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Abstract Mesoporous yttria-stabilized zirconia (YSZ)
membranes can be used for liquid phase applications in
harsh environments and as supports for ultra-thin dense
ceramic, carbonate, or metallic membranes. This article
reports on the synthesis and characterization of three-layer
mesoporous ceramic membranes consisting of a mesopor-
ous YSZ layer, a macroporous YSZ intermediate layer, and
macroporous o-alumina support. The macroporous YSZ
intermediate layer was coated on the alumina support using
a suspension of submicron-sized YSZ powders, and the
mesoporous YSZ layer was obtained by dip-coating with
diluted zirconia sol doped with yttrium nitrate. The mes-
oporous YSZ layer has desired cubic phase structure.
Crack-free mesoporous YSZ membranes could be obtained
by multiple dip-coating, drying, and calcination using a
dilute YSZ sol at a concentration of 0.014 M with the help
of using a drying control chemical additive. The 5 times
dip-coated mesoporous YSZ membranes were about 1 pm
in thickness with an average pore diameter of 3 nm. The
mesoporous YSZ membranes exhibited Knudsen separa-
tion factor. The characteristics of the dip-coating process
for the mesoporous YSZ membranes on the macroporous
YSZ support are similar to those on the macroporous alu-
mina support.
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Introduction

Yttria-stabilized zirconia (YSZ) is a widely used material
because of its unique characteristics. YSZ has a better
chemical stability in comparison to alumina and titania
membranes making it more suitable for liquid phase
applications under harsh conditions such as treatment of
waste-water at extreme pH [1]. Compared with pure zir-
conia membranes which may form cracks due to the
stresses developed associated with phase transformation
from metastable tetragonal to stable monoclinic phase
during heating treatment [2, 3], YSZ membrane could
maintain a stable cubic fluorite structure between room
temperature and 3000 K. As a result, it is more promising
for high temperature applications such as membrane reac-
tors and gas separation by Knudsen flow.

The YSZ membranes also exhibit a considerable oxygen
ionic conductivity and an extreme low thermal conduc-
tivity at high temperature. Dense YSZ layers could be used
as the electrolytes for solid oxide fuel cells, oxygen sen-
sors, and oxygen pumps [4—7] while porous ones could be
applied as barriers for thermal insulation and insulated
engine components [§—10]. YSZ mesoporous membranes
are attractive as the support, not only for ultra-thin dense
YSZ but also for other ceramic or metallic membranes
because of their chemical inertness, ionic conductivity, and
thermal expansion coefficient which matches closely with
that of many dense membrane materials [11].YSZ macro-
porous membrane could be used as an intermediate layer to
improve the thermal stability of MFI-type zeolite mem-
brane structure on porous alumina support [12].

The sol-gel method is considered to be the most com-
mon method for fabrication of porous ceramic membranes
[1, 13]. The sol-gel synthesis of YSZ mesoporous mem-
branes was previously reported by several investigators
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[14-16]. These studies were mainly focused on the phase
and pore structures of YSZ. Recently, many researchers
presented the synthesis and characterization of YSZ pow-
ders by the sol-gel process [17-19]. However, information
on preparing crack and defect-free membranes and per-
meation data is limited. A few researchers reported on
the preparation of defect-free supported YSZ membranes
[20-22]. Okubo et al. [20] synthesized YSZ membranes by
mixing a particulate sol and a polymeric sol to improve the
film formation process and the film property. Kim and Lin
[21] reported on the synthesis of porous YSZ membranes
with a particulate sol that was obtained by hydrolysis and
peptization of zirconium n-propoxide. The YSZ layer was
determined to be pin-hole free by helium permeation tests.
The zirconia sol used by Changrong et al. [22] was pre-
pared by hydrolysis and condensation of zirconium tetra-n-
propoxide.

