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Abstract

Intermediate-temperature solid oxide fuel cells (SOFCs) based on gadolinia-doped ceria (GDC) electrolyte were successfully

fabricated. The cells were composed of Ni–GDC anode substrate, Ni–GDC anode functional layer, GDC electrolyte, (La0.8Sr0.2)CoO3

(LSC)–GDC cathode functional layer, and LSC cathode current collector. Anode substrates were fabricated by die compaction of

granules prepared by spray drying process, and poly(methyl methacrylate) (PMMA) was employed as a pore former for rapid transport

of reactant and product gases across the thick anode. The shape and the distribution of pores in the anode substrate were significantly

affected by the properties of suspension in spray drying process, and a uniform and interconnected pore structure was obtained by

increasing solids loading due to reduced phase separation. High solids loading also improved thermal compatibility between the anode

and the electrolyte in a co-firing process, resulting in reduced micro-defects in the electrolyte. Substantial reduction of anode

concentration polarization as well as increased open circuit voltage was measured in cell test, and the maximum power density of

550 mW cm�2 was obtained with humidified H2 as fuel and air as oxidant at 650 1C.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Gadolinia-doped ceria (GDC) has received increasing
attention as an electrolyte material for intermediate-
temperature solid oxide fuel cells (SOFCs) due to its high
ionic conductivity, good chemical compatibility with
cobalt-containing cathode materials, and close thermal
expansion match with Ni-cermet anode and ferritic stain-
less steel interconnect [1]. In addition, Ni/GDC anode is
known to possess superior catalytic activity toward fuel
oxidation as well as improved carbon- and sulfur-tolerance
compared to the conventional Ni/yttria-stabilized zirconia
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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(YSZ) anode [2]. Therefore, anode-supported GDC-based
cell could be a promising proposition for high performance
intermediate-temperature SOFCs. In such cell configura-
tions, the relatively thick anode substrate could contribute
significantly to the performance loss due to concentration
polarization caused by sluggish gas diffusion of reactants
into and/or products out of the anode [3]. Since the pores
produced by removal of oxygen from NiO during reduction
are not sufficient to allow rapid gas transport, a pore
former, which renders a porous structure after adequate
thermal treatment, is necessary to generate additional
porosity in the substrate. There are a number of pore
former materials available for fabrication of the SOFC
anode substrate, including graphite [4,5], carbon black [6,7],
starch [5,8], polyamide [5] and poly(methyl methacrylate)
(PMMA) [9–11]. It is known that the morphology of pores
is closely related to the shape and size of the pore former
[12], and PMMA microspheres could be a promising option
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to obtain optimum microstructure based on its geometry
and purity [9,11]. However, PMMA often results in isolated
and closed pores which hardly contribute to the gas
transport [13,14]. Since the pore structure directly reflects
the fabrication process, it is important to adopt adequate
fabrication techniques and optimize the processing para-
meters to obtain interconnected pores for rapid gas trans-
port and minimal concentration polarization.

Die compaction from powder granules is one of the
simplest forms of consolidation process and offers numer-
ous advantages for preparation of SOFC anode substrate,
including high production rate, reproducibility, ease of
automation, and absence of drying requirement [15]. For
the compaction process, granulated feed materials with
uniform and repeatable properties can be economically
prepared using the spray drying technique, in which a fluid
material is transformed into dry powder by spraying the
feed into a hot drying medium [16]. Previously, we
reported spray drying and compaction processes for cost-
competitive fabrication of high performance YSZ-based
SOFCs [17,18]. In the present study, the GDC-based
anode-supported cells were successfully fabricated using
the similar processing techniques. The effect of the suspen-
sion properties in spray drying process on the microstruc-
tural characteristics of the Ni/GDC anode substrate was
investigated, and the process–microstructure–performance
relationships are discussed in detail using the electroche-
mical test data.

