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Abstract

Long-term thermal stability is one of the biggest challenges in the utilization of inorganic ceramic membranes in high-
temperature separation and membrane reactor applications. This work demonstrated that yttrium doping into SiO,-ZrO,
enabled a membrane to maintain stable N, permeance in a long-term permeation test at 850 °C. Characterization techniques
such as DLS, FTIR, XRD, and N, adsorption confirmed that doping with an yttrium/zirconium molar ratio of 1/9 was
optimal. A comparison of the thermal stabilities of pristine SiO,-ZrO, and Y-doped SiO,-ZrO, samples calcined at
550-850 °C via XRD and N, adsorptions revealed that doping with yttria significantly minimized phase segregation and
microstructural densification. Furthermore, a membrane prepared at 550 °C from pristine Si0O,-ZrO, showed an immediate
decline in N, permeance from 6.0 x 107 t0 0.75 x 10 ®mol m 2 s~ Pa~! during a 20-hour, long-term, thermal-stability test
conducted at 850 °C. By contrast, after 24 h at 850 °C a Y-Si0,-ZrO,-derived membrane showed a reduction of only 5.5 x
10710 5.0x 10 ®mol m~2 s~! Pa~!. Thus, the improved thermal stability of this SiO,-ZrO, composite via yttrium doping
heralds the opportunity for ceramic membranes that are more robust.
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Highlights

e Yttrium was successfully doped into SiO,-ZrO, via a sol-gel process

e The optimal doping molar ratio of Y/Zr was 1/9

e Yttrium-doped SiO,-ZrO, displayed better thermal stability than pristine Si0,-ZrO,

e Membranes derived from yttrium-doped SiO,-ZrO, maintained a stable long-term permeance at 850 °C

1 Introduction TiO,) occurred at certain temperatures [15]. Further

Over the past five decades, arguably the most important
development in membrane technology has been the
improvement of permselectivity, thermal and hydrothermal
robustness, and chemical stability via the incorporation of
metal oxides into membrane morphologies [1, 2]. The roles
of metal oxides in membrane technology take several forms.
For example, silica, arguably the most popular, has been
extensively studied and found to possess particularly sharp
molecular sieving ability because of the nature of the
amorphous phase. Membranes fabricated from titania and
zirconia have been applied to nanofiltration because of their
chemical and thermal stability. Compositing SiO, with
alumina and zirconia has also proven very beneficial in
several applications. SiO,-Al,03, and Si0,-ZrO, have been
applied to gas separation, pervaporation, and nanofiltration
with favorable results [3-7]. Furthermore, metal oxide
particles can serve as filler agents to control the polymer
microstructure such as in mixed-matrix membranes [8, 9].

Due to their durability, metal oxides and their composites
are useful in fabricating membrane reactors for chemical
reactions occurring at very high temperatures such as the
dehydrogenation of alkanes and the steam reforming of
methane and alcohols [10]. In addition, membranes fabri-
cated from ZrO, composites can offer stable performance
under alkaline reaction conditions [11]. Sintering, however,
is a major problem for the long-term utility of metal oxides
as catalytic membrane supports [12]. In heterogeneous
catalysis, reacting species are required to diffuse and adsorb
to and products need to desorb from the surface of catalysts
where the reaction occurs. Therefore, the effective surface
area of such catalysts/supports has become an important
factor in the provision of adequate reaction sites that allow
high levels of conversion. Unfortunately, exposure of cat-
alysts/supports to high temperatures for extended periods of
time leads to sintering. In crystalline ceramics, sintering is a
process that leads to a loss of porosity where porous
materials are transformed into dense polycrystalline aggre-
gates during heating [13].

