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Abstract

A simple and cost-effective slip casting technique was successfully developed to fabricate NiO-Y SZ anode substrates for tubular anode-supported
single SOFCs. An YSZ electrolyte film was coated on the anode substrates by colloidal spray coating technique. A single cell, NiO-YSZ/YSZ
(20 wm)/LSM-YSZ, using the tubular anode supports with YSZ coating, was assembled and tested to demonstrate the feasibility of the techniques
applied. Using humidified hydrogen (75 ml/min) as fuel and ambient air as oxidant, the maximum power densities of the cell were 760 mW/cm?
and 907 mW/cm? at 800 °C and 850 °C, respectively. The observed OCV was closed to the theoretical value and the SEM results revealed that the
microstructure of the anode fabricated by slip casting is porous while the electrolyte film coated by colloidal spray coating is dense.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) have been recognized as one of
the most promising technologies for converting chemical energy
of fuels to electrical power because of its high conversion effi-
ciency, low emission pollution and practical fuel flexibility.'~
There are two major designs of SOFCs: planar and tubular types.
Although the planar design is easier to stack so as to increase the
efficiency of the system, the tubular design has many desirable
characteristics over their planar counter-parts, including high
mechanical and thermal stability, simple seal requirements, rapid
startup capability, good thermal shock resistance and excellent
power cycling 313

Using an anode support with a thin-coated electrolyte is
an effective approach to reduce the thickness of electrolyte
and lower the operation temperature of SOFCs while to retain
high performance. Fabrication of the anode substrate and the
electrolyte coating is one of the key steps. To date, a few
techniques for making tubular anode supports, especially the
extrusion processes, have been revealed, but there is lack of
information and literatures about slip casting technique used
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in fabricating anode-supported tubular SOFCs.!*"!8 Slip cast-
ing technique is a traditional ceramic technique. It is handy,
cost-effective and is suitable for making thin wall products
with various complex shapes.’'® Meanwhile, many techniques
have been developed to fabricate yttria-stabilized zirconia (YSZ)
electrolyte film on porous anode substrates. Colloidal spray
coating is a simple and economic technique to fabricate thin
electrolyte films. This technique sprays the colloidal suspen-
sion to the substrates directly using air brush or spray gun. It
can produce very thin, dense and stable electrolyte coatings
on the substrates. Moreover, colloidal spray coating is very
suitable for tubular substrates because this technique is not lim-
ited by the shape of anode substrates. It is also suitable for
mass production. In principle, by combining slip casting with
colloidal spray coating techniques, anode-supported SOFCs
with any shape can be fabricated conveniently in a low-cost
way.

Slip casting combined with colloidal spray coating tech-
niques have been used to fabricate tubular anode-supported
SOFCs. The fabricating process was described in detail in this
paper. To demonstrate the feasibility of the techniques, a single
cell composing of the tubular anode substrate with YSZ coat-
ing was assembled and characterized. The microstructure of the
anode substrate and the YSZ coating was examined by SEM
analysis.
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2. Experimental

2.1. Preparation of Ni-YSZ tubular anode substrates by
slip casting

A plaster slurry was made by mixing plaster powder
(Guangzhou Plaster Plant, Guangzhou, China) with water in the
weight ratio of 1:1. The slurry was immediately poured into a
container. A glass test tube was inserted into the slurry vertically
without attaching the bottom of the container. The plaster slurry
was solidified after a while and the glass test tube was removed.
The plaster was dried below 60 °C and then a plaster mould was
ready.

Nickel oxide (NiO) powder was prepared by glycine—nitrate
process (GNP).2? Glycine (analytical reagent, A.R.) and Ni
(NO3),2-6H,0 (A.R.) with a weight ratio of 1:1 were heated
on a hot plate with a suitable amount of distilled water until they
auto-ignite, producing metal oxide ‘ash’. The NiO and 8 mol%
yttria-stabilized zirconia (YSZ, Building Material Academy of
China) powders were mixed in a weight ratio of 1:1. In addition,
10 wt% Arabic resin (balata) was firstly dissolved in the distilled
water and added in the NiO-YSZ powders as pore former to get
sufficient porosity. After ball-milled with a proper amount of
water for several minutes, the anode slurry was poured into the
dry plaster mould. Water in the slurry was absorbed by the plas-
ter mould and a solid layer of NiO-YSZ was formed on the wall.
The slurry was provided continuously to keep the top surface of
the liquid in the plaster mould at a constant level, until a required
wall thickness was achieved. The surplus slurry was decanted.
The NiO-YSZ layer on the wall shrank during drying in the
air and separated from the mould. The NiO-YSZ tubular anode
substrates was removed from the mould, dried completely and
pre-fired at 1000 °C for 4 h with a heating rate of 2°Cmin~".
The wall thickness of the tubular anode can be controlled by the
amount of the slurry used. After that, a NiO-YSZ layer which
was called the anode functional layer was deposited onto the
outside of the sintered anode tubes using dip coating technique
in order to form a homogeneous surface for colloidal spray coat-
ing. The slurry for the anode function layer is composed of NiO
(synthesized by glycine—nitrate process), YSZ (TZ-8Y, Tosoh
Corporation, Tokyo, Japan), ethylcellulose (A.R., Dongfeng
Chemical Reagents Plant, Wenzhou, China), terpineol (A.R.,
Tianjin Kermel Chemical Reagents Development Centre, Tian-
jin, China), oil and ethanol. The detailed slurry composition for
anode function layer was listed in Table 1. The thickness of
the tubular anode is 0.08 cm and the out-diameter of the tubu-
lar anode substrates is about 0.572 cm after pre-calcination at

