CERAMICS

INTERNATIONAL

ELS ER Ceramics International 30 (2004) 1049—1053

www.elsevier.com/locate/ceramint

Dip-coating thin yttria-stabilized zirconia films for solid
oxide fuel cell applications

Yonglian Zhang, Jianfeng Gao, Dingkun Peng, Meng Guangyao, Xinggin Liu

Department of Material Science and Engineering, University of Science and Technology of China,
Hefei, Anhui 230026, China

Received 11 March 2003; received in revised form 11 August 2003; accepted 20 October 2003
Available online 12 March 2004

Abstract

The preparation of high-quality yttria-stabilized zirconia (YSZ) electrolyte films on porous substrates is critical to the fabrication of
high-performance solid-state ionic devices such as solid oxide fuel cells (SOFCs) and gas sensors. In this paper, stable, fully dispersed YSZ
suspensions were prepared. Particles zeta-potential and relative viscosity of suspensions were investigated. Thin YSZ films were deposited on
NiO-YSZ anode supports with the YSZ suspensions and then heated toCL#0d&ir. Dense and crack-free films were obtained with thickness
in the range of 20—3@m. L& sSh,MnO; (LSM) paste was printed on the YSZ electrolyte/anode to assemble single fuel cell and tested in the
temperature range of 650-800. The open circuit voltage (OCV) of the cells reached 0.98 V and maximum power density 190 fm&¥/cm
800°C, showing areasonable performance. The deposited thin films could be considered for electrolyte application in intermediate temperature
SOFCs.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction support has been designed and develdBgdin which the
key is to develop proper techniques to make dense thin elec-

Solid oxide fuel cells (SOFCs) have been extensively stud- trolyte.
ied because of its high energy conversion efficiency, very Various attempts have been made to prepare thin dense
low emissions to atmosphere and fuel flexibility (natural gas, films using electrochemical deposition (EVY], plasma
coal gas, hydrogen, etd)]. The conventional SOFCs with ~ spray[5], RF sputterind6], spray pyrolysi¢7], and sol-gel
yttria-stabilized zirconia (YSZ) as electrolyte, which is nor- [8], method etc. In this paper, a dip-coating technique,
mally in a thickness of about 2Q0m, are operated ataround Which is usually employed to fabricate porous ceramic
1000°C in order to attain reasonable power density. The high membranes, has been developed for the preparation of dense
operation temperature leads to many material problems, suctpXide film. In comparison to other fabrication methods, the
as electrode sintering, interfacial diffusion between elec- dip-coating process is an easy and inexpensive method for
trolyte and electrode and mechanical stress due to differentPreparing thin films, it offers a potential route for SOFCs
thermal expansion coefficients. These problems have lim- electrolyte preparation, and makes the process very attrac-
ited the commercialization of SOFCs. Therefore, it has beentive and economical for potential large-scale commercial
a trend to reduce the operation temperature(7002800r fabrication.
less)[2]. In order to reduce the operating temperature while  In this investigation, a water-soluble polyelectrolyte was
maintaining reasonable electrochemical power density, theused to disperse zirconia powder with nanosize particles in

structure with thin YSZ film electrolyte on porous anode Water. The rheological behavior of the suspensions, resulting
packing efficiency and densification of films were the focus

of this investigation. A single solid oxide fuel cell fabri-
* Corresponding author. Tek+86-551-3601700. cated from the supported YSZ film electrolyte on the anode

E-mail addressesyonglian@mail.ustc.edu.cn (Y. Zhang), SUbStr.ate and a baSr 2MnO3 (LSM) cathode prepared on
xqliu@ustc.edu.cn (X. Liu). YSZ film was tested.
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2. Materials and experimental procedure Fo wdm, i Gfi!ffiiﬁ o ‘Dispér'éafi't“
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2.1. Materials o
The investigated YSZ powder produced by a chemical Suspensivns’

coprecipitation method has an average particle diameter
0.43pm determined by laser diffraction. The powder surface
area is 26.3 ifig characterized by Brunauer—-Emmett-Teller
method (BET) and the primary particle size of the powder
is 30nm measured by transmission electron microscopy
(TEM) (Fig. 1. The average diameter of NiO used in this
study from commercial source ispdn. Polyacrylic acid
(homemade) is used as dispersant in this investigation. HCI,
NaOH, and NaCl used in this experiment are analytical
grade.