Lin et al. defined the thermal stability of a ceramic
membrane as the ability to retain its phase, mechanical
strength, and pore structure—or only to change
negligibly—at a given temperature for an extended period
of time [14]. His group had previously found that the phase
transformation of certain ceramic oxides (Al,O3, ZrO, and

increase in the heat treatment temperatures resulted in grain
growth of the new crystalline phase. These phase transfor-
mations and grain growth significantly alter the material
pore structure, and lead to a reduction in the surface area
and pore volume. Mercera et al. [16] and Shi et al. [17]
demonstrated that doping La,O; into Al,O; and doping
Y,0; into ZrO, were effective in stabilizing them against
phase transformation.

Generally, the strategy for improving the thermal stabi-
lities of ceramic oxides such as Al,Os, ZrO,, and TiO,
involves either reducing the specific surface energy of the
metal oxide crystallites [17] or reducing the concentration
of nucleation sites to prevent phase transformation [18]. The
concentration of nucleation sites can be reduced by doping a
second metal oxide with a cation that possesses a larger
ionic radius [14]. Y3* has an ionic radius that is 1.06 A
larger than that of Zr*" (at 0.87 A). In addition to this, the
specific surface energy can be reduced by the addition of a
second oxide with a lower sintering rate to cover the surface
of the primary oxide. In this sense, titania has been useful in
lowering the sintering rate of zirconia [18].

The stability of tetragonal ZrO, from phase transforma-
tions in silica-zirconia composites prepared via the sol-gel
co-condensation of silica and zirconia phases has been
reported by other researchers [5, 6, 19]. According to Yoldas
[19], a 22% proportion of silica in silica-zirconia composites
offers a molecular-level separation of the zirconia phase
during co-condensation reactions thereby restricting the
formation of large particles. Therefore, the sol-gel synthesis
of silica-derived composites offers an alternative route for
obtaining phase-stable ceramic composites.

The combinations of SiO, with Al,O3, ZrO,, or TiO,
have been accomplished in the pursuit of different objec-
tives by various membrane research groups. When Al,Os3,
ZrO,, and TiO, are used as the primary oxides, silica is
introduced either to improve phase stability [19] or to tune
the surface acidity/basicity for catalytic purposes [20].
However, when SiO; is the primary oxide, ceramic oxides
are introduced to stabilize it against pore structure densifi-
cation [3, 4, 21]. In membrane reactors the preservation of
the membrane pore structure and the retention of high levels
of membrane permselectivity are of utmost importance.

Our group has developed reproducible colloidal SiO,-
7ZrO, sols for use in membrane fabrication [5, 6, 21-23].
Si0,-ZrO, has been utilized for the formation of an
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intermediate layer between an active membrane separation
layer and a-Al,O3 particle support and also as the binding
agent for a-Al,O;5 particles. Up to a temperature of 550 °C,
TEM and XRD analyses confirmed the presence of amor-
phous zirconia, but a tetragonal phase began to form at
600 °C and grew in intensity as the calcination temperature
increased [5]. The appearance of tetragonal zirconia resulted
in a reduction in the effective surface area and pore volume
of the composite [22]. Thus, further improvement in the
stabilization of zirconia in the amorphous phase at elevated
temperatures is desirable. As previously highlighted, yttria
(Y,03) stabilization of zirconia is very popular to fabricate
dense Y-TZP for fuel cell applications [24, 25]. This creates
another problem, however, that of dealing with yttria sta-
bility without affecting the microstructural properties.

Therefore, via the colloidal sol-gel route, we propose
microstructural control of SiO,-ZrO, composites by doping
with yttria. In this work, optimization of the doping ratio of
yttrium into the composite was determined via character-
ization of the sols, film powders, and membranes of yttria-
doped Si0,-ZrO, composites. Furthermore, we studied the
firing temperatures attained with yttria doping and the
effects on the microstructure of the doped composites
compared with the undoped variants. Finally, we present
long-term performance comparisons of supported mem-
branes derived from doped and non-doped SiO,-ZrO,
composites.

