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bstract

Thin ceramic films of samaria-doped ceria (SDC) were deposited on green NiO–SDC substrate via a slurry spin coating technique followed by
o-firing. The ceramic films as-prepared are homogenous and dense, without cracks and penetrating pinholes, as observed from cross-sectional
EM images. The thicknesses of the ceramic films for one coating run can be adjusted between 0.8 and 9 �m by altering the spin rate. The film

hickness (h) is inversely proportional to the logarithm of the spin rate (Log(f)) in the range of 3000–10,000 rpm. The slurry spin coating procedure

s largely a competition between the thinning and the drying. Half-cells with both 15 and 25 mm diameters were fabricated. In addition, YSZ
lectrolyte layer with a thickness of 15 �m was also deposited with a homogeneous and completely dense microstructure by two runs of slurry
pin coating.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Intermediate temperature solid oxide fuel cells (IT-SOFCs,
perated between 600 ◦C and 800 ◦C) and low temperature solid
xide fuel cells (LT-SOFCs, operated at temperatures lower than
00 ◦C) are attracting more attention due to their significant
otential of improving long-term performance stability, widen-
ng the material selection, and allowing quick start-up [1–2].
eduction of operating temperature, however, requires fabri-
ation techniques that produce thin electrolyte (about 2–20 �m)
3–4] and even ultra thin electrolyte (thinner than 2 �m) in order
o significantly lower the ohmic loss [5]. Most techniques cur-
ently adopted for the fabrication of thin ceramic film can be
ivided into three categories: vapour-phase deposition, parti-
le deposition and liquid-phase deposition [6–7]. Vapour-phase
rocessing, such as electrochemical vapour deposition (EVD)
8] and pulsed laser deposition (PLD) [9] can deposit gas-tight

eramic film as thin as 0.5–1 �m. Plasma spraying process-
ng can also be used for the deposition of the electrolyte layer,
ut the film will be rather thick [10]. These techniques usually
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equire expensive equipment and/or costly procedures. In con-
rast, particle deposition processing, such as screen-printing [11]
nd slurry coating [12], are inexpensive, and therefore, widely
dopted. However, the subsequent complex drying, baking and
ring steps lower the productivity and the final yield. More-
ver, it is difficult to fabricate ultra thin and gas-tight ceramic
lm using screen-printing or slurry coating routines. Liquid-
hase deposition, mainly for precursor spin coating processing,
an achieve compositional homogeneity at the molecular level
y using precursor solution other than prefabricated powder.
his processing favours the fabrication of ultra thin ceramic film

13–15], and is also relatively inexpensive in terms of equipment
nd procedure.

Recently, spin coating procedures using a slurry prepared
rom prefabricated powder as starting materials other than pre-
ursors, so-called slurry spin coating, have been successfully
eveloped to fabricate 15 �m SDC electrolytes for anode-
upported SOFCs [16–18]. In slurry spin coating, suitable
rganic additives are used to adjust the solid loading, viscosity
nd volatility of the solvent system. Combining the advan-

ages of particle coating and slurry coating, this method is
xpected to fabricate ultra thin ceramic film in an inexpen-
ive way. In this paper, ultra thin 20 mol.% samaria-doped ceria
Ce0.8Sm0.2O2−δ, SDC) films were deposited by slurry spin

mailto:Zhenwei.Wang@nrc-cnrc.gc.ca
dx.doi.org/10.1016/j.jpowsour.2007.05.036
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the coating microstructure. Fig. 2A shows the SEM photo of the
cross section of the fractured cells with the thinnest SDC elec-
trolyte. The spin rate for the functional layer and the electrolyte
was 10,000 rpm and the cell was co-fired at 1400 ◦C for 5 h in
R. Hui et al. / Journal of Pow

oating on tape cast anode substrate in various thicknesses and
n different cell sizes. Thin 8 mol.% yttria-stabilized zirconia
YSZ) film was also successfully fabricated in order to demon-
trate the versatility of this technique.

. Experimental

.1. Substrates and slurries

NiO (Novamet Inc.) and SDC (Praxair Surface Technol-
gy) were used as received. Anode substrates of NiO–SDC
50:50 by weight ratio) were prepared by tape casting using
olvent-based powder slurry mixed with appropriate organic
inders with 7 wt.% carbon as pore former. A mixture of methyl
so-butyl ketone, toluene, and ethanol was adopted as solvent.
rganic additives include a binder of polyvinyl butyral (Richard
. Mistler Corporation), a plasticizer of polyalkylene glycol

Richard E. Mistler Corporation) and butyl benzyl phthalate
Richard E. Mistler Corporation), and a dispersant of phosphate
ster (AKZO NOBEL Surface Chemistry LLC). The total sol-
ent to organic additives ratio is 2:1 by weight. The thickness of
he green substrate was about 2 mm.

