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Fossil fuels utilised to generate electricity is a major contributor
to polluting carbon emissions and the resulting increased rate of
global warming and the adverse effects of climate change
prevalent today. A Solid Oxide Fuel Cell (SOFC) is an energy
conversion device that converts the chemical energy of hydrogen
gas directly into electrical energy without combustion, giving off
pure water vapour only as the refuse of the energy conversion
process. A SOFC consists of an anode, a cathode, and an
electrolyte where oxide ions migrate from the cathode to the
anode to combine with the hydrogen ions to form water, and an
electric current passes in an external circuit.

Inkjet printing deposits the electrolyte material on the anode
substrate by applying a drop-on-demand piezoelectric ejection
mechanism, where ink drops are ejected only where required,
thus keeping waste at minimal level. The prepared ink contained
the doped ceria solid loading dispersed in a polymeric
dispersant/surfactant and an organic solvent. The electrolyte
material was gadolinium-doped ceria (GDC) and was printed on a
sacrificial alumina substrate.
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2. Ink Printability – the Z-Number

3. Particle Size

The Z-number is taken as an
indicator for the printability of the
ink, where,

𝑍𝑍 =
𝜌𝜌𝜌𝜌𝑑𝑑𝑛𝑛
η

𝜌𝜌≡ Density, 𝜌𝜌≡ Surface Tension, 𝑑𝑑𝑛𝑛≡ Nozzle
Diameter, and η ≡ Viscosity

For a jetting free from satellites
and uniform ejection of droplets, Z
should be in the range from 1 – 10.

Inks with different dispersant
concentrations were prepared and
the Z-number was calculated for
each concentration. It was found
that a dispersant concentration of
15% or 20% yields good printability
with an average Z-number of 5.

4. Printing
A piezoelectric inkjet materials

printer was used to print the
electrolyte material. A and B show
stroboscopic 100 µs images for
blank and solid-loaded inks
respectively. The images show the
ejection of rounded satellite-free
droplets at a speed of 6.5 to 7.5
m/s, which is the optimal speed
range for materials inkjet printing.

C shows a top-down 500X
optical microscope image of two
layers of the printed thin film at 5
µm drop spacing. D shows a
microscopic 3D profile of the
surface features of the thin film. E
shows a dark field stitched surface
image of the entire width printed.

Nanoparticle Tracking Analysis (NTA) was used to determine the
mean particle size in the ink. Keeping the mean particle size within
200 nm is essential to prevent clogging of the printing nozzle and
the formation of aggregates, thus maintaining the stability of the ink.
After stirring, sonication, and filtering, a mean particle size of 137.3
nm was achieved.

5. Sintering
Sintering is a vital step in the fabrication process of the

electrolyte. During sintering, the solvent and dispersant must be
decomposed and evaporated, and the doped ceria crystals must be
calcined into a dense layer.

6. Atomic Force Microscopy
Tapping-mode atomic force

microscopy (AFM) was performed
on the un-sintered thin films to
inspect the surface features of the
films, and to estimate their
roughness and thickness.

2D (A, B, and C) and 3D
rendered (D and E) images were
obtained and image post-
processing was performed,
indicating that the RMS roughness
and average thickness are in the
nanometre range as shown below.
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Slide A shows the sintering program. The program can be
summarised as follows:

Dehydration: 250 °C for 30 min.
Debinding: 650 °C for 30 min.
Calcination: 800 °C for 60 min.
Densification: 1000 °C for 120 min.
Ramp-up and ramp-down rates were 2.5 and 5 °C/min

respectively.

7. Conclusions
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• Proper formulation of the printing

ink ensures the printability of the ink.
• The proposed sintering program of

the printed thin films provides a
dense electrolyte.

• Further characterisation of the thin
films is necessary to reveal the
electrical properties of the films.
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RMS roughness (nm) 31.9503

Minimum value (nm) 0

Maximum value (nm) 210.3304

Peak to peak (nm) 210.3304

Roughness average (nm) 25.3887

Average height (nm) 86.2396

Surface skewness 0.3459

Sruface kurtosis 3.1684

Plane offset 0

Ironed surface (sq. µm) 369.320407
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B and C show a two-layer, 5 µm-spacing, thin film viewed at
50° tilt angle under normal lighting after sintering. Due to the
small thickness of the printed and sintered deposit, the printed
film required tilted microscopy to view. Sintering-induced particle
agglomeration and film densification can be seen compared to
the un-sintered film (See section 4, C and E).
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