2 Experimental
2.1 Materials

The SiO,-ZrO, sols were prepared via the sol-gel process.
Tetraethoxysilane (TEOS; Aldrich) was used as the silica
precursor while zirconium n-butoxide (ZrTB; Aldrich)
served as the zirconia precursor, and each was dissolved in
ethanol (EtOH; Aldrich). In the sol-gel reactions, nitric acid
(HNOs5; Nacalai Tesque) served as the catalyst for hydro-
lysis. To obtain yttria-doped SiO,-ZrO, sols, yttrium nitrate
hexahydrate (Y(NOs3);.6H,O; Aldrich) was utilized. All
materials were used as received without further purification.

The SiO0,-ZrO, membranes were fabricated on supports.
The membrane support was comprised of porous cylindrical
a-Al,O; (60% porosity; 1.2 um pore size; outer diameter,
1 cm; and, length, 10 cm; Nikkato Corporation, Japan).

2.2 Preparation of Si0,-ZrO, and Y-SiO,-ZrO, (Si:Zr
1:1) colloidal sols, powders and membranes

The preparation procedures of pristine SiO,-ZrO, (SZ) and

yttria-doped SiO,-ZrO, (Y-SZ) colloidal sols are schemati-
cally presented in Fig. S1. The procedure for SZ colloidal sol
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preparation was reported in our previous work [5, 6, 21-23].
Both types of sols were prepared with a molar ratio of Si to
Zr of 1:1. The preparations of all SZ and Y-SZ colloidal sols
followed the same basic procedure as the Y-SZ sol pre-
paration initiated by first dissolving Y(NO;)3;.6H,O in
ethanol mixed at 600 rpm. The amounts of the different
materials used are presented in Table S1. Subsequently,
TEOS was then introduced and partially pre-hydrolyzed for
3 h after which the required amount of ZrTB was added with
water and HNO; for co-hydrolysis and co-condensation
reactions for another 12h at room temperature. The co-
hydrolysis and co-condensation reactions were then com-
pleted afterwards with the addition of more water and HNOj;
to form a polymeric sol after 1 hour. For dilution, water was
subsequently added to the polymeric sols to produce a 2 wt
% solution. This solution was then boiled for 8 h to form a
colloidal sol accompanied by the removal of ethanol and
then more water was added to return the concentration at
2 wt%.

Powders used for characterization were prepared from
these sols via a quick-drying process whereby the sols were
deposited dropwise into a platinum plate heated at 200 °C to
generate xerogels that were subsequently calcined at the
required temperatures.

The SZ and Y-SZ membranes were fabricated by hot-
coating respective SZ and Y-SZ colloidal sols diluted from
2 wt% to 0.5 wt% onto pre-fabricated membrane substrates
that had been preheated in an oven at 200 °C. The mem-
brane substrates were comprised of two «-Al,O5 layers of
different-sized particles fabricated on a cylindrical a-Al,O3
support. These layers were prepared by coating a 10 wt%
suspension of «-Al,O; particles (diameter 2-3 um and
0.2 um particles in the colloidal SZ or Y-SZ sol as a binder)
onto the cylindrical a-Al,O3 support followed by drying,
polishing and calcination at 550 °C. This procedure was
repeated for each particle layer to achieve a smooth sub-
strate for subsequent SZ and Y-SZ sol coating.

2.3 Characterization of SiO,-ZrO, and Y-SiO,-ZrO,
sols and powders

The particle size distributions of the sols were measured at
room temperature via dynamic light scattering (DLS) using
a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.).
The changes in the chemical structures of the powders were
evaluated via Attenuated Total Reflectance Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR, FTIR-4100,
JASCO, Japan). The thermal decomposition properties of
samples were analyzed using Thermogravimetry-Mass
Spectroscopy (TGA-DTA-PIMS 410/S, Rigaku, Japan;
DTG-60 Shimadzu Co., Japan) under He gas flows of 80 ml
min~! with a heating rate of 10 °C min~'. Crystallinity in
the powders was analyzed via X-ray diffractometry (XRD,
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D2 PHASER X-Ray Diffractometer, Bruker, Germany)
with Cu Ko as the radiation source at a wavelength of
1.54 A. The crystalline/amorphous strucutres of the pow-
ders were further confirmed by transmission electron
microscopy (TEM; JEOL, Japan). The microporosities of
the powders were evaluated via N, adsorption-desorption
experiments at —196 °C (BELSORP MAX, BEL Co,,
Japan). Prior to this measurement, samples were evacuated
of adsorbed gases and vapors at 200 °C for at least 12 h.
X-ray photoelectron spectroscopy (XPS, Shimadzu, Japan)
was used to analyze the chemical changes resulting from the
thermal treatment of powders.

