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Abstract

The application of an inkjet printing process for fabricating solid oxide fuel cell (SOFC) cathodes was investigated. Stably-dispersed LSCF—-GDC
inks were prepared by ball milling, and the composition was easily controlled by the preparation process. Fabrication of an LSCF-GDC layer
was successfully carried out by depositing dots and the thickness was easily controlled by repeating printing process. A planar SOFC single cell
with a double-layered cathode (comprised of a paste painted cathode layer and an inkjet printed interlayer) achieved a maximum power density of
0.71 W/cm? at 600 °C. This is the preliminary work for fabricating the cathode layer of a SOFC single cell via inkjet printing.
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1. Introduction

Inkjet printing technology has been widely used for fabricat-
ing 2 or 3 dimensional patterns.'~ This patterning process works
by moving print heads precisely to the desired positions on the
substrate and depositing inks as required. This on-demand pro-
cess has many advantages. First, positioning accuracy is high,
which enables fine pattern formation. Second, patterns are fab-
ricated by arranging dots tens to several hundred of microns in
diameter, enabling fabrication of various patterns sizes. Third,
this process can be performed without contacting substrates,
which enables printing on both planar and curved substrates.
Finally, the production reproducibility is high, which enables
mass-production of fine patterns of consistent quality. We uti-
lized these advantages in our application of the inkjet printing
to the fabrication of SOFC single cells.

A solid oxide fuel cell (SOFC) is an electrochemical reactor
with utilizing a ceramic ion conductor electrolyte.>® Because
SOFC:s operate at elevated temperatures (400—1000 °C), electric
power can be generated efficiently and no need for an expen-
sive noble metal catalyst. Consequently, SOFCs are expected to
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be used in a variety fields such as co-generation systems, vari-
ous power sources, exhaust gas purification, and hydrogen-gas
manufacturing.

For the practical application of SOFCs, however, further
improvements in volumetric power, system reliability and power
unit production efficiency are required. Among these items,
improvement of the volumetric power is especially important
for smaller systems such as portable power sources (e.g. aux-
iliary power units). For that purpose, there are two possible
approaches: (1) improvement of single cell output power and
(2) the accumulation of many single cells for fabricating SOFC
stacks.” Both of these approaches are capable of broadening
the application field of SOFC systems.

In order to improve the output power of a single cell, the thick-
ness and microstructure of the electrolyte and electrode layers
must be optimized. A dense, thin electrolyte layer can sepa-
rate oxidation gas from fuel gas. In contrast, a porous cathode
and anode composed of a mixture of electrode and electrolyte
materials are preferable for decreasing polarization. Such porous
electrodes can lead to the expansion of triple phase boundaries
(TPBs) at the interface of electrode, electrolyte, and gas phases,
which promotes electrode reaction.!%!! Moreover, both the elec-
trolyte and the electrodes must be of appropriate thickness,
leading to lower electric and diffusion resistance for oxidation
and fuel gases.
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In the present work, improvement in output power and
production efficiency of cells was investigated using inkjet
printing. So far, the application of inkjet printing to the fab-
rication of various ceramic components has been studied by
many researchers.!>~1® However, only a few articles have been
reported regarding the fabrication of SOFCs by the inkjet
printing.!”-!® Furthermore, no research on the fabrication of
cathode layers by inkjet printing with aqueous inks has been
reported.

In this study, we first conducted fundamental research on
the preparation of aqueous slurry inks, along with printing and
heating conditions. Next, the performance of the fabricated cells
with different cathode layers was evaluated by electrochemical
analysis.