SDC slurry for spin coating was prepared through ball
illing a mixture of SDC nanopowder (n Gimat Co. BET

22.38 m2 g−1) and submicron powder (Praxair. TM. BET
6.109 m2 g−1), together with the same mixed solvent and
rganic additives as those used in the tape casting. Total SDC
owder in the slurry is 34 wt.%. The SDC slurry as-prepared
howed a viscosity of 25.9 cP at room temperature. Similarly,
SZ slurry with a viscosity of 85.0 cP was prepared using YSZ
owder (TZ8Y, TOSOH Corp.) as the raw material.

.2. Spin coating procedure

Circular anode substrates were cut from the green substrate
sing a 19 mm diameter driller. The sample was then placed on
custom-made porous support, and both were held securely by
acuum through the center of a hollow shaft in the spin coater
Laurell Technologies Corporation, Model WS-400B-6NPP). A

raduated syringe was inserted through the hole at the upper
id of the spin coater, as demonstrated in Fig. 1. Static dispens-
ng with fixed spin rate was adopted for the spin coating. After
he sample was accelerated to the specified rate, 0.1 ml of elec-

Fig. 1. Schematic diagram of spin coating.
F
C

urces 172 (2007) 840–844 841

rolyte slurry was injected onto the sample surface manually. The
lurry spread across the whole sample surface within about 5 s,
epending on the spin rate. The total rotation period was fixed
or 30 s in order to thin, smooth and dry the electrolyte coating.
fter drying, the coated sample was co-fired at a temperature of
400 ◦C for 5 h in air. Porosity of the fired anode substrates was
vol.%. The YSZ layer was coated at a spin rate of 6000 rpm

or two coating-drying cycles, and then co-fired at 1400 ◦C.
he surface and cross-section morphologies of the cells were
bserved using a scanning electron microscope (SEM, Hitachi
-3500N).

. Results and discussion

The microstructure of the SDC film, mainly characterized by
hickness and homogeneity, depends on both the nature of the
DC slurry (viscosity, surface tension, volatility of solvent sys-

em, solid loading, slurry homogeneity, etc.) and the parameters
hosen for the spin coating process (spin rate, rotation period, air
urbulence, etc.). In this study, the properties of SDC slurry were
xed for all the samples. Thus, the spin parameters determined
ig. 2. Microstructure of the anode-supported cell with 0.8 �m SDC film. (A)
ross section; (B) surface.
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ir. The SDC film obtained shows a thickness of 0.8 �m and a
ense structure without penetrating cracks or pinholes. The film
hickness varies slightly due to the surface roughness of the sub-
trate in this scale. A small cove can hold more electrolyte slurry
uring spin, which grows into a thick segment after co-firing.
ig. 2B shows the surface morphology of the SDC film. The
DC layer is almost completely dense except for a few pinholes
ispersed among the grain boundaries. Successfully fabricating
n ultra thin and dense electrolyte layer in an inexpensive way
s important for the reduction of ohmic resistance, especially for
T-SOFCs. However, conventional inexpensive techniques like
creen-printing and slurry coating can only give a thick film,
ypically 5–20 �m [12]. Thus, this slurry spin coating technique
hows significant potential for inexpensively fabricating ultra
hin ceramic film.

Ceramic films with different thicknesses have been fabri-
ated through spin coating on NiO–SDC substrates. As shown
n Fig. 3, all the SDC layers exhibit dense structures without
bvious cracks and pinholes. The thicknesses of the electrolyte
ayers in Fig. 3A–D are 1, 2, 4 and 9 �m, obtained with cor-
esponding spin rates of 9000, 8000, 6000, and 3000 rpm,

espectively. Thicker films are obtained under lower spin rates
nd are more uniform. This suggests that slurry properties play
more important role than substrate topography under slow

pinning.

s
(

t

Fig. 3. Cross-section microstructure of the anode-supported cells with di
urces 172 (2007) 840–844

During spin coating, fast rotation produces a centrifugal force
hat pushes the viscous slurry to the rim and flings excess slurry
ff. Meanwhile, spin rate can also affect the relative velocity
etween slurry and air, and in turn the characteristics of air tur-
ulence near the coating surface. Both factors are important for
he volatile speed of the solvent system and for the increase in
oating viscosity. The slurry thinning procedure is thus largely
balance between thinning and drying. With the evaporation of

he volatile species, viscosity increases drastically until the cen-
rifugal force can no longer appreciably move the hardened resin
oward the rim. After that, film thickness will not decrease signif-
cantly with further spinning. The subsequent drying, however,
ill further thin the resin.
According to spin coating theory [19–21], when the effect

f evaporation during thinning can be neglected, film thickness
s proportional to solid loading (volume percent) and inversely
roportional to rotating speed, as described by

∝ αCω−1 (1)

here h is the film thickness (�m), α the empirical con-

tant, C the solid loading and ω is the angular speed (rad s−1)
1 rad s−1 = 9.549 rpm).

