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Near net shape manufacturing of planar anode supported solid oxide
fuel cells by using ceramic injection molding and screen printing*
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h i g h l i g h t s

� We prepare near net shape planar SOFCs with injection molded support layers.
� Functional layers are deposited by means of screen printing.
� The maximum power output is 1.25 W cm�2 at 800 �C, using hydrogen and air.
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a b s t r a c t

Ceramic injection molding is an economically and environmentally interesting technique to produce the
support layers for anode supported solid oxide fuel cells. We investigated if this technique can be used
for the support layer of manufacturing of planar ASeSOFCs in sizes of 50 � 50 and 100 � 100 mm2. After
setting the injection molding parameters, we could make 60 near net shape substrates per hour under
semi-automatic conditions. Screen printing was used to apply the NieYSZ anode functional layer, 8YSZ
electrolyte, 10GDC barrier layer and LSCF cathode. An electrochemical test on a 50 � 50 mm2 cell
revealed a maximum power density of 1.25 W cm�2 at 800 �C. SEM investigations have shown that the
injection molded support layer adheres well to the screen printed anode functional layer, and that the
anode support layer possesses a homogeneous microstructure. This shows that ceramic injection
molding is a viable technique to economically produce planar ASeSOFCs at industrial scale.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In order to produce anode supported solid oxide fuel cells
(ASeSOFCs) in large quantities it is attractive to use fast, cheap and
continuous production methods. For the deposition of thin layers
(thickness generally below 50 microns) an economic and effective
method is screen printing. For the preparation of thick layers like
the support layer of ASeSOFCs, tape casting is the commonly used
method because it is inexpensive and doesn't require complicated
elements and tools [1e3]. But when it comes to large scale pro-
duction this method is hardly effective. For example, in the case of
using non-aqueous solvents, the time that is needed to obtain
approximately 1mm thick ceramic foil takes five to seven days. This
is true for both batch tape casting and continuous tape casting. The
usage of water based binder systems for tape cast foils, which have

a clear advantage over non-aqueous binder systems from envi-
ronmental perspective, require even longer processing time
because of the relatively low evaporation rate of water [4e7]. A
method that could significantly shorten the production time of the
support layers for AS-SOFCs at potentially low costs and with low
environmental impact is ceramic injection molding (CIM). This
technique allows for the manufacturing of complex three dimen-
sional parts with tight dimensional tolerances. Cost-intensive post-
processing can frequently be avoided, which enables economical
mass production of ceramic components [8]. Unfortunately, until
recently CIM did not provide the tight tolerances and high
repeatability that is required for many applications. Achieving
precise dimensional control has been difficult for CIM because the
injection molding process could easily give rise to problems such as
powder-binder separation and particle orientation effects in the
thermoplastic melt due to the high shear rates during the injection
molding, incomplete cavity filling of complex parts, and anisotropic
mechanical properties and shrinkage [9e14]. First attempts to use
ceramic injectionmolding to obtain SOFC anode supports using this
method were made by Panahi et al. [15]. Other work in this field
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was conducted by Faes et al. and covered production of planar SOFC
anodes including flow channels [16]. In both cases, the surface area
of the anode supports did not exceed 20 cm2. We have investigated
if ceramic injection molding can be used for the production of
planar AS-SOFCs with square geometry and dimensions of 50 � 50
and 100� 100mm2with a support thickness of 1mm. The supports
were made in-house by means of high-pressure injection molding.
The thin layers were applied by a semi-automatic screen printer,
while batch furnaces were used for sintering. The prepared
ASeSOFCs were validated by means of geometrical characteriza-
tion, their mechanical properties, and their electrochemical
performance.

2. Experimental

For the preparation of anode supports a mixture of nickel oxide
NiO (JT Baker) and yttria stabilized zirconia 8YSZ (TOSOH) were
used in a ratio of 66:34 wt.%. To this powder mixture, 20 vol.%
graphite powder (Carbon Polska) was added to serve as pore former
during the sintering process. The mixture of nickel oxide, yttria
stabilized zirconia and graphite powder was milled in a ball mill for
6 h with isopropanol as milling medium. After drying the slurry in a
vacuum dryer at 70 �C, 10 wt.% thermoplastic binder (Zschim-
mer&Schwarz) was added by a mechanical stirrer in a heated
chamber that was kept at 120 �C. This mixture was then granulized
with a technologic line for pellets production. The line consists of a
counter-rotating twin-screw compounder (Thermo Fisher), cooling
bath and pelletizer (CEzEL). Anode supports were obtained by using
both a BOY XS injection molding machine and Sumitomo Demag
60-310 injection molding machine, both with the following injec-
tion setting parameters:

� molding temperature: 110 �C
� cylinder temperature: 40 �C
� molding pressure: 1800 bar

The injection was provided in a horizontal way by means of a
two-part water-cooled mold made of hardened tool steel. The ob-
tained substrates were 62 � 62 mm2 (BOY XS) and 125 � 125 mm2