Table 1

Composition of the NiO-YSZ anode function layer slurry

Composition Weight (g) Function

NiO 5 Anode composition
YSZ 5 Anode composition
Terpineol 2.35 Plasticizer
Ethylcellulose 0.15 Binder

Ethanol 100 Solvent

Oil 0.1 Disperser

Fig.2. Photograph of contrast among the anode substrate, thin electrolyte-coated
anode substrate and the whole tubular cell.

1000 °C for 4 h, while it becomes 0.478 cm after co-sintered with
the YSZ electrolyte at 1400 °C for 4 h. The schematic diagram
of slip casting technique was shown in Fig. 1. The picture of the
as-made tubular anode substrates by Slip casting technique and
the whole cell was shown in Fig. 2.

2.2. Preparation of YSZ electrolyte film on the tubular
anode substrate

YSZ powder with an average particle size of 0.2 pm bought
from Tosoh Corporation (TZ-8Y, Tosoh Corporation, Tokyo,
Japan) was chosen to make thin electrolyte films in this study.
YSZ powder was firstly ball-milled with ethanol media by plan-
etary ball mill for more than 30 h using an agate jar (70 cm?) and
zirconia ball media (1 cm in diameter) to ensure thorough mix-
ing. A rotation speed of 200 rpm was used during ball milling.

5 g of YSZ ultrasonically suspended in ethanol for 30 min by
mixing with 1 wt% ethyl—cellulose (A.R., Dongfeng Chemical

Fig. 1. Schematic diagram of slip casting technique: (a) a container with a glass test tube in the center; (b) a dry tubular plaster mould; (c) a plaster mould filled with

NiO-YSZ slurry; (d) a tubular anode substrate.
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Fig. 4. Schematic diagram of single tubular SOFC.

Reagents Plant, Wenzhou, China) and 3 wt% polyvinyl butyral
(PVB, Guangda Bingfeng Chemical Plant, Tianjin, China) are
used as binder. The addition of the binder can increase the
strength of the film, making the electrolyte films free from possi-
ble cracks during drying and sintering. The colloidal suspension
was ready. An air brush was used to spray the YSZ colloidal sus-
pension onto the NiO-YSZ tubular anode substrate to get a thin
film. Finally the tubular anode-supported thin film was sintered
at 1400°C for 4 h with a heating rate of 1 °Cmin~! to increase
the density of YSZ film. The schematic diagram of colloidal
spray coating technique was shown in Fig. 3.

2.3. Cell assembling and testing

Cathode powder Lag7S1r93MnO3 (LSM) was synthesized
by citric—nitrate process. LSM and YSZ (TZ-8Y, Tosoh Cor-
poration, Tokyo, Japan) powders were mixed in a weight
ratio of 6:4. And then the mixed powders were ground with
polyvinyl butyral to get the stable composite cathode ink.
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Fig. 5. Voltage and power density versus current density of a tubular SOFC
operated on humidified hydrogen (3% water).

1.2

1.0: . .

0.8 4

0.6 |
—— theoretic value
0.4 —s— experimental value

Open Circuit Voltage (V)

0.2 4

0.0

: T T T : T p T r T . T ¥
550 600 650 700 750 800 850 900
Temperature (°C)

Fig. 6. Comparison of experimental and theoretical open-circuit voltages at
different testing temperatures.

After that, the LSM-YSZ composite cathode ink was applied
on YSZ electrolyte film and sintered at 1200°C for 2h
with a heating rate of 2°C min~'. The effective cathode area
was 0.143 cm?.

Silver paste (Shanghai Research Institute of Synthetic Resins,
Shanghai, China) was used as the current collector for both anode
and cathode. A four-probe set-up was adopted to eliminate the
ohmic loss in the silver wires. The single tubular SOFC was
attached to one end of an alumina tube with the anode inside by
using silver paste as sealing and jointing material.