All of these mesoporous YSZ membranes described
above were synthesized directly on macroporous alumina
supports. In these membranes the mesoporous YSZ layers,
which is only 1-3 pm thick, is in direct contact with alu-
mina support. For some applications of the mesoporous
YSZ membranes, it is more desirable to have an interme-
diate macroporous YSZ layer as a buffer between the thin
mesoporous YSZ layer and less costly alumina support.
One application is to use the mesoporous YSZ layer as the
support for preparation of dual-phase membranes (with
the pores infiltrated either by Pd [23]or carbonate [24]), the
macroporous intermediate layer would prevent infiltration
of the second phase into alumina support, resulting in
synthesis of thin dual-phase membranes for oxygen or
carbon dioxide separation. The objective of this article is to
report synthesis and characterization of the three-layer
mesoporous YSZ membranes with a macroporous YSZ
intermediate layer on alumina support by the methods of
sol-gel [21] and suspension coating [25].

Materials and methods

Suspension preparation and YSZ macroporous
membrane synthesis

Porous «-alumina supports were made by pressing o-alu-
mina powder (A16, Alcoa) into disk shape under 150 MPa
of hydraulic pressure, followed by sintering at 1150 °C for
30 h in programmable-temperature furnace. The alumina
supports were polished sequentially by SiC polishing paper
(Struers) #500, #800, and #1200, each for 5 min, after
sintering. A stable YSZ suspension was made according to
the procedures described by Kim and Lin [25]. YSZ
powders (8-mol% Y,Os-stabilized ZrO,) (TZ-8Y, Tosoh
Co., Tokyo, Japan), mixed with dilute nitric acid

(pH = 3-4) at a weight ratio of 1:2, were ball milled in
polyethylene (PE) pots with ZrO, balls 0.5 mm in diame-
ter. The suspension was treated ultrasonically to break up
the agglomerates and was then ball milled for 7-10 days.
After the ball-milling process, the YSZ suspension was
diluted to 10 wt% by adding more dilute nitric acid.

Supported YSZ macroporous membranes were prepared
by dip-coating a stable YSZ suspension on the o-alumina
porous supports. Polyvinyl alcohol (PVA) was used as
drying control chemical additive (DCCA) to prevent crack
formation in the membranes during the drying step. PVA
solution was prepared by dissolving 3 g of PVA (Fluka,
MW = 72,000) in 95 mL water and 5 mL of 1 M nitric
acid. The optimum amount of PVA solution to be added
into the suspension was determined to be at a volume ratio
of 1:4. The YSZ suspension with PVA was dip-coated on
alumina supports and dip-coated disks were dried in air at a
relative humidity (RH) of 50-60% and a temperature of
40 °C. After the drying process, the supported membrane
was sintered in air at 1000 °C for 3 h with a heating and
cooling rate of 100 °C/h. The dip-coating, drying, and
sintering processes were repeated to ensure the preparation
of crack-free supported YSZ macroporous membranes.

Sol preparation and YSZ mesoporous membrane
synthesis

Mesoporous YSZ layer was coated on the macroporous
YSZ/alumina supports, and for comparison on alumina
supports, by the sol-gel method [21]. Stable 0.25 M zir-
conia sol was prepared by hydrolysis and condensation of
0.25 mol zirconium n-propoxide (Alfa, MW = 327.56) in
a water (900 mL)/isopropanol (500 mL) solution. The
white zirconia precipitates were filtered with vacuum suc-
tion and washed in water several times to remove the
isopropanol. A small amount of water was added to help
facilitate the filtering in the process. The filtered zirconia
cake was diluted in 1L of water and peptized with 125 mL
1 M nitric acid at 90-100 °C overnight. The sol was
ultrasonically treated for at least 30 min before it was used.
A 0.07 M yttrium nitrate solution was made by mixing 2 g
of Y(NO3); (Alfa) with 95 mL water and 5 mL 1 M nitric
acid solution at 50 °C. The PVA solution was prepared
using the same procedure as the one that was previously
mentioned. Hydroxypropyl cellulose (HPC) (Aldrich,
MW = 100,000) solution was prepared by dissolving
0.35 g powder in 95 mL water and 5 mL of 1 M nitric
acid.