2.4 Characterization of SiO,-ZrO, and Y-SiO,-ZrO,
membranes and evaluation of membrane
performance

The morphologies of the membranes were analyzed using
field emission scanning electron microscopy (FE-SEM,
Hitachi S-4800, Japan). Prior to examination, sections were
carefully cut from the supported membrane, attached to
sample stages via carbon tape, and vacuum dried at 50 °C
for 24 h.

The membranes were characterized before and after the
long-term thermal stability tests by analyzing the pore size
distribution and cross-sectional morphologies of the mem-
branes. The pore size distributions of the membranes were
evaluated by nanopermporometry (NPP). The principle of
nanopermporometry and details of the measurement can be
found in a report by Tsuru et al. [26]. In brief, the dis-
tribution of pore sizes in the membranes was determined by
the degree of pore blockage by hexane vapor and the effect
this exerted on the permeation of nitrogen gas at room
temperature. The capillary condensation of hexane in the
membrane pores blocks the passage of nitrogen through the
membrane. Mixtures of nitrogen gas and hexane vapor in
different compositions were made by gradually changing
the partial vapor pressures from a pure nitrogen flow until
pure hexane flow. These offered the means to evaluate the
pore size distribution by measuring the stable nitrogen
permeance at each mixing stage and calculating the pore
size by the Kelvin equation.. Prior to NPP evaluation, the
membranes were preheated in an oven at 200 °C to remove
all traces of adsorbed moisture.

The performances of SZ-derived and Y-SZ-derived
membranes fabricated at 550 °C were evaluated by obser-
ving the long-term N, permeance of the membranes at
850 °C. After the fabrication of membranes at 550 °C,
respective membranes were installed into the module,
which is part of the gas permeation rig. Figure S2 shows the
schematic flow diagram of the gas permeation set-up.
Nitrogen gas was fed to the upstream side of the membrane
module under atmospheric pressure at 850 °C while the

downstream section of the membrane module was evac-
uated using a vacuum pump. The permeance of N, through
a membrane was evaluated over time by dividing the N,
permeation rate by the observed transmembrane pressure
difference. N, permeation rate was obtained by utilizing a
pre-calibrated critical nozzle placed between the permeate
side and the vacuum pump.

3 Results and discussion

3.1 Characterization and optimization of yttrium
doping in Si0,-ZrO,

The source of yttrium dopant, Y(NO3)3.6H,0, was carefully
selected due to its universal solubility in water and alcohols.
However, as a result of the need to strictly control the rates
of hydrolysis and condensation to form a SiO,-ZrO, col-
loidal sol with the desired properties, it was important to
consider the water of crystallization that was present in the
Y(NO3)3.6H,0 structure. The presence of 6 moles of water
per mole of nitrate requires an adjustment in the calculation
of the amount of water necessary for hydrolysis.