" Decairing

Slip-coating’

1eadoy

Green bt
2.2. Experimental procedure

A

" Sintering

NiO-YSZ composite powders were mixed through
ball-milling using ZrQ balls as milling media in ethanol for
24 h. The powders were then pressed into pellets (diameter
15 mm, pressure 200 MPa) and subsequently fired at @00
for 2h. After fabrication, the surfaces of fired pellets were Fig. 2. Flow chart of the production of dense YSZ thin films.
grounded using SiC 4000 paper.

Basing on the zeta-potential value (measured by Malvern
Zetasizer 3000HS, UK) of YSZ particles in the aqueous sus- all the specimens were characterized by scanning electron
pensions, YSZ powder, water and dispersants were mixedmicroscopy (Hitachi X-650, Japan).
in proportion and ball-milled at pH 10 for 48h. Stable,
fully dispersed YSZ aqueous suspensions could be obtained.
A dip-coating technique was used to form wet films onto 3. Results and discussing
NiO-YSZ anode supports with the YSZ suspensions. The
green films and anode supports were then co-sintered at3.1. Suspensions
1400°C for a couple of hours to get dense supported elec-
trolyte layers. A flow chart of the preparation process was It is generally recognized that the denser the powder
shown inFig. 2 compacts, the easier to densify to high-den§@ty11]. In

A paste of LSM powder in an organic solvent was printed dip-coating process, the dispersion of the particles in the
on YSZ surface of the disk. And the disk was then heated to a suspensions is a critic factor to decide the compact density.
temperature of 1200C for 2 h. Pt=NiO-YSZ/YSZ/LSM-Pt  Fully dispersed suspensions are easy to obtain high-density
single cells were assembled. Current-voltage measurementsompacts and subsequently dense samples after sintering.
for the cells were measured at 8G@D with hydrogen on the YSZ particles electrophoresis properties in aqueous
anode and oxygen on the cathode side. Pt mesh was used fogolution give a direction to prepare its suspensions.
collecting the current on both electrodes. Microstructures of Well-dispersed suspensions can be obtained with high
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Fig. 3. Zeta-potential vs. pH of 0.01 vol.% YSZ and 0.01 vol.% ¥SZAA
Fig. 1. TEM image of YSZ powder. suspensions.
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Fig. 5. YSZ thin film thickness depend on times of dip-coating.

Fig. 4. The dependence of apparent viscosity on pH value.

the substrate, slip-coating process and dryness, sintering pro-
zeta-potential value of the particles where there is suffi- cesses are most important.
ciently high surface charge density to generate a strong Uniform pore-size distribution and smoothness of the
repulsion double-layer surfadé2,13] To reach this goal,  substrate surface guarantee the preparation of high quality
polyelectrolytes are usually added to the suspensions.green YSZ film. The surface view of NiO-YSZ is shown
Which can increase the charges of YSZ particle surface andin Fig. 7(a) there are almost no big pores in the NiO-YSZ
the branches of the polyelectrolyte stretching in the sus- cermet support. The average pore-size of the support is ap-
pensions also impede the agglomeration of particles. Theproximate 2um. The surface image of green YSZ film coat-
effect of pH on zeta-potential of YSZ particles in aqueous ing with 5% solid content well-dispersed slurry is shown
solution is shown irFig. 3. The isoelectric point (IEP) of  in Fig. 7(b) the green film is uniform and smoothness.
YSZ particles with polyelectrolyte shifts obviously from The YSZ particles almost cannot be seen from the image,
pH 6.82 to pH 4.0. This is due to the addition of the dis- this may be a thin layer of excessive polyelectrolyte in the
persant makes the particles more negatively charged. At pHsuspension covering on the surface of green YSZ film.
below 2 and above 9, the zeta-potential reach 35 and 32, Multiply dip-coating processes are important to eliminate
respectively. It can make us obtain stable, well-dispersed the influence of the surface defects of the supports and ob-
zirconia suspensions in principle. tained higher density compact. But the green films thickness