A solution-sol mixing method was used to coat the
dopant on the grain surface of the zirconia membranes. The
0.07 M yttrium nitrate solution was mixed with the stable
zirconia sol in a desired proportion to make 8 mol%
YSZ. The optimum amount of DCCA at the specific

@ Springer



7058

J Mater Sci (2011) 46:7056-7066

concentration was found to be about 30% in volume of
0.25 M zirconia sol [21].The YSZ sol was made by mixing
the zirconia sol, yttrium nitrate solution, and DCCA with
an approximate volume ratio of 35:11:11. The concentra-
tion of yttria-doped zirconia sol with DCCA was 0.154 M.
Unsupported YSZ mesoporous membranes were made by
pouring the sol into petri-dishes. Supported membranes
were made by dip-coating YSZ sol on a-alumina support
and supported YSZ macroporous membranes previously
synthesized, respectively. The membranes were dried at the
same condition as the YSZ macroporous membranes. The
membranes were calcined at 450 °C for 3 h with a heating
and cooling rate of 0.5 °C/min. For the supported mem-
branes, the procedure of coating, drying, and calcination
was repeated to ensure the synthesis of crack-free mem-
branes and formation of a membrane with the proper
thickness. Some of the unsupported YSZ samples were
heat treated at 700 °C 30 h.

Characterization

The surface area, pore volume, and pore size distribution of
sol-gel derived YSZ powders were obtained from nitrogen
ad(de)sorption isotherms using an adsorption porosimeter
(Micrometrics, ASAP 2020). The phase structures of the
membranes were identified by X-ray diffractometry (XRD)
(Bruker AXS, D8 Focus Diffractometer) with Cu Ko
radiation. The morphology and thickness of supported
mesoporous and macroporous YSZ membranes were
studied by examining the cross section and top layer of the
membrane disks using scanning electron microscopy
(SEM) equipment (Philips, FEI XL.30 FEG). Helium per-
meation through the membrane was measured by a steady-
state permeation setup shown in Fig. 1 to examine the
quality of the membranes [27].
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Fig. 1 Steady state helium permeation setup. (/) Helium cylinder, (2)

mass flow controller, (3) valve, (4) pressure sensor, (5) gas reservoir,
(6) permeation cell, (7) needle valve, (8) bubble flow meter
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Results and discussion

Good quality, macroporous YSZ membranes were obtained
by dip-coating the YSZ suspension on the a-alumina sup-
port, followed by drying and heat treatment. Figure 2
shows the SEM images of surface and cross section of a
YSZ macroporous membrane on the alumina support pre-
pared by dip-coating, drying, and calcination for 3 times. It
can be seen that a crack-free and uniform YSZ layer, of
about 20 pm in thickness, was formed. The cross sectional
BE image shows a clear double layer structure in which the
macroporous YSZ membrane can be distinguished from the
o-alumina support due to the difference in the atomic
weights. Figure 3 shows an XRD pattern of YSZ macro-
porous membrane prepared on an a-alumina support. Peaks
assigned to the 111, 200, 220, 311, and 400 deflections
correspond to cubic YSZ [26]. No XRD peaks for the
alumina support can be seen due to the large thickness (at
least 10 um) of the YSZ layer.

Helium permeance data for the alumina support and for
the supported macroporous YSZ membrane at different
mean pressures cross the membrane are given in Fig. 4.
Coating of the YSZ layer caused about 5% reduction in
helium permeance. The helium permeance data for the
alumina support can be correlated by straight line as
[27, 28]

F

- = P av 1
= +p (1)
Permeability coefficients o and f account for Knudsen flow
and viscous flow, respectively, and can be used to calculate
the pore radius of the membrane by:

s (2) o

In these equations L is the disk thickness (m), M and u are
the molecular weight (kg/mol) and viscosity (kg/m/s) of the
permeating gas (helium), and r, is the average pore radius
(m). The values for the permeation parameters obtained by
linear regression and the pore size for the alumina support
are given in Table 1.

