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Abstract

Electrophoretic deposition (EPD) of YSZ electrolyte films onto porous NiO-YSZ composite substrates that had been pre-coated with graphite thin
layers was carried out in the following two means for solid oxide fuel cell application: one was EPD based on electrophoretic filtration by which
YSZ films were formed on the reverse sides without the graphite layers; the other was EPD on a graphite thin layer pre-coated on the substrates.
Dense YSZ electrolyte thin films were successfully obtained in both means, although it was difficult to form YSZ films that were strongly adherent
to the substrates using the latter means. The densification of YSZ films was assisted by shrinkage of the substrates during co-firing. A single cell
was constructed on ca. 5 wm thick dense YSZ films fabricated using the EPD based on electrophoretic filtration. Maximum power densities over
0.06, 0.35, 1.10 and 2.01 W/cm? were attained, respectively, at 500, 600, 700 and 800 °C on the cell.
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1. Introduction

Much effort has been paid to development of solid oxide fuel
cells (SOFCs) operating at or below 800 °C because lowering
the operation temperature engenders long life and reduced costs
of the total system. For reduced-temperature operating SOFCs,
the electrolyte should be as thin as possible to minimize the
internal ohmic loss. Although several techniques,' including
electrochemical vapor deposition, have been used to form thin
electrolyte films, it is desirable to develop cost-effective pro-
cesses for broad commercial applications of SOFCs.

Electrophoretic deposition (EPD) is a colloidal process by
which ceramic films are shaped directly onto substrates from a
colloidal suspension in a DC electric field. The EPD has been
used for SOFC applications.>"'® The EPD is a suitable method
for forming electrolyte thin films for intermediate temperature
SOFCs with various stack designs, such as a tubular cell stack.
The process is very simple; it also includes some technological
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advantages such as uniformity of deposition, even for complex
and large forms, along with high deposition rates. However, the
EPD requires conducting substrates for deposition. For that rea-
son, few attempts have been made on non-conducting substrates,
such as NiO-YSZ composites, that are useful as an anode in
SOFC. In the present work, thin layers of graphite have been
coated onto porous NiO-YSZ composite substrates to facili-
tate conduction on the surface. This paper deals with EPD of
YSZ electrolyte films on the non-conducting porous substrates
pre-coated with graphite layers. In addition, this paper reports
influences of sinterability of the NiO—YSZ composite substrates
on densification of YSZ films that are thus formed electrophoret-
ically.

2. Experimental

Green sheets of NiO-YSZ composite substrates were fab-
ricated by tape-casting a slurry on polyethylene films. The
slurry was prepared by mixing NiO-YSZ (8 mol% Y,03) com-
posite powders, synthesized by Hosokawa Powder Technology
Research Institute, with a dispersant (AKM-0531; NOP Corp.),
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Fig. 1. Experimental setups for (a) EPD of YSZ powders onto porous NiO-YSZ
composite substrates whose reverse sides were pre-coated with graphite thin lay-
ers and (b) EPD of YSZ powders onto graphite thin layers on porous NiO-YSZ
composite substrates.

poly(vinylbutyral) as a binder, and di-n-butyl sebacate as a plas-
ticizer in ethanol. The resultant slurry was used after de-airing.
The green films’ thickness was ca. 700 wm. Circular sheets cut
from the green sheets were heated at 500 °C for 4 h to decom-
pose and evaporate the organic additives and then at temperatures
of 900-1200 °C for 2 h in air. Respective porosities of the sub-
strates prepared by heating at 900, 1000, 1100 and 1200 °C were
approximately 57, 55, 50 and 40%. Graphite layers with thick-
ness of 0.6-1 um were put onto the surface of the NiO-YSZ
composite substrates using a commercial graphite spray.

In this work, the following two processes were used for the
EPDs using the porous substrates pre-coated with graphite lay-
ers: one means (method 1) was EPD of dispersed YSZ ceramic
powders onto the substrates; the other (method 2) was EPD onto
the graphite layers on the substrates. Fig. 1 shows the differ-
ence in the experimental setups between the two methods. In
method 1, the substrate specimen side without the graphite layer
was placed, facing the stainless counter electrode. On the other
hand, the graphite layer side was set to face the counter elec-
trode in method 2. A distance of 1 cm was maintained between
the graphite layer and counter electrode. A DC voltage of 400 V
was applied between the graphite layer and counter electrode
in suspensions containing 0.2 g of commercial YSZ (8 mol%
Y;,03) powders (Tosoh Corp.). The resultant deposits were co-
fired with the substrates at 1350 °C for 2 h in air. In this paper, the
method 1 based on electrophoretic filtration was denominated
as direct-EPD.