Hydrogen saturated with water at room temperature (3%
water) was used as fuel at the anode side at a flow rate of
75 ml/min and ambient air was used as oxidant at the cathode
side. The flow rate of fuel gas was controlled by a mass flow con-
troller. The single cell, NiO-YSZ/YSZ/LSM-YSZ, was tested
in the temperature range of 600-850 °C. The cell performance
and electrochemical impedance spectroscopy were measured
using CHI604B (Shanghai Chenhua Instruments Ltd., China).
The current—voltage (I-V) curves were tested by linear sweep
voltammetry at a scanning rate of 5mV s~!. The impedances
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Fig. 7. Electrochemical impedance spectra measured from 600 °C to 850 °C.
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Fig. 8. SEM micrographs of (left) cross-section of a SOFC single cell after testing and (right) surface of film after sintering.

were measured in the frequency range of 100 kHz-0.1 Hz with
a signal amplitude of 5 mV under open-circuit condition. After
electrochemical test, the cell was fractured and examined using a
scanning electron microscope (SEM). The single tubular SOFC
was schematically illustrated in Fig. 4.

3. Results and discussion

3.1. Electrochemical performance of the single tubular
SOFC

Fig. 5 shows the performance of the single tubular SOFC
from 600 °C to 850 °C, using humidified hydrogen (75 ml/min)
as fuel and ambient air as oxidant. The performance of the
cell is encouraging, showing maximum power densities of the
cell were 760 mW/cm? and 907 mW/cm? at 800 °C and 850 °C,
respectively.

Fig. 6 presents the comparison of experimental and theoret-
ical open-circuit voltages at different testing temperatures. The
theoretical OCVs values were calculated based on the Nernst
equation by assuming that the oxygen partial pressure at the
cathode side was 0.21 and that the hydrogen and vapor partial
pressure at anode side was 0.97 and 0.03, respectively. As shown
in Fig. 6, at all testing temperatures, the experimental OCV val-
ues are a little lower than the theoretical values. As can be seen
from Fig. 8, the YSZ electrolyte film is quite dense and crack-
free in cross-section. So, the gas leakage through the YSZ film is
insignificant. The difference between experimental OCV values
and theoretical ones may come from the gas leakage across the
Ag paste sealing or the test setup leakage.

The impedance spectra of the single tubular SOFC under
the open-circuit condition tested at different temperatures were
shown in Fig. 7. For the whole cell impedance, the intercepts
on the real axis at high-frequency corresponded to the cell
ohmic resistance while the arcs at low-frequency were the over-
all electrodes polarization resistance including both anode and
cathode polarization resistance. Impedance spectra show that
the ohmic resistance is small and the polarization resistance
dominates in the overall resistance. Therefore, further improve-
ment of electrode activity and electrode/electrolyte interface
for anode-supported YSZ SOFCs is very necessary in future
study.

3.2. Micrograph of cross-section of a single cell and the

surface of YSZ film

The micrograph of (left) cross-section and (right) the sur-
face of YSZ film of the tubular anode-supported single cell after
testing were shown in Fig. 8. It is clear that the microstruc-
ture of the anode fabricated by slip casting is porous while the
electrolyte film coated by colloidal spray coating is dense. The
anode function layer adjacent to the electrolyte made by dip
coating is less porous than the anode fabricated by slip cast-
ing. As Fig. 8 shows, further improvement of the microstructure
of the anode will be necessary in the future. The thickness of
the spray-coated YSZ electrolyte film was about 20 pm. The
resistivity of YSZ thin film at 800°C is about 24 Q cm 21?2
according to the literature. Using this value, we can calculate
the ASR (area specific resistance) of the 20 wm thick YSZ film
as 24 Qcm x 20 um x 1074 =0.048 Q cm?.

This also shows that the polarization resistance is dom-
inant while the YSZ electrolyte resistance was negligible.
Combining Fig. 8 with Fig. 6 demonstrates that the YSZ
film coated by colloidal spray coating is quite dense and
crack-free.

4. Conclusions

In this paper simple and cost-effective slip casting tech-
nique was developed to fabricate the tubular anode-supported
single SOFCs successfully. And an YSZ electrolyte film
was successfully fabricated on NiO-YSZ tubular anode sub-
strates by colloidal spray coating technique. The single cell,
NiO-YSZ/YSZ (20 pm)/LSM-YSZ, exhibited good perfor-
mance in the intermediate temperature. The observed OCV
implies that the YSZ electrolyte film is reasonably dense. The
results of impedance spectra showed that the fuel cell per-
formance was limited by the electrode polarization resistance
while the YSZ electrolyte resistance was negligible. SEM results
revealed that the microstructure of the anode is good and the
YSZ film was quite dense. All the factors above indicate that
it is practical to introduce slip casting technique and colloidal
spray coating technique to fabricate the tubular anode-supported
SOFCs. Slip casting technique may be promising for tubular
anode substrate fabrication though further investigation is nec-
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essary. And colloidal spray coating is also a good technique for
the fabrication of YSZ electrolyte films used in SOFCs.
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