The permeance for the supported YSZ layer was
obtained from the flux data for the composite membrane
(alumina support + YSZ layer) by the resistance-in-series
model [27]. For a given helium flow through the composite
membrane at Q; with an upstream pressure of Py, on the
surface of the YSZ side, the permeance for the YSZ top
layer can be obtained by:

Qi

Fi=—=
" S(Py— Po)

(3)

at the average pressure of P,, = (P, + P,,)/2. Here P, is
obtained by:
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Fig. 2 SEM images of the surface (a) and cross section of YSZ
macroporous membrane [b secondary-electron (SE) image and
¢ backscattered-electron (BE) image]

\/ocg + 28, (% + o Py + %Plz) — 0t
Py = 4)
" By
where the subscript “s” is for the properties for the support,
P, is the pressure on the downstream surface (alumina
support surface), and § is the membrane permeation area.
The results for the permeance for the YSZ top layer at
various average pressures are plotted in Fig. 4b. As shown,
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Fig. 3 XRD pattern of YSZ macroporous membrane supported by
o-alumina support after 3 times dip-coating
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Table 1 Values of «, f5, and f/o for a-alumina support and 3 time-dip-coated top YSZ macroporous layer

Component o
(10 mol m™2s~! Pa!)

1.332
31.51

0.92
14.29

o-alumina support
YSZ top layer

Blo Calculated pore
(1072 mol m™2 s~ Pa~2) (x107%Pa™ 1) diameter (nm)

0.69 180

0.45 116

the data can be correlated by a straightline, Eq. 1, with the
values for the permeability coefficient for the YSZ top
layer and the pore size calculated by Eq. 2 is given in
Table 1. Average pore diameter calculated for YSZ mac-
roporous membrane is about 116 nm which is in agreement
with previously reported results [25]. The pore size of the
macroporous YSZ layer is close to that of the alumina
support. Therefore, it is suitable to coat mesoporous YSZ
layer on the surface of the macroporous YSZ layer.
Stable zirconia sol was much more difficult to obtain [2]
due to the extremely rapid reaction of zirconia alkoxide
with water. The most important conditions for synthesis of
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Fig. 5 Pore size distribution of unsupported YSZ sol membranes

after calcination at 450 °C for 3 h (a) and after further heat treatment
at 700 °C for 30 h (b)
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zirconia sol include: (1) the dilution degree of the metal
alkoxide, (2) the amount of water used for hydrolysis of the
alkoxide, and (3) the peptization conditions. Kim and Lin
[21] developed a promising method to make stable zirconia
sol based on the conditions above and it was followed in
this study. Environmental humidity was strictly controlled
and steam formed during the experiment was removed to
prevent the reaction between metal alkoxide and water.
Figure 5 shows pore size distribution (PSD) of unsup-
ported mesoporous YSZ membranes after calcination at
450 °C for 3 h and after further heat treatment at 700 °C
for 30 h. The PSD after calcination is rather narrow, but
becomes much broader with an increased pore size after
further heat treatment. The pore structure data of the YSZ
mesoporous membrane are consistent with previous results
[21] and are shown in Table 2. Figure 6 shows the XRD
data of unsupported YSZ mesoporous membranes after
calcination and further heat treatment. The peak positions

Table 2 Pore structure data of YSZ membranes calcination at
450 °C for 3 h and after further heat treatment at 700 °C for 30 h

After calcination After sintering

Pore size (nm) 33 22.3
Surface area (m*/g) 110.2 14.7
Pore volume (cc/g) 0.087 0.081
= (b)
172]
=
£ /\./\
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j\ /\,\ "
20 30 40 50 60 70 80
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Fig. 6 XRD patterns of unsupported YSZ mesoporous membrane
(a) after calcination at 450 °C for 3 h and (b) after further heat
treatment at 700 °C for 30 h
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of mesoporous YSZ membranes are consistent with those
of macroporous YSZ membranes, showing a cubic
structure.