Microstructures of the deposits on the substrates were
observed before and after co-firing using scanning elec-
tron microscopy (SEM). Single cells were constructed to
examine performance of the YSZ electrolyte films thus fab-
ricated on the porous NiO-YSZ composite substrates. A
Lag ¢Srg.4Cog2Fep gO03_, (LSCF) compound was used as a cath-
ode in the single cells. The LSCF was prepared using a conven-

tional solid state reaction of Lay O3, SrCO3, Co304 and Fe; 03
powders. The mixture of those powders with cation stoichiome-
try was heated at 1000 °C, ground, and then re-heated at 1100 °C
in air. The resulting powders were sufficiently ground using a
micronizing milling machine. The average size of the LSCF
powder used was around 0.5 pm, which was determined from
particle-size distribution measurements using a laser scattering
technique. The LSCF powders were screen-printed on the YSZ
electrolyte films, and then heated at 850 °C in air. The obtained
single cells were placed in an experimental system and sealed
on an alumina tube with 9 mm inner diameter and 13 mm outer
diameter. Fuel-cell performances were measured at 500-800 °C
with a galvanostat and a digital voltmeter. Humidified (3% H»O)
hydrogen and air were supplied as a fuel and an oxidant. Single
cells were heated in situ at 800 °C in flowing hydrogen gas to
reduce NiO in the anode substrates into metallic Ni prior to the
cell performance tests.

3. Results and discussion

3.1. Direct-EPD of YSZ film on porous NiO-YSZ composite
substrate pre-coated with graphite layer

Fig. 2 shows cross-sectional SEM images of YSZ films
formed electrophoretically before and after co-firing with the
porous substrates. The YSZ powders were deposited on the neg-
ative electrode. The obtained deposits comprised densely packed
YSZ powders. No crack was observed in the deposits. The
deposits’ thickness can be controlled as ca. 5-23 um using EPD
parameters including applied voltage and time. The deposits
were transformed into a dense body that adhered strongly to the
substrates after co-firing. The films’ thickness was decreased ca.
37% by co-firing. Some closed pores were observed in the cross-
section, but no large pores existed across the films. On the other
hand, the substrates were highly densified after co-firing. Never-
theless, the substrates were restored into a porous body by in situ
reduction in flowing hydrogen gas before the cell performance
tests.

In the present work, ethanol was used as a suspension
medium for method 1. According to previous papers,”*+78
iodine-dissolved acetylacetone is an effective solvent for EPD
of YSZ. The iodine-dissolved acetylacetone was used instead
of ethanol as the suspension medium for the direct-EPD. The
iodine-dissolved acetylacetone had much lower resistance than
the ethanol. Therefore, the applied voltages were lowered to
50V to depress evolution of gases on the negative electrode.
Although migration of the YSZ powders toward the negative
electrode was observed in the iodine-dissolved acetylacetone
similar to in the ethanol, no deposits were obtained. In general,
EPD characteristics are based on a combination of two steps.??
One is migration of charged powders toward an electrode with
opposite charge in a DC electric field. The other is coagulation
of the powders on the electrode after discharge. The EPD of
ceramic powders such as YSZ is often dominated by the lat-
ter step. According to a previous paper,?! the coagulation step
is promoted only slightly in low electric field. The magnitude
of applied voltage might, therefore, cause a difference between
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Fig.2. SEM images of cross-section for YSZ films deposited by direct-EPD (a) before and (b) after co-firing with porous NiO-YSZ composite substrates (bars =5 pm).

ethanol and iodine-dissolved acetylacetone in direct-EPD char-
acteristics. High voltages were applied in the iodine-dissolved
acdetylacetone to investigate the influence of applied voltage
on the direct-EPD characteristics. However, no YSZ films were
formed on the substrates as a result of gas-evolution.

Fig. 3 shows SEM images of free surfaces for the YSZ co-
fired with the porous substrates prepared by pre-heating the
green sheets at temperatures of 900—1200 °C. Although no sig-
nificant difference was apparent among the deposits’ microstruc-
ture before co-firing, the microstructures of co-fired YSZ films
varied according to the substrates used. Densification of YSZ
films tended to be degraded on the substrates prepared from
green sheets with increasing pre-heating temperature from 900

to 1200 °C. A few small pores remained in the YSZ films on
the substrates prepared by pre-heating at 900 °C, but YSZ films
were denser than those formed on the substrates with pre-heating
temperatures of 1100 and 1200 °C. The dense YSZ films showed
good transparency.

In Table 1, linear shrinkage of the substrates with YSZ films
after co-firing is shown along with the porosities of those sub-
strates before co-firing. The linear shrinkage of the substrates
prepared by pre-heating the green sheets at 900 °C was much
greater than that by pre-heating at 1200 °C. This seems to be
reasonable because the substrates with pre-heating at 1200 °C
were denser than those at 900 °C. The diameter of substrates
with pre-heating temperature of 900 °C decreased by ca. 22%

Fig. 3. SEM images of free surface for YSZ films co-fired with substrates prepared by pre-heating green sheets at (a) 900, (b) 1000, (c) 1100 and (d) 1200 °C,

respectively (bars =5 pwm).
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Table 1

Porosities of NiO-YSZ composite substrates prepared by pre-heating green
sheets at 900—1200 °C for 2 h, and linear shrinkages of the substrates with YSZ
films after co-firing at 1350 °C for 2h

Pre-heating temperature(°C)

900 1000 1100 1200
Porosity (%) 56.6 55.2 50.3 39.6
Linear shrinkage (%) 21.8 20.2 18.9 12.3

during co-firing, thereby assisting densification of the YSZ films.
This result indicates that the sinterability of substrates affected
the densification of the supported YSZ films. Therefore, the sin-
terability of the substrate used as a supporter, as well as EPD
process parameters, was an important factor in fabricating dense
YSZ films on the NiO-YSZ composite substrates by the direct-
EPD.