2. Experimental

To prepare the slurry for spray drying, 10 mol% GDC,
NiO, and PMMA were ball-milled for 24 h in ethanol with
the desired amounts of binder (polyvinyl butyral), plasti-
cizer (dibutyl phthalate), and polymeric surfactant (KD-6).
Volume ratio of GDC, NiO, and PMMA was
0.37:0.33:0.3, and slurries with different solids loadings of
15 vol% and 25 vol% were used for granulation. The
ceramic granules were obtained using a spray dryer
equipped with an air pressured spraying nozzle at an inlet
temperature of 120 1C, outlet temperature of 60 1C, and
atomizing pressure of 0.3 kg cm�2. Anode substrates
(2 cm� 2 cm) were fabricated by uni-axially pressing the
granules at 60 MPa. The anode functional layer slurry was
prepared by milling NiO and GDC with solvent (a-
terpineol), binder (EC-10), plasticizer (dibutyl phthalate),
and dispersant (KD-1) in a desired ratio, and screen
printed over the anode support. The electrolyte slurry
was prepared by milling GDC with the same solvent and
organic additives, and screen printed over the anode
functional layer. The anode support, anode functional
layer, and electrolyte were co-fired at 1430 1C. The anode
functional layer was dense after the co-firing process, and
became porous during operation due to loss of oxygen in
reduction of NiO to metallic Ni. For preparation of
cathode functional layer, La0.8Sr0.2CoO3 (LSC) and
GDC powders were mixed in a 1:1 weight ratio with the
same solvent and organic additives, and screen printed
over the electrolyte. The slurry for cathode current collec-
tor was prepared by milling GDC with the same solvent
and organic additives, and screen printed over the cathode
functional layer, followed by sintering at 950 1C in air. The
effective electrode area was 1 cm� 1 cm. The fabricated
cells were tested with humidified hydrogen (3% H2O) as
fuel and air as oxidant at 650 1C. Electrochemical mea-
surements were performed using a Solartron 1260/1287
potentiostat and a frequency response analyzer. After
testing, the cells were sectioned and impregnated with
epoxy in vacuum. After the epoxy was hardened, they were
polished down to 1 mm, and the cross-sections were
examined using scanning electron microscopy (SEM)
analysis (Philips FEI XL-30 FEG).
Sintering shrinkages of NiO/GDC compacts obtained

from the suspensions with 15 vol% and 25 vol% solids
loadings were measured using a dilatometer (Netzsch DIL
402C) up to 1450 1C in air with heating rate of 3 1C/min,
and compared with that of GDC.

3. Results and discussion

Fig. 1(a) shows the cross-sectional SEM image of the
fabricated cell. The cell is composed of �900 mm-thick
porous Ni–GDC anode support, �10 mm-thick porous
Ni–GDC anode functional layer, �10 mm-thick dense
GDC electrolyte, �10 mm-thick porous LSC–GDC cath-
ode functional layer, and �10 mm-thick porous LSC
cathode current collecting layer. The microstructures of
the anode supports fabricated by compaction of granules,
which were prepared by the spray drying process using
suspensions with 15 vol% and 25 vol% solids loadings, are
compared in Fig. 1(b) and (c), respectively. Through image
analysis, both samples were found to have similar volume
porosity (29–30%) because the compositions of the solids
including the volume fraction of pore former were identical
for both samples. However, pore structures are clearly
different for the two samples. It is clearly seen that the
anode substrate fabricated with low solids loadings
(15 vol%) contains large amount of elongated pores and
pore clusters (Fig. 1(b)), while high solids loadings in the
spray drying process (25 vol%) results in uniformly dis-
tributed pores, maintaining the spherical shape of indivi-
dual PMMA pore formers (Fig. 1(c)). In the image
analysis, the average pore size was measured to be
�7.4 mm for Fig. 1(b) and �5.7 mm for Fig. 1(c), and
the average aspect ratio of pores was �2.4 for Fig. 1(b)
and �1.3 for Fig. 1(c). In the spray drying process, the use
of slurry with high solids loading is desirable for both
economic and technical reasons. Economically, the capa-
city of the equipment is defined by the amount of solution
that can be evaporated per unit time, and the output of
granules increases with increasing the solids loading of
the slurry for the fixed equipment capacity [19]. From the
technical point of view, the granules obtained from the
dilute suspension tend to be irregular and heterogeneous
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Fig. 2. I–V curves and power densities of the cells fabricated from