However, when evaporation plays an important role, film
hickness is inversely proportional to the square root of the

fferent film thicknesses. (A) 1 �m; (B) 2 �m; (C) 4 �m; (D) 9 �m.
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during scale-up.

Ultra thin electrolyte can significantly reduce the ohmic
resistance, but the anode-supported structure can suffer seri-
ously from the decrease in mechanical strength, especially
Fig. 4. Relationship between spin rate (f) and film thickness (h).

otating speed, as described by

∝ αCω−0.5 (2)

t should be indicated that the thicknesses of the SDC layer
rom SEM observation in this study are different from the orig-
nal values before sintering. Immediately after spin coating,
he drying of the electrolyte coating under room temperature,
onstrained by the predry substrate, is mainly one-dimension
hrinkage in the Z-direction. During co-firing, the radial shrink-
ge of the electrolyte can also take place, with shrinkage of
bout 20%. Meanwhile, densification under high temperature
s accompanied by free shrinkage in the Z-direction, with the
artial shrinkage depending on coating thickness. Therefore, the
hickness of the SDC layer from SEM observation is determined
ot only by the coating step but also by the co-firing process.
ig. 4 gives the relationship between spin rate and film thick-
ess. In our study, the film thickness, h, by SEM observation,
ollows a linear relationship with Log(f). This can be empirically
escribed by

∝ Log(f ) (3)

here f is the spin rate (rpm). This empirical relationship is
ifferent from the traditional spin coating theories that focus on
hin layer coating without post-treatment.

Spin coating technique is mainly used to deposit ultra thin
eramic film on the surface of small substrates. To fabricate
thick film (thicker than 10 �m) or to enlarge the sample size
ould be difficult because of the limitations brought by different

entrifugal forces. A large sample would enhance the difference
f radial centrifugal force and in turn result in inhomogeneous
istribution of the electrolyte slurry, especially in the outer part.
owever, when the spin rate is not too high, the slurry properties
lay a more important role during shear distribution and coating

ormation. By carefully controlling the processing parameters,
arger cells with a thin electrolyte can also be fabricated. Fig. 5
hows the macro-photos of the cells with 15 and 25 mm diameter.
he electrolyte layer was coated at a spin rate of 6000 rpm, and

F
w

ig. 5. Macrophotos of the SDC cells with different size. (A) 15 mm; (B) 25 mm.

oth cells show complete electrolyte coverage. Adjusting slurry
roperties and lowering the spin rate would further improve the
lm microstructure. However, this size is still not big enough for
cale-up and the technical obstacles would drastically increase
ig. 6. Microstructure of the cross section (A) and the surface (B) of the cell
ith 15 �m YSZ film supported on NiO–SDC substrate.
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or ceria-based electrolyte films operated under the reduction
y hydrogen. Consequently, state-of-the-art electrolyte films
hicker than 10 �m are still widely used in IT-SOFCs [4].
hrough one coating run, it is not easy to deposit thick films
ue to the tendency for crack formation, especially around the
erimeter. Besides, the large difference in the centrifugal force
nd the shrinkage stress that resulted from the fast solvent evapo-
ation during high speed rotation also contributed to the cracks.
n order to obtain thick film, repeated spin coating cycles are
sually performed, with each coating run producing a thin but
omplete layer. Furthermore, subsequent coatings cannot only
ncrease the film coating thickness but can also partially repair
he defects caused by the previous run. Fig. 6 shows SEM photos
f the cross section (Fig. 6A) and YSZ surface microstruc-
ure (Fig. 6B) of the cell. The cell has an electrolyte layer of
5 �m thickness from two coating runs at 6000 rpm followed
y co-firing. The electrolyte layer is homogenous in thickness
nd completely dense. Prior to this work, such microstructure
as obtained only via slurry coating [4] or screen printing

11].

. Conclusions

In this paper, slurry spin coating technique has been devel-
ped in order to fabricate both ultra thin ceramic films (as thin
s 0.5 �m) and thicker films (as thick as 15 �m). The ceramic
lms obtained are crack-free and almost completely dense.
he thickness of ceramic films (h) can be adjusted by control-

ing the spin rate and the number of repeat cycles, and it is
nversely proportional to the logarithm of the spin rate (Log(f))
n the 3000–10,000 rpm range. The spin coating procedure is
argely a competition between thinning and drying. By repeat-
ng the coating-drying cycles, film thickness can be increased.
ompared to traditional spin coating, the thickness range of
he coating is noticeably larger and therefore more practical.
ince slurry spin coating is an inexpensive technique, it offers
promising way to fabricate thin ceramic film for solid oxide

uel cells.
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