Supported mesoporous YSZ membranes were first pre-
pared by dip-coating the 0.154 M YSZ sol on supported
macroporous YSZ membranes. The dip-coating, drying,
and calcination steps were repeated several times to ensure
the formation of YSZ layers of a proper thickness. There
were, however, many cracks observed on the surface of the
as-synthesized mesoporous YSZ membrane after three
repetitions of the dip-coating, as shown in Fig. 7. From the
figure, it is observed that the cracks are about 5-10 pm in
length and 1-2 pm in width. The cracks form even on one-
dip-coating layer. The cracks on the membrane are likely
caused by the drying stress (o,) developed during the
drying process. The larger the stress, the more likely cracks

Fig. 7 SEM images of surface morphology of YSZ mesoporous
membrane prepared with original 0.154 M sol on YSZ macroporous
membrane after 3 times dip-coating

are to form. The drying stress on the membrane could be
approximately fitted into equation as follows [28]:

oy~ Ly, Vi/3D (5)

L is the thickness (m) qf the membrane, 7, is the viscosity
of the solvent (Pa s), Vg is drying rate (m/s), and D is the
permeability of the membrane (m?).

In this study, the membranes were dried in a humidity-
controlled chamber at a relative humidity (RH) of 50-60%
and a temperature of 40 °C. A further increase in humidity
was not effective to prevent crack formation. The other
effective way to reduce the stress is to decrease the
membrane thickness and perform multiple dip-coating,
drying, and calcination processes. The membrane thickness
for each dip-coating is proportional to the sol concentra-
tion. In this study, the original 0.154 M YSZ sol was
diluted to 0.026, 0.013, and 0.0087 M. Both PVA and HPC
were studied as the DCCA to strengthen the gel structure
and reduce the solvent viscosity. For comparison, meso-
porous YSZ membranes were also prepared on macropo-
rous alumina support as reported in our previous study
[21]. Table 3 summarizes nine membrane samples pre-
pared and the characteristics of these samples. For each
sample, the dip-coating, drying, and calcination process
was repeated by 5 times.

Figures 8 and 9 are surface and cross section SEM
images of mesoporous YSZ membranes on YSZ macro-
porous membranes prepared from the sol with a concen-
tration of 0.026, 0.013, and 0.0087 M, respectively, with
PVA and HPC as DCCA. Comparing the surfaces in Fig. 8
with that in Fig. 7, it could be seen that crack formation
was improved by virtue of the fact that the cracks

Table 3 Summary of the YSZ mesoporous membranes prepared and result observed and measured from SEM images

Sample no. YSZ sol Support DCCA Crack width range Top layer
concentration (M) (um) L length W width thickness (pm)
1 0.026 YSZ macroporous membrane PVA L: 1-1.7 3.35
W: 0.16-0.34
2 0.013 YSZ macroporous membrane PVA L: 0.17-0.3 1.35
W: 0.09-0.16
3 0.0087 YSZ macroporous membrane PVA No cracks 1.02
0.026 YSZ macroporous membrane HPC L: 2-5 3.33
W: 0.5-1
5 0.013 YSZ macroporous membrane HPC L: 0.15-0.3 1.37
W: 0.1-0.15
0.0087 YSZ macroporous membrane HPC No cracks
0.026 Alumina support PVA L: 1-1.8 35
W: 0.15-0.36
8 0.013 Alumina support PVA L: 0.17-0.3 1.4
W: 0.1-0.21
9 0.0087 Alumina support PVA No cracks 1.1
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decreased in size quite drastically after using the sol with a
lower concentration. Cracks on the membranes prepared
from 0.154 M sol were about 5-10 pm in length and
1-2 pm in width. Here, the cracks are just 1-1.7 pm in
length and 0.16-0.34 pm in width for the membranes
prepared from 0.026 M sol and about 0.17-0.3 um in
length and 0.09-0.16 pm in width for the membranes from
0.013 M sol. In some ways, it could be inferred that the
size of cracks decreased reciprocally to the sol concentra-
tion. The membranes made from 0.0087 M sol are crack
free. From Fig. 7b, d, and e, a clear triple-layer structure of