2. Experimental
2.1. Preparation of aqueous inks

Ceramic inks were prepared from commercially available
powders; Lag Srp.4Cog2Feq303_5 (LSCF; LSCF-6428F, Aver-
age grain size ~2.44 wm, Daiichi Kigenso Kagaku Kogyo
Co., Ltd.) and Ce(9Gdp 10195 (GDC; CGO 90/10 SY ULSA,
Average grain size ~0.44 um, Anan Kasei Co., Ltd.). At the
beginning, evaluation of the dispersion stability of LSCF and
GDC powders was carried out by monitoring the {-potential
(ELSZ-1, Otsuka Electronics Co., Ltd.). Based on these results, a
preparation process of LSCF—-GDC inks was proposed as shown
in Fig. 1. A polymer dispersant (carboxylic acid ammonium salt
copolymer, A-6114, Toa Gosei Co., Ltd.), LSCF, and GDC were
added into the ammonia water with pH 10, followed by ball
milling for 48 h using YSZ ball (3 mm in diameter). Preparation
of an ink with the ratio of LSCF/GDC = 60/40 was carried out,
since several articles have reported that cathode powder with
an LSCF/GDC composition in the range of 50/50 to 60/40 is
appropriate for this system.'*-2! Moreover, viscosity and pow-
der concentration of the prepared ink should be 1-2 mPas and
over 3 mass%, respectively, for efficient printing of the cath-
ode layer using this process. The LSCF/GDC composition in
each ink was confirmed by energy dispersive X-ray spectroscopy
(EDX; EX-54140 MSK, JEOL). The viscosity of each ink was
measured by rotary viscometer (E-type Visconic, Tokyo Keiki
Inc.), and the powder concentration of each ink was also cal-
culated from the weight loss by the heating using TG-DTA
(Thermo Plus TG 8101D, Rigaku Corp.). In addition, the parti-
cle size distribution of LSCF, GDC, and the prepared inks was
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Fig. 1. Preparation of LSCF-GDC inks.
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measured using a particle size distribution analyzer (LA-920,
HORIBA, Ltd.).

2.2. Fabrication of LSCF-GDC layers by inkjet printing

We prepared electrolyte-anode double layer stack print sub-
strates by laminating an electrolyte green sheet on an anode
green sheet. The fabrication procedure of each green sheet is
described in our previous paper.?? The thickness of the elec-
trolyte and anode layers after heat treatment was around 50 and
600 pm, respectively.

An LSCF-GDC cathode layer was fabricated by a commer-
cial single-nozzle printer (Pico Jet-1000, MICROJET Co., Ltd.)
on the double-layered substrate, then, followed by the heat treat-
ment. This printer has a nozzle with an internal diameter of
50 wm and the volume of a discharged droplet is around 50 pL.
Another conventional painting process was also used with and
without the inkjet printing in the same manner as previous
reports. After deposition of the cathode layer, heat treatment
of these cells was carried out at 1000 °C for 2h. The surface

Table 1
Fabricated planar cells.

Cell 1 Cell 2 Cell 3
Cathode LSCF-GDC (I. J. printed) LSCF-GDC (painted) LSCF-GDC (painted)LSCF-GDC (1. J. printed)
Electrolyte GDC GDC GDC
Anode NiO-GDC NiO-GDC NiO-GDC

Cathode
T prods

Schematic = Anode
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Fig. 2. {-potential of LSCF and GDC powders as a function of pH.

profiles of deposited dots were measured with an optical micro-
scope (BX60, Olympus Corp.), and the microstructures of the
prepared cells were imaged with a scanning electron microscope
(SEM; JSM 5600, JEOL).

2.3. Evaluation of cell electrochemical performance of the
cell

In this study, three types of cells with different cathodes were
fabricated by inkjet printing and/or conventional a painting pro-
cess using LSCF-GDC (60/40) as shown in Table 1. The cathode
layers in Cells 1-3 are as follows:

Fig. 3. LSCF-GDC ink after sedimentation test lasting 1 month.
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Fig. 4. Particle size distribution of prepared LSCF-GDC ink.

Cell 1: single layer cathode with a thickness of ~3 wm fabri-
cated via inkjet printing.

Cell 2: single layer cathode with a thickness of 30 pm fabri-
cated via painting.

Cell 3: combined double-layered cathode; painted layer on
inkjet printed layer with a total thickness of 32 wm.

A silver paste (TR-6182, Tanaka Precious Metal) was also
painted on both electrodes of the specimens as a current col-
lector and dried at 100 °C. Fuel cell performance was measured
using a frequency response analyzer (FRA; Solartron 1255B)
and a potentio-galvanostat (Solartron SI1287) system. A hydro-
gen/nitrogen gas mixture humidified with water at 30 °C and air
were used as the fuel and oxidant gases, respectively, with a flow
rate of 40 mL/min.

