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Thick films of YSZ electrolytes by dip-coating process
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Abstract

Yttria stabilized zirconia (YSZ, 8% Y2O3) thick films were coated on porous Ni-YSZ substrates using the dip-coating process and a suspension
with a new formulation. The suspension was obtained by addition of a polymeric matrix in a stable suspension of a commercial YSZ
(Tosoh) powders dispersed in an azeotropic MEK-EtOH mixture. The green layers were densified after an optimization of the suspension
composition. YSZ Tosoh particles encapsulated by a zirconium alkoxide sol and added with colloidal alkoxide precursor are used to load the
suspension. The in situ growth of these colloids increases significantly the layers density after an appropriated heat treatment. The obtained
films are continuous, homogeneous and 20�m thick. Different microstructures are obtained depending on the synthesis parameters of the
suspension.
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. Introduction

Due to good mechanical, excellent chemical stability
nd adequate level of oxygen-ion conductivity in both ox-

dizing and reducing environment, yttria stabilized zirco-
ia (ZrO2-8%Y2O3) is the most used electrolyte in SOFCs
pplications.1 In order to both increase the chemical stabil-

ty of the SOFCs components and decrease the cell cost, it
s necessary to decrease the working temperature to around
00–800◦C. The control of the microstructure and the thick-
ess of the electrolyte may reduce the internal resistance of

he YSZ electrolyte. An improvement of the performance of
he cell could then be reached.

Tape casting is a conventional technique to synthesize
SZ electolyte membranes or films.2–4 However the films

hickness is typically in the range of 30–50�m, which is
oo high for SOFC electrolyte working at low tempera-
ure.

The sol–gel based on the dip-coating method is also con-
idered as an effective and practical method to produce YSZ
lms. But this method does not allow the synthesis of films

thicker than few micrometers on porous Ni-YSZ substr
in one step.5,6

Here, we report a method to synthesize thick films by u
the dip-coating methods. A dip-coating solution similar w
slurries composition used in tape casting techniques, ma
powders in suspensions, has been optimized in order to
trol both thickness and density of the films. By dip-coa
process, very commonly used in several industrial app
tions, films of 10–20�m thick were prepared on porous N
YSZ cermet substrates.7 The originality of the method is i
the formulation of the suspensions. The dip-coating solu
consist of a mixture of polymer matrix with a stable susp
sion of commercial YSZ powders in a MEK-EtOH azeotro
solvent.

The aim of this work is then to increase the green d
sity of the films by adjusting the formulation of the d
coating solutions. Colloidal zirconia precursors obtaine
the alkoxide route are added to the YSZ suspensions
YSZ commercial powder encapsulated in the alkoxide s
also added to the previous mixture. Another route con
of the incorporation of pure metal nitrates in the polym
∗ Corresponding author.
E-mail address:lenorman@chimie.ups-tlse.fr (P. Lenormand).

matrix.
The microstructures have then been correlated to the main

characteristics of the suspension composition. After heat
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treatment, films microstructure is investigated by scanning
electron microscopy.

2. Experimental

ZrO2-8%Y2O3 commercial powder (YSZ, Tosoh,d50 =
40�m, crystallite size = 30 nm), is added, under me-
chanical stirring, in an azeotropic mixture MEK-EtOH
(methylethylketone-ethanol) with a polyesther-phosphate
(PE-312) additive used as dispersant. For the initial suspen-
sion, the mass ratio of YSZ powder/MEK-EtOH was kept
to 1. A dispersant concentration of 2.5 wt.% (in reference to
the total YSZ mass) gave the best state of dispersion of the
suspension (Part 1,Fig. 1). The solution was homogeneized
by ultrasonic disagglomeration of the powder and mechani-
cal stirring in a water bath.8 These slurries were very stable.
After 72 h, no sediment volume was observed. A polymer
matrix, derived from the Pecchini process,9 was added to the
previous YSZ suspension. This polymer matrix was obtained
by polymerization and polycondensation reactions between
hexamethylentetramin (HMTA, Acros Organics 99%) and
acetylacetone (acac, Acros Organics +99%) in acetic acid
(VWR) media. Rm defined as the mass ratio of the poly-
mer matrix on the YSZ suspension was kept equal to 0.2.
This reference synthesis part is referred as the route 1 in

F
s

Fig. 1. This part is the starting formulation for all synthe-
ses.