Apparent viscosity is used to reflect the dispersion of the also increases with the dip-coating times increadfig. 5is

suspensiongzig. 4is the drawing of the dependence of ap- the drawing of the film thickness dependence on dip-coating
parent viscosity of 10% solid content suspensions on pH times with different concentration of suspension. Nonlinear
value. At IEP (about at pH 4), the suspensions are in strongly relationship between film thickness and dip-coating times
flocculated state as long-range van de Waals interactions beis observed. As dip-coating times increases, the thickness
tween particles dominate. The viscosity of the suspensionsof the film by one time coating decreases. Decreasing
reaches its maximum value. Two pH ranges are also charac-pore-size in top layer has resulted in this phenomenon. Using
terized with lower viscosity ifFig. 4. At above pH 9, elec-
trosteric forces make the particles apart from each other and

the suspensions are in dispersed conditions. As the same, 2 1'2.
electrostatic mechanism can explain the dispersion of zirco- é 1.0 e
nia particles in acid conditiof14—16] In our investigation, 5 P "
we prepare suspensions approximately at pH 10, notin acid  “g 0-81 -
condition. One of the main reasons is that yttria dissolve E 06 /
from the powder in acid condition. Well-dispersed YSZ sus- g 7
pensions have guaranteed the formation of high-density YSZ D 044
green films. c ]
§ 024 m
3.2. The preparation and characterization of thin o /
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A number of factors have influence on the formation of Time(h)
YSZ dense thin films. Among them, the surface quality of Fig. 6. Percentage of weight loss of green film vs. time.
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Fig. 8. Anode, cathode, and sandwich structure of the cell.

suspensions with 10 and 5% solid content, after four times or pinholes are observed. The cathode layer, consisting of
coating, the films reached approximately 32 andug? sub-micron grains, has an average thickness qfr8Cand
thickness, respectively. It is enough to obtained dense YSZa porosity of about 30%. The thickness of the porous anode
film after sintering. varies from 0.5 to 0.7 mm whereas the porosity of the anode
Cracks are most frequently occurred when films are dried. is about 25%.
High humidity and low temperature slower the evaporation  Shown inFig. 9is Arrhennius plot of logT versus 1T.
of solvent, that allow YSZ grains stack naturally and form The calculated conduction activation energy of the YSZ
high dense green films. In this study, the relative humidity thin films was obtained at the temperature between 600 and
is controlled at 90% and the temperature af@5n dry- 800°C, E5 = 1.12eV, which is similar with the bulk ma-
ing processFig. 6 gives the dependence of percentage of terials E; = 1.14eV. At 800 and 750C, the conductivities
weight loss of green films on time. The critical point of dry- of the thin film reach 0.0098-0.004 S/cm, respectively.
ing process is about at 8h. After 8 h, the interface of the Fig. 10 presents the |-V curves and power outputs of
gas/liquid began to enter green film, the rate of weight loss Pt—-LSM/YSZ/Ni-YSZ-Pt single cell with Has fuel and
decreased gradually. The weight losses of the green filmsO, as oxidant. The cell open circuit voltage (OCV) reaches
almost do not change as time after 18 h. Sintering procedure0.98V at 800C, a little lower than theoretic value. The
is also strictly controlled. The green films are heated at a poor sealing at high temperature and few pinholes (although
rate of 1°C/min and kept for a period at 50C. Fig. 7(c)
and (d)show respectively the surface and cross-section of
an YSZ layer that has been deposited on a porous NiO-YSZ
anode supports after sintering. These micrographs indicate
that the thickness of the deposited layer is uniform, approxi-
mate 3Qum. This layer is free from pores and cracks within
the scale of SEM observation. At the same time, the connec-
tion between YSZ film and anode are satisfactory, no crack
can be observed on the interfaces.

T T T T T

A bulk material
® thin film

Ln(sT)(Scm™'K)

3.3. Electrochemical properties of YSZ thin films

Shown inFig. 8are the cross-sectional SEM micrographs 090 095 100 105 110 1.15
of each cell component. The thin YSZ layer is abouj.8®,
. . 1000/T(1/K)
some isolated defects such as small voids are observed
under SEM investigation. However, no cross-film cracks Fig. 9. Arrhenius plot of logT vs. 17T of the developed YSZ films.
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Fig. 10. I-V curves and power outputs of Pt—-LSM/YSZ/Ni-YSZ-Pt single
cell.

not seen from the SEM) in the film may be the reasons
for the lower OCV. At 800C, the maximum power density

of 190 mW/cn# is obtained, showing a reasonable perfor-
mance. But the lower porosities of electrodes have greatly
influences on the cell performances. Thus, the further work
should be done to improve the process in order to increase
anode porosity and improving the microstructure. A higher
power density would be expected.

4. Conclusions

Powder colloid processing is an appropriate method
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