3.2. EPD of YSZ film on a graphite layer pre-coated on
porous NiO-YSZ composite substrate

In method 2, the EPDs were carried out using acetone as
a solvent. Thin films were not obtained, even with short EPD
time, because of high deposition rate when ethanol was used.
The reason for the greatly enhanced EPD that was provided by
method 2 using ethanol remains unclear.

Fig. 4 shows cross-sectional SEM images for the YSZ films
formed on the graphite layers on the substrates before and
after co-firing. The deposits were composed of densely packed
YSZ powders on the graphite layers. Microstructures of YSZ
films resembled those formed by direct-EPD in method 1. The
graphite layers were burnt out during co-firing. Furthermore, no
intermediate compound existed at the interface between the YSZ
films and substrates. However, an opening was partly observed
at the interface. The opening lowered the adhesion of co-fired
YSZ films to the substrates. A thinner graphite layer might

€
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improve the connection between the electrolyte films and sub-
strates. However, it is difficult to use a commercial graphite spray
to produce thinner graphite layers by controlling the thickness.
Therefore, it seemed that method 1 based on the direct-EPD was
more convenient than method 2 for electrophoretic formation of
YSZ electrolyte thin films on porous NiO-YSZ composite sub-
strates.

3.3. Performance of a single cell constructed on a dense
YSZ thin film supported by a NiO-YSZ composite substrate

For cell performance tests, dense YSZ electrolyte films
were fabricated using the substrates with pre-heating at 900 °C
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Fig.5. Cell performance in a temperature of 500-800 °C for a single cell with ca.
5 pm thick dense YSZ film fabricated by direct-EPD of YSZ powders followed
by co-firing with NiO-YSZ composite substrate at 1350 °C. Substrates prepared
by pre-heating green sheets at 900 °C were used as composite substrate for cell
fabrication. The cell had Lag ¢Srg 4Cog2Feg gO3_, for the cathode.

YSZ NiO-YSZ

Fig. 4. SEM images of cross-section for YSZ films deposited electrophoretically onto graphite layers on porous NiO-YSZ composite substrates (a) before and (b)

after co-firing (bars =5 pum).
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Fig. 6. SEM image of cross-section for anode-supported SOFC after cell per-
formance tests (Bar=5 pum).

according to method 1 based on the direct-EPD of YSZ powders
followed by co-firing at 1350 °C. Fig. 5 shows the cell perfor-
mance of a single cell constructed on ca. 5 wm thick dense YSZ
film. The open-circuit voltages were almost identical to the theo-
retical values. Maximum output power densities at 500, 600, 700
and 800 °C were greater than 0.06, 0.35, 1.10 and 2.01 W/em?,
respectively. Those values might be the highest maximum power
densities ever reported at those temperatures for SOFCs with
YSZ electrolyte. Through achievement of the high cell per-
formance, dense YSZ films with thickness of ca. 5 um might
become applicable to an electrolyte in SOFCs operating at
600 °C. Shown in Fig. 6 is a SEM image of a cross-section for
the single cell after cell performance tests. The YSZ film was
retained in a dense body, and the substrate was confirmed to be
restored into a porous body. Therefore, it is concluded that the
EPD, especially the direct-EPD, is an available method to fab-
ricate dense electrolyte thin films for intermediate temperature
SOFC.

4. Conclusions

In this work, EPD was used to fabricate YSZ electrolyte films
on porous NiO-YSZ composite substrates for anode-supported
SOFC. For EPD, thin layers of graphite were pre-coated onto the
non-conducting porous substrates. Two electrophoretic fabrica-
tion methods were used. One was so-called direct-EPD based on
electrophoretic filtration. In direct-EPD, the YSZ powders were
deposited on the reverse sides that did not have graphite layers,
and were subsequently transformed into dense and continuous
films with thickness of ca. 3—15 um after co-firing with sub-
strates. Densification of YSZ films was affected by sinterability
of substrates used. In the other method, the YSZ powders were
deposited on the graphite layers on the substrates. The graphite
layers were removed during co-firing, and no intermediate com-
pound existed at the interface. Nevertheless, it was difficult to
form YSZ films that were strongly adherent to the substrates
using this method because an opening remained at the inter-
face after co-firing. A single cell was constructed on ca. 5 um

thick dense YSZ films fabricated on the NiO-YSZ compos-
ite substrates by direct-EPD followed by co-firing at 1350 °C.
High maximum output power densities over 0.06, 0.35, 1.10 and
2.01 W/cm? were attained at 500, 600, 700 and 800 °C, respec-
tively. Those results indicate clearly that EPD is an effective
method to form dense YSZ electrolyte thin films on porous
NiO-YSZ composite substrates for intermediate temperature
SOFC.
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