Colloidal YSZ nanoparticles were prepared using the
alkoxide route.10 Zirconiumn-propoxide (Aldrich, 70 wt.%),
n-propanol (Acros organics +99%), yttrium nitrate (Acros
Organics 99.9%), acetylacetone and water were mixed to syn-
thesize sols. The synthesis parameters were the following:
C= 0.5 mol/L for the zirconiumn-propoxide concentration,
R′ = [acac]/{[Zr(OC3H7)4] + [Y 2O3]}= 0.7 for the comple-
xing agent ratio andW′ = [H2O]/{[Zr(OC3H7)4] + [Y 2O3]}=
10 for the hydrolysis ratio. The obtained sol is homogeneous,
clear and transparent and consisted of very small colloidal
primary particles about 2–3 nm11,12 (Part 2,Fig. 1). Differ-
ent amounts of colloidal alkoxide sol are added to the initial
YSZ suspension. The mass ratio of the colloidal sol on the
YSZ suspension is called Ra.

In route 3, some of the YSZ commercial particles were
added to alkoxide sols. The condensation reactions occur then
at the surface of the oxide particles in the way that stable
suspensions formed. Rc was defined as the mass ratio of the
pre-hydrated YSZ powder (Part 3,Fig. 1) to the alkoxide sol.
This YSZ suspension was then added to the starting solution
(route 3).

Moreover, it is possible to add pure metal nitrates in the
polymer matrix. Precursors were zirconyl nitrate hydrate Zr-
O-(NO ) -xH O (Acros Organics 99.5%) and yttrium nitrate
Y ial
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(NO3)3-6H2O previously dissolved in water. The init
etallic salts concentration was adjusted atCs = 0.5 mol/L

ompared to the polymer matrix volume.
The dip-coating solutions constituted of YSZ powder

uspensions were deposited on Ni-YSZ (InDEC b.v. Ne
and) porous polycrystalline substrates. The withdra
peed was about 30 cm/min. Several films were prep
rom different final suspension compositions. Heat-treatm
as optimized in order to both remove organics compo
nd promote a good sintering process. In a typical ex

ment, the thermal treatment was 800◦C with a heating
ate of 20◦C/h and then to 1400◦C with a heating rate o
00◦C/h. The time at the dwelling temperature was 2 h.

Powder analyses by X-ray diffraction were achieve
oom temperature using a Siemens D501 diffractometer
u K� radiation. Scanning electron microscopy (JEOL J
400) was performed to characterize both morphology
icrostructure of YSZ thick films.

. Results

It is necessary to characterize the as-prepared pow
rom the initial amorphous zirconia precursors solution
oth colloidal and polymeric routes. For the alkoxide

he obtained gel from a colloidal aggregation mechanis11

s dried in air. After a heat treatment of 600◦C during 2 h
he obtained YSZ xerogels crystallize in the fluorine struc
Fig. 2). For the polymeric sols, a pre-treatment was neces
t 500◦C in order to remove the organic compounds.
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Fig. 2. XRD pattern of YSZ powders obtained from the alkoxide route af-
ter calcination at 600◦C during two hours and the polymeric route after
calcination at 1000◦C during 2 h.

as-formed amorphous powders were then heated at 1000◦C
in air during 2 h in order to obtain the oxide.

Due to the refractory character of zirconia, a very high
thermal treatment should be applied to have a good densi-
fication. In order to keep the open porosity of the cermet,
different heat treatments were performed and the microstruc-
ture of the Ni-YSZ cermets was checked by scanning electron
microscopy. As it can be seen inFig. 3, heating the Ni-YSZ
substrate at 1500◦C leads to a decrease of the initial porosity
while a heating at 1400◦C does not affect it. A maximum
temperature of 1400◦C is then used for the synthesis of YSZ
thick films.

Different routes were used and a comparison was estab-
lished to determine the best conditions for making dense thick
films.