15 vol% and 25 vol% solids loadings measured with humidified hydrogen

as fuel and air as oxidant at 650 1C.
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due to phase separation, resulting in poor packing and
non-uniform microstructure of the final products [20].
Fig. 1(b) and (c) indicates that the properties of the
suspension for spray drying process directly affect the
morphology of the sintered anode substrate, and solids
loading is a very important factor determining the size,
shape and distribution of the pores. Uni-axial pressing
often results in pore clusters aligned perpendicular to the
compaction axis [21] as shown in Fig. 1(b), which could
particularly be detrimental to gas transport because pores
perpendicular to the gas flow lead to pressure drop and
increase of pore tortuosity [21]. Fig. 1(c) shows that
formation of such elongated pores and pore clusters can
be suppressed in the compaction process by increasing the
solids loading of the suspension and reducing the degree of
phase separation in spray drying process.
The fabricated cells were electrochemically tested, and

Fig. 2 shows the current density–voltage (I–V) character-
istics and the corresponding power densities. The cells
fabricated using the anode suspensions with 15 vol% and
25 vol% solids loadings will be denoted as cell-1 and cell-2,
respectively. The maximum power densities were �300
mW cm�2 for cell-1 and �550 mW cm�2 for cell-2 at
650 1C. Performance and OCV of cell-2 were comparable
to or slightly higher than the state-of-the-art cells with
similar structure [2,22]. The I–V curve of cell-1 shows a
convex-up curvature (d2V/dI2o0) at high current density
above 1 A cm�2, while cell-2 exhibits linear I–V relation-
ship up to 2 A cm�2. Because a convex-up curvature at
high current density typically indicates concentration
polarization [3], performance of cell-1 is considered to be
limited by the gas diffusion of the reactant and/or product
gases in the anode substrate at high current while gas
transport across the anode substrate of cell-2 is sufficiently
rapid to sustain such high current density. Open circuit
voltages (OCVs) were 0.65 V for cell-1 and 0.74 V for cell-2
at 650 1C with humidified H2 (3% H2O) as fuel and air as
oxidant. Reduction of the OCV from the theoretical
Nernst potential is explained by the leakage electronic
current through the electrolyte due to the mixed conducting
nature of GDC in typical SOFC operating conditions [23].
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The OCV of the cell-1 was lower than that of cell-2 by
�90 mV. The difference in OCVs might be due to the
different GDC electrolyte thicknesses because the thickness
of ceria electrolyte determines the magnitude of the leakage
current, leading to low OCV with reduced electrolyte
thickness [24]. However, SEM investigation in Fig. 3
revealed that the electrolyte thicknesses of the two cells
were similar at 8–10 mm. In addition, macro-defects such as
through-cracks were not observed in Fig. 3. In the literature,
there is an inconsistency in OCV values for ceria-based
electrolytes with similar thicknesses [25,26], which could
possibly be explained by the variation in properties of the
electrolyte film such as porosity, homogeneity, defects, etc.
In general, GDC electrolyte is more sensitive to the
microstructural heterogeneity than YSZ electrolyte because
GDC exhibits inferior densification behavior and mechan-
ical properties compared to YSZ [27]. In the co-firing
process used in this study, the quality of the GDC electro-
lyte is significantly influenced by the thermal properties of
NiO–GDC substrate because the film stress of the electro-
lyte is dependent upon the sintering shrinkage of the thick
Fig. 3. SEM images of the GDC electrolyte fabricated using suspension

