caused by the poor gas transport at the anode
support. By changing the process for the support for improving
the gas transport by changing the pore size and distribution, the
cell performance of TF-SOFCs increased substantially. Cell perfor-
mances were improved by 1.7–2.4 times from that of the TF-SOFC
on the anode support with limited gas transport. This result shows
that the limitation of the gas transport from the porous support
should be optimized to fully utilize the potential of the thin film
electrolyte in the supported TF-SOFC design.

The effect of the number of reaction sites at the thin film cathode
was also studied. By increasing the thin film cathode thickness from

1 �m to 2–3 �m,  the polarization from the cathodic reaction and
cell ARS decreased significantly. By increasing the thickness of the
cathode, cell performance improved by approximately 1.33 times.
Based on these results, we expect to obtain high performance TF-
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OFCs, fully taking advantage of the thin electrolyte by controlling
he pore structure of the anode supports and the thickness of the
athode.
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