Fig. 4shows the microstructure of layer obtained via the
route 1 which is the starting suspension. The polymer matrix
used in this case is not constituted of metal salts. The as-
prepared layers are continuous, homogeneous with a thick-

F efore
a

Fig. 4. SEM micrographs of YSZ layers deposited on Ni-YSZ porous sub-
strates after calcination at 1400◦C during 2 h. Synthesis parameters of the
final suspension: Rm = 0.2; Ra = 0; Rc = 0 andCs = 0 mol/L.

ness of about 15�m. This thickness is suitable for SOFC
electrolyte applications working at 700◦C. However, large
microcracks appear at the surface of the films while some
of them are present inside the films. Furthermore, films have
connected open porosity. These results agree with those ob-
tained by Gaudon on YSZ dense substrates.7 To improve
the layers density with a maximal annealing temperature of
1400◦C, one possibility is the increase of the green density
of the layers. This is achieved by the use of suspensions of
powders with size multimodal distribution. Another solution
is to incorporate, in the suspensions, precursors of the YSZ
particles, which after the sintering process give rise to the for-
mation of YSZ nanopowders. However, well-dispersed sus-
pensions made of nanometric particles are difficult to obtain.
An alkoxide colloidal sol is then added to the initial YSZ
suspension as described on the route 2,Fig. 1. Fig. 5shows
the SEM micrographs of the YSZ films obtained from sus-
pensions with different Ra and Rm = 0.2. Higher the Ra ratio,
the denser is the layers microstructure. However, cracks pen-
etrate the films for Ra superior to 0.17. Crack phenomenon is
linked to the organics excess when the alkoxide sol proportion

F rous
s ers
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ig. 3. SEM micrographs of the Ni-YSZ porous cermets substrates b
nd after heat treatment at 1400◦C and 1500◦C during 2 h.
ig. 5. SEM micrographs of YSZ layers deposited on Ni-YSZ pou
ubstrates after calcination at 1400◦C during 2 h. Synthesis paramet
f the final suspension: Rm = 0.2; Ra = 0.11, 0.17, 0.25, 0.43; Rc =

s = 0 mol/L.
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Fig. 6. SEM micrographs of YSZ layers deposited on Ni-YSZ pourous sub-
strates after calcination at 1400◦C during 2 h. Synthesis parameters of the
final suspension: Rm = 0.2; Ra = 0.17; Rc = 1, 0.25, 0.11 andCs = 0 mol/L.

in the final suspension increases. Then, Ra = 0.17 seems to
be the better compromise for improving the film density with
a thickness ranging from 10 to 20�m. The last possibility to
improve the film density has been to develop an in situ growth
of YSZ colloids around the commercial powder particles by
the encapsulating technique as described previously.Fig. 6
shows SEM micrographs of thick films obtained from differ-
ent synthesis parameters of the suspension. Rm was kept to
0.2; Ra was kept constant to 0.17 and Rc ranged from 0.11
to 1. The layers microstructure is improved with the incor-
poration of commercial YSZ particles in the alkoxide sol.
The lower the Rc ratio, the less the microcracks in the films.
For Rc = 0.11, only micropores are present and no cracks
across the films are observed. The layer is continuous and
has a thickness of 25�m. A better densification clearly ap-
pears. In this suspension, metallic salts were then added to
the polymeric matrix with a concentrationCs of 0.5 mol/L.
This allows an increase of the concentration of YSZ powders
in the films without solvent addition. In this case, the addi-
tion of metal salts in the polymer matrix does not modify the
microstructure of the layer previously observed.

4. Conclusion

An alternative experimental process which combines the
d lop

to prepare YSZ thick films on porous Ni-YSZ substrates.
The dip-coating solution consists of YSZ commercial pow-
ders in suspensions in organics media, which contain a
dispersion solvent and both polymeric and alkoxide sols.
The obtained layers are continuous, homogeneous and ad-
herent. The layers microstructure is significantly denser
with the loss of the connected open porosity. The films
thickness is from 10 to 20�m, which is in good agree-
ment with requirements for SOFC electrolyte working at
700◦C.

The originality of this work is the development of a low
cost process to prepare dense YSZ layers. The films are ob-
tained from both a single step dip-coating process and a sim-
ple heat treatment.
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