(Sumitomo Demag) in size.
Before the amount of thermoplastic binder and optimal pa-

rameters of injection were set, defects were observed in the in-
jection molded substrates such as heterogeneity, deformation,
cracks and cavities at the surface and in the bulk. Approximately 70
iterations were needed before the right injection molding param-
eters and the proper amount of binder (10 wt.%) were established.
After setting the parameters of the injectionmolding less than 5% of
substrates had defects. The reproducibility of the anode substrate
was 95% with a production rate of 60 pieces per hour in the case of
62 � 62 mm2 substrates and 60 pieces per hour in the case of
125 � 125 mm2 substrates. The obtained substrates that passed
visual inspection did not require any post processing. One partic-
ular advantage turned out to be possibility to reuse the substrates
that had insufficient quality. It was shown that the mass could be
reused six times without observing a decline in visual quality and
repeatability.

In order to assess the economic advantages of injection molding
over tape casting, the production capacities for both techniques
were compared. With a production rate of 60 substrates under
semi-automatic conditions and a size of 125 � 125 mm2 it would
imply that within 24 h it is possible to obtain 22.5 m2 of anode
supports by means of injection molding. While in the case of
continuous tape casting, under the assumptions that this tape
caster has an effective width of 100 cm and operates at a tape
casting speed of 1.3 cmmin�1, only 18.7m2 substrate areawould be

obtained. Furthermore, such continuous tape caster would demand
huge area, for example 20 m of length with a casting speed of
1.3 cm min�1 and 24 h drying time. It shows that injection molding
method is more effective and economic than tape casting method.

The qualified injection molded substrates were then heated in
an electric furnace with debinding system HT 64/17 HDB (Naber-
therm) at a temperature of 1100 �C for 1 h to remove the organics.
Subsequently, the anode functional layer, anode contact layer and
electrolyte layer were applied bymeans of a semi-automatic screen
printer type KPX 2012. The anode functional layer consisted of NiO
(JT Baker) and 8YSZ (TOSOH) powder mixture in a 1:1 weight ratio.
The anode contact layer, which was applied at the counter-side of
the substrates, consisted of NiO (JT Baker). The electrolyte layer
consisted of 8YSZ (TOSOH). All screen print pastes were prepared in
a planetary mill during half an hour with proper organic medium,
and included ethylcellulose (Fluka) to serve as binder, while bis(2-
ethylhexyl)phthalate (Merck) and tixatrol (Elementis) were added
to, respectively, serve as plasticizer and to improve the thixotropy
(i.e. shear thinning property) of the screen print pastes. Terpineol
(Merck) was used as solvent and dispersant. After applying the thin
ceramic layers, the substrates were sintered at 1400 �C for 3 h. The
electrolyte was then coated with a gadolinia doped ceria layer
Ce0,9Gd0,1O1,95 10GDC (Praxair) by screen printing. This layer, which
was applied to serve as a so-called barrier layer, i.e., to prevent
chemical reaction between the electrolyte and the cathode, was
sintered at 1350 �C for 1 h. Finally, a lanthanum strontium cobalt
ferrite perovskite La0,6Sr0,4Co0,2Fe0,8O3�d (LSCF, Praxair) cathode
layer was applied on the sintered 10GDC layer by screen printing.
This LSCF layer was sintered at 1100 �C for 1 h.

After the production stage of the ASeSOFCs the electrical
characteristics and microstructural properties were investigated.
The electrical properties were investigated at FCH Test Center in
Denmark, using nickel mesh for anode current collection and gold
mesh for cathode current collection. The cell was sealed at both
the anode and cathode side by means of a high temperature steel
frame sandwiched between glass felts. Flow distribution was
accomplished by means of parallel flow channels provided in the
ceramic cell housing. The test included 48 h conditioning at con-
stant electric load at 800 �C. After the 48 h period additional
measurements were performed in order to interpret the electro-
chemical results. A more extensive description of the test can be
found here:

� Heat the cell to 900 �C, using 500 ml min�1 nitrogen at the
anode side and 500 ml min�1 air at the cathode side

� Reduce the anode by replacing the 500 ml min�1 nitrogen with
500 ml min�1 hydrogen humidified at ambient temperature

� Change cathode flow to 2000 ml min�1 air
� Change anode flow to 1000 ml min�1 hydrogen humidified at

ambient temperature
� Cool the cell to 800 �C
� Measurement of polarization curve
� Conditioning for 48 h at 1 A cm�2

� Measurement of polarization curve and four-point electro-
chemical impedance spectroscopy (EIS) measured at 3
different current loads, both performed at 3 temperatures
(750 �C, 800 �C and 850 �C) and using 3 different combina-
tions of electrode gases. The impedance spectroscopy mea-
surements were carried out between 0.0545 Hz and 96850 Hz
with 12 steps per decade, using an integration time of 200 s
between 96,850 and 6.7 Hz, an integration time of 60 s be-
tween 6.598 and 0.67 Hz, and an integration time of 36 s
between 0.6598 and 0.05 Hz. The oscillation current was
60 mA [17].

� Change cathode flow to 500 ml min�1 air
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