3. Results and discussion
3.1. Evaluation of prepared inks

3.1.1. Dispersion stability of LSCF and GDC powders

First, dispersion stability of LSCF and GDC powders was
evaluated separately. The results of {-potential measurements
under weak alkaline conditions are shown in Fig. 2, indicating
that the GDC powder has larger {-potential than LSCF pow-
der and the absolute values of both potentials increase with
pH. As a result, strong repulsion among these particles can be
expected over pH 10. Dispersion stability of each powder was
evaluated after milling by placing it into alkaline water (pH 10)
for 48 h. The LSCEF slurry remained in a stable dispersion state
for more than 1 month, whereas the GDC powder showed signs
of sedimentation within 2 days.

The differences in dispersion behavior of the LSCF and GDC
powders seemed to arise from differences in density and parti-
cle size. Although GDC particles have a large {-potential, they
agglomerate easily by bridging, and sediment begins to occur
due to the increase in density. In contrast, LSCF can be defloc-
culated at pH 10 because the dispersant is easily adsorbed on
the surface of particles by the van der Waals attraction. Further-
more, the carboxylic group of the dispersant molecule ionizes at
pH 10, which stabilize the dispersion state of LSCF by the both
steric and electrostatic repulsion forces. Based on these results,
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Fig. 5. LSCF-GDC pattern fabricated by inkjet printing: (a) microscopic image of deposited dots and (b) appearance of fabricated LSCF-GDC layer on a laminated
substrate.
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Fig. 6. Thickness of LSCF-GDC cathode layer with respect to cycle numbers
of printing.

we tried to improve the dispersion state by the interaction of
dispersed LSCF with GDC particles through the experimental
procedure as described in Fig. 1. LSCF powder is first treated by
ball milling, then GDC powder was added to this LSCF suspen-
sion and additional ball milling was carried out. The dispersants
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Fig. 7. Fuel cell performance of Cells 1, 2, and 3 operated at 600 °C. Cell voltage
and power density as a function of current density. Cathode gas (oxidant): air,
40 mL/min. Anode gas (fuel): N», 10 mL/min + Hj, 30 mL/min.

Fig. 8. SEM images of LSCF-GDC layers. (a) Cross-section of Cell 1, (b) dense
top surface of Cell 1, (c) cross-section of Cell 2, and (d) cross-section of Cell 3.
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Fig. 9. Microstructure development of LSCF-GDC cathode layers in Cell 1 and Cell 3.

adsorbed on LSCF particles seemed to interact strongly with
GDC particles, preventing agglomeration and sedimentation of
GDC particles in the mixture slurry.

3.1.2. Evaluation of LSCF-GDC inks

The mixture slurry shown in Fig. 3 remained stable for
more than 1 month and can be used as an ink for the fol-
lowing inkjet printing process. An ink prepared from a 60/40
mixture of LSCF/GDC powders gave a final composition of
LSCF/GDC =57/43. It was also confirmed that other inks pre-
pared with starting compositions of LSCF/GDC ranging from
40/60 to 80/20 also retained their starting compositions within
3 mass%. These results suggest that the composition of the ink
can be easily adjusted through modifications in the starting pow-
der composition. Total powder content in each ink was confirmed
by heat treatment up to 600 °C, demonstrating that the prepared
slurry with LSCF/GDC =57/43 includes almost 5 mass% mix-
ture powder. The viscosity of prepared ink was confirmed to be
around 1 mPas, which is low enough to use for inkjet printing
with the equipment used in this experiment. It is noteworthy that
the particle size distribution in Fig. 4 reveals that the particles
are much finer than the starting powders and have a bimodal
distribution, suggesting that both LSCF and GDC were milled
into very fine powder, which improves the dispersion stability
of inks.