with (b) 15 vol%, and (c) 25 vol% solids loadings after reduction.
substrate [28]. Fig. 4 compares the linear sintering shrinkage
of the GDC electrolyte with those of the anode substrates
used for cell-1 (15 vol% solids loading) and cell-2 (25 vol.%
solids loading). When PMMA is used as the pore former, it
is important to suppress formation of processing defects in
the electrolyte caused by thermal expansion of PMMA at
the initial stage of thermal process [29]. The inset in Fig. 4
shows that the linear expansion of the green anode substrate
is significantly smaller for cell-2 than for cell-1 up to
�250 1C, PMMA removal temperature. Therefore, it is
suggested that formation of large PMMA clusters due to
low solids loading results in significantly larger expansion of
the anode substrate than that of the electrolyte, leading to
tensile stress in the thin electrolyte layer in green state,
which can eventually cause processing defects. Contrarily,
defect formation in the electrolyte caused by expansion of
PMMA at the initial stage of the thermal processing could
be effectively prevented through uniform distribution of
PMMA using suspension with high solids loading because
thermal expansion of the anode substrate of cell-2 matches
very well with that of GDC electrolyte below 250 1C in
Fig. 4. At high temperatures, the substrate used for cell-1
exhibits smaller sintering shrinkage than that of the GDC
electrolyte, resulting in tensile stress in the electrolyte layer
throughout the entire sintering processes, which restrains
sintering of the electrolyte and increases the possibility of
defect formation such as microcracks [30]. On the other
hand, the anode substrate used for cell-2 shrinks more than
does the GDC electrolyte below 1050 1C and above
1400 1C. In these temperature ranges, the GDC electrolyte
is under compressive stress which assists densification.
Therefore, higher OCV of cell-2 could possibly be explained
by reduced defect density and enhanced densification of
GDC electrolyte due to better thermal compatibility with
the substrate. Detailed analysis on the cell microstructure
and processing defects will be reported in a separate paper.
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The cell polarization was investigated in detail using the
impedance spectroscopy measured at 6501C in Fig. 5; cell-1
shows higher electrode polarization resistance (0.40 Ocm2)
than does cell-2 (0.25 Ocm2) at OCV in Fig. 5(a). The
ohmic resistance of cell-1 was slightly larger than that of
the cell-2, but we believe that the difference is within the
experimental error range. With dc-current of 1.2 A cm�2,
the impedance arc of cell-1 further expands to 0.54 Ocm2

while that of cell-2 shrinks to 0.15 Ocm2 in Fig. 5(b). In
general, impedance spectra of SOFCs are composed of a
number of overlapping depressed arcs reflecting physical
and/or chemical processes associated with the electrode
reaction [31], and each electrode process exhibits different
response to the applied bias. The Bode plot in Fig. 5(c)
shows the real and imaginary parts of impedance of cell-1
and cell-2 as a function of frequency at 1.2 A cm�2, and
difference between the two cells under applied bias is
clearly observed in the low frequency range below 10 Hz.
Decrease in polarization resistance of cell-2 with applied
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current in high frequency range (4102 Hz) indicates that
the electrode resistance is dominated by the surface
exchange process [32] because the electrochemical reaction
following the Butler–Volmer equation exhibits decreasing
resistance with increasing dc-bias over the entire current
range [33]. In case of cell-1, expansion of low frequency arc
(o10 Hz), which could be attributed to the gas diffusion
in the anode substrate [34], is clearly visible with the same
applied bias. This phenomenon could be explained by the
limitation in gas transport across the anode substrate of
cell-1 at high H2 consumption and H2O production rates
associated with high operating current, and reflects the
convex-up curvature at high current density in the I–V

relationship observed in Fig. 2. Since the low frequency arc
was not observed for cell-2 at the same current density, it is
considered that the microstructure of the anode substrate
is a critical factor determining the cell performance and the
concentration polarization resistance can be significantly
reduced by improving the pore distribution and connectivity.

4. Conclusion

GDC-based anode-supported SOFCs were successfully
fabricated for intermediate-temperature operation. Spray
drying and compaction processes are considered to be
promising routes for economic production of Ni–GDC
anode substrates, and the cell performance was strongly
dependent on the microstructure of the substrate, which
determines the mass transport of reactant and product
gases during SOFC operation. Pore structure of the anode
was tailored by engineering the properties of the suspen-
sion for spray drying process, which was directly reflected
on the electrochemical performance. Further improvement
is expected through the optimization of materials and
processing parameters for GDC-based SOFCs.
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