Fig. 8 SEM images of top
surface and cross section of
YSZ mesoporous membrane
prepared on YSZ macroporous
membrane with PVA after 5
times dip-coating by a sol
concentration of 0.026 M (a, b),
0.013 M sol (¢, d), and

0.0087 M (e, f)

@ Springer

the composite membrane can be observed. The top YSZ
layers are about 3.35, 1.35, and 1.02 pm thick corre-
sponding to 0.026, 0.013, and 0.0087 M. The thicknesses
of the membranes decrease with a reduction of sol con-
centration, hence lessening the stresses and preventing
crack formation. This is evident when the sol concentration
is very low (0.0087 M) which led to the formation of a
crack-free mesoporous YSZ membrane.

Comparing the cross sections shown in Fig. 9 (mem-
branes prepared with HPC as DCCA) with those in Fig. 8
(PVA as DCCA), it was found that the film formations are

Middle YSZ

macroporous layer

Alumina

Top YSZ

support mesoporous layer
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very similar regardless of what DCCA is used. The mem-
branes become thinner when the lower concentrations of
sol are used. The thicknesses of the YSZ mesoporous
membranes prepared with HPC are about 3.37, 1.33, and
1 um, which are almost same as those obtained from the
sol with PVA added. However, despite the similarity in
thickness, differences in surface morphology can be dis-
tinguished from the SEM images. By comparing Figs. 9a
and 8a, when the 0.026 M sol is used, the cracks on the
sample with HPC are about 2-5 pm in length and

Fig. 9 SEM images of top
surface and cross section of
YSZ mesoporous membrane
prepared on YSZ macroporous
membrane with HPC after 5
times dip-coating by a sol
concentration of 0.026 M (a, b),
0.013 M sol (¢, d), and

0.0087 M (e, f)

0.5-1 pm in width which are much larger than those on the
membranes with PVA added as DCCA. It looks like the use
of PVA is better than HPC in terms of limiting crack for-
mation. When a lower concentration sol is used, crack
formation is drastically improved for the sol with HPC and
the quality of the membrane is very similar to that from the
sol with PVA. When the concentration of the sol with HPC
added is 0.013 M, the cracks are about 0.15-0.3 pm long
and 0.1-0.15 pm wide. This size is smaller than those
made from 0.026 M sol. Finally, when the concentration is

Middle YSZ
macroporous layer

Alumina
support

Top YSZ
mesoporous layer
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0.0087 M with HPC, crack-free membranes could be
obtained, as was also the case when PVA was used.

SEM images of mesoporous YSZ membranes directly
prepared on alumina supports with PVA added are shown
in Fig. 10a—f. Compared with Fig. 7, it can be seen that,
with the same YSZ sol concentration used, the size of the
cracks formed and the film thickness of the mesoporous
YSZ membranes on macroporous YSZ membranes or

Fig. 10 SEM images of top
surface and cross section of
YSZ mesoporous membrane
prepared on alumina support
with PVA after 5 times dip-
coating by a sol concentration of
0.026 M (a, b), 0.013 M sol

(c, d), and 0.0087 M (e, )