3.2. Evaluation of LSCF-GDC layer fabricated by inkjet
printing

The ink with the composition of LSCF/GDC =57/43 was
used in this study, as previously described in Section 2.1. The
LSCF-GDC cathode layer was inkjet printed on electrolyte-
anode stacks. Fig. 5(a) shows the deposited dots (150 um in
diameter) on the substrate. Here, the coffee ring phenomena is
clearly visible (i.e. that particles in the deposited drop move
towards the edge of the dot during drying?*%*), which might
effect on the following surface densification of the deposited
cathode layer. By depositing these dots closely, a desired pattern
or film layer was successfully fabricated as shown in Fig. 5(b).

So far, the minimum thickness of the deposited film was 2 pum,
and was increased linearly with increasing printing cycle num-
bers as shown in Fig. 6, which indicates the controllability of
the thickness of the cathode layer and good reproducibility of
this printing process.

3.3. Electrochemical performance of the fabricated cells

Fuel cell performance of the Cells indicated in Table 1 was
shown in Fig. 7. The open circuit voltages (OCVs) of Cells 1, 2,
and 3 were 0.43,0.92 and 0.94 V, respectively, and the maximum
power densities were 0.11, 0.54 and 0.71 W/cm?, respectively.
Cell 1 printed by the inkjet process showed a smaller OCV and
maximum power density compared with Cell 2 prepared by the
conventional printing method. On the other hand, Cell 3 with a
double-layered cathode showed a larger OCV and a higher max-
imum density of 0.71 W/cm?, which is rather good performance
in this LSCF-GDC/GDC/NiO-GDC system. %2326

These results seem to be related to the microstructure devel-
opment of cathode layers during the heating stage, since these
three cells here have the same anode and electrolyte sheets.
Fig. 8(a), (c) and (d) show the cross-sectional SEM micrographs
of the prepared cells. Important factors influencing the electric
performance could be the amount of TPBs and oxidant gas per-
meability into cathode layer. TPBs are known to be present at
the interface of cathode particles, electrolyte particles, and the
oxidant gas phase, which will be increased using finer powders.
As characterized in the previous section, the prepared cathode
ink is composed of very fine particles (less than 0.4 pm in diam-
eter) which is desirable to create a larger area for reaction to
occur but could be easily sintered at elevated temperatures com-
pared with the cathode paste used to make the cathode layer of
Cell 2. In fact, a dense sintered layer can be observed at the top
surface of the cathode layer in Cell 1 as in Fig. 8(a) and (b),
which suppresses the gas permeation closely related to the poor
electric performance. Although such a dense surface layer can-
not be observed in Cell 2, the performance of the Cell 2 is not
superior to that of Cell 3 because of smaller amount of TPBs.
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Cell 3 has a unique graded microstructure without forming
the dense surface layer that was observed in the Cell 1. This
is because the top surface of the inkjet printed layer is cov-
ered with a painted layer with larger grains (approximately a
few microns in diameter), which sintered with the finer inkjet
printed layer preferably during the heating stage. Microstruc-
ture development during the sintering is schematically shown
in Fig. 9. So the resultant IJ printed cathode layer in Cell 3 is
slightly thinner than that in Cell 1 covered with a dense surface
layer. Further detailed research on the addition of pore formers
to enhance gas permeation and on the control of the intermedi-
ate cathode layer including much TPBs is also required to obtain
better performance.

4. Conclusions

In the present work, inkjet printing has been successfully
applied to the fabrication of SOFC cathode layers using an aque-
ous ink prepared by ball milling. A stably-dispersed aqueous ink
with of target composition, viscosity, and powder content was
obtained by optimizing the preparation process. Moreover, it was
confirmed that the desired pattern was fabricated by depositing
dots, and the layer thickness was easily controlled through vari-
ation in printing cycle numbers. However, the particles in the
inkjet printed layer were very fine due to the milling process
and the cathode layer has a graded size distribution with respect
to depth due to the effect of gravity. This caused the surface of
the heated cathode to form a dense surface layer, which resulted
in poor gas permeation. This method is, however, very effective
for improving cell performance when the inkjet printed layer is
introduced between the electrolyte and a painted cathode layer
composed of larger particles. The cell with the double-layered
cathode showed superior performance with an OCV of 0.94 V
and a maximum power density of 0.71 W/cm? at 600 °C. This
is because the inkjet printed layer gave rise to a large quantity
of TPBs without forming a dense surface layer.
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