@ Springer

alumina supports are almost same. This indicates that the
difference in support properties does not influence the
synthesis of mesoporous YSZ membranes, and that sol
concentration remains the key factor in film preparation.
The membrane prepared from 0.026 M YSZ sol on alu-
mina support after 5 times dip-coating is around 3.5 pm,
which is the same as that from our previous study [21].
However, the previous study showed that mesoporous YSZ

|4 »

I<
Top YSZ
mesoporous layer

Alumina
support
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Table 4 Helium and nitrogen permeances through YSZ mesoporous membranes and gas separation ratio of the two gases
Helium permeance Py Nitrogen permeance Py, Pye/Pn,
(107% mol m 2! Pa™ ! (10® mol m™2s~! Pa})
YSZ mesoporous membrane on alumina support 1.112 0.421 2.64
YSZ mesoporous membrane on YSZ macroporous membrane 1.085 0.408 2.66

membrane of this thickness on alumina support was crack-
free. Although, in both studies drying was conducted in a
humidity-controlled chamber, the dip-coating process was
conducted in the air. The air humidity in the location of the
previous study (Cincinnati, Ohio) is about 50-70%, much
higher than that in the location of this study (Tempe,
Arizona) (10-20%). The initial exposure of the dip-coated
YSZ gel to the air of different humidity is the main reason
for the different extent of cracks for the mesoporous YSZ
membranes prepared in this and previous study. The results
suggest a need to perform dip-coating in a humidity-
controlled chamber in a relatively dry location if one wants
to obtain crack-free thick membranes.

Gas permeation tests were done to check for the pres-
ence of the defects in the mesoporous YSZ membranes.
Based on the PSD, the gas permeation mechanism through
the mesoporous YSZ membrane should obey the rule of
Knudsen flow. Consequently, gas separation factor should
be equal to reciprocal of the square root of the molecular
weight of the permeating gases. Helium and nitrogen per-
meation test were done through the crack-free mesoporous
YSZ membrane prepared on YSZ macroporous membrane
and alumina support. Gas permeance data and the calcu-
lated separation factors are shown in Table 4. The theo-
retical Knudsen separation factor of helium and nitrogen is
2.65. From Table 4, it is seen that the helium and nitrogen
permeance through mesoporous YSZ membrane on alu-
mina support is 1.112 and 0.421 (10~ mol/m?/Pa/s) with a
separation ratio of 2.64. While for mesoporous YSZ
membrane prepared on macroporous YSZ membrane, the
permeances are 1.085 and 0.408 (1076 mol/mZ/Pa/s) with a
separation ratio of 2.66. For both membranes, the He/N,
separation factor are approximately equal to the theoretical
value, indicating the YSZ mesoporous membranes pre-
pared on both supports are defect and pin-hole free.

Conclusions

High-quality, crack-free supported YSZ macroporous
membranes were prepared from a stable suspension under
optimum condition. The membrane prepared was of a cubic
fluorite structure and average pore size was 116 nm mea-
sured by helium permeance test. Supported, crack-free,
high-quality YSZ mesoporous membranes could be pre-
pared from an YSZ sol with a lower concentration by

dip-coating on supported YSZ macroporous membrane.
The average pore size of the membrane was found to be
about 3 nm, as measured by nitrogen adsorption porosi-
meter. The optimum concentration of the YSZ sol was
determined to be 0.0087 M in this study. Concerning the
use of the DCCA, there were no difference between using
PVA and HPC on crack improvement and film formation
of the YSZ membrane. At a relatively high concentration,
PVA had a better effect on minimizing crack formation
than HPC. Crack-free YSZ mesoporous membranes were
around 1 pm thick after 5 times dip-coating. Crack-free
YSZ mesoporous membranes were also prepared on alu-
mina supports. The membrane properties were similar to
those made on YSZ macroporous membranes and the
quality of the membranes was not influenced by supports.
Helium permeance experiments show Knudsen gas sepa-
ration factor confirming that the supported YSZ mesopor-
ous membranes are free of defects and pin-holes.
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