To evaluate the effect that the water of crystallization in
Y(NO3)3.6H,0 exerts on the hydrolysis and condensation
reactions, different amounts of yttrium salts were calculated
based on different yttrium/zirconium molar ratios (0, 1/9, 2/
8, and 3/7), and were then added to the colloidal SZ sols
initially prepared with the same amount of water for
hydrolysis. The particle sizes of the resultant nitrate-SZ sol
mixtures were measured, and the results are presented in
Fig. 1. The addition of Y(NOj3);3.6H,0 to the SZ sols meant
that an additional amount of water was now present, which
was based on the added amounts of nitrate. Figure 1 com-
pares the increase in sol size from the additions of yttrium
nitrate with the sol size without yttrium nitrate added. This
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Fig. 1 Particle size distributions of Y(NOj3);.6H,0-Si0,-ZrO, colloi-
dal sol mixtures with different yttrium/zirconium molar ratios
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shows that the additional water molecules of crystallization
introduced by the addition of Y(NOs;);.6H,0O induced
additional hydrolysis and condensation reactions. At a Y/Zr
ratio of 3/7, however, the particle size distribution showed
two peaks indicating the bimodal particle size distribution
that might have resulted from the onset of yttrium hydro-
lysis due to the abundance of yttrium ions. Therefore, the
water of crystallization in the yttrium salt must be con-
sidered when calculating the amount of water required for
hydrolysis. To confirm that the increase in particle size
distributions was not due to yttrium catalyzation, different
colloidal sols were prepared by keeping the water amount
constant (including the water of crystallization) while
varying the yttrium content from O to 20% of added zir-
conium precursor. As Fig. S3 shows, no significant differ-
ence was recorded in the measured particle size
distributions of the colloidal sols after a slight decrease in
distribution after initial yttrium doping indicating that
yttrium ions in isolation did not significantly influence the
hydrolysis/condensation reactions, and that the total amount
of water is key to controlling the colloidal sol size.
Furthermore, it is important to optimize the amount of
yttrium required for the doping of the SZ to achieve the
required microstructural benefits. The objective is to dope
the SZ microstructure with yttrium in its ionic state. As
pointed out earlier and shown in Fig. 1, the amount of added
Y(NO3)3.6H,O can also determine the eventual state of
yttrium in the resultant Y-SZ sol. At a Y/Zr ratio of 3/7, the
bimodal particle size distribution emanating from a possible
yttrium hydrolysis will eventually lead to the premature
presence of crystalline yttria (Y,0O3) phase after calcination,
which could have a negative effect on the SZ micro-
structure. The yttrium amount was optimized by observing

-8i-0-Siy ;Si-0-Zr-
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Fig. 2 ATR-FTIR spectra of Y-SiO,-ZrO, powders with different
yttrium/zirconium molar ratios all prepared at 550 °C
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the effect of Y/Zr ratios of 1/9, 2/8, and 3/7 on the micro-
structural properties of Y-SZ by FTIR, XRD, XPS, and N,
adsorption. It should be noted that the colloidal sols used in
forming the characterization films and powders were pre-
pared by considering the amount of water of crystallization
in the yttrium nitrate along with the water needed for
hydrolysis.

First, the effect of the yttrium doping on the bonding
structure was evaluated via FTIR. Figure 2 shows the ATR-
FTIR spectra ranging from 1,400 to 600 cm ™' for Y-SiO,-
ZrO, powders with different yttrium/zirconium molar ratios.
As shown by the profile of the pristine SZ powder, the
peaks for —Si—O—Si— bonds appear at 1,050 cm ™' as a result
of the network configuration of siloxane [27]. The shoulder
appearing at approximately 970 cm ™!, however, represents
the occurrence of —Si—~O—Zr— bonds [28]. Subsequent to
doping with yttrium, as shown in Fig. 2, the occurrence of
the -Si-O-Si- bond continued to range between 750 and
1,250 cm ™. Peaking at a lower wavenumber of 925 cm”!
usually indicates the formation of more —Si—O—Zr— bonds
[28]. This observation is true irrespective of the Y/Zr molar
ratio, which suggests that the utilization of yttrium facil-
itates a more homogeneous dispersion of the SiO,-ZrO,
composition. Also, the yttrium amounts corresponding to Y/
Zr molar ratios of 2/8 and 3/7 may not be required if a Y/Zr
ratio of 1/9 is adequate to achieve the required network
modification. This is true particularly because the utilization
of a higher amount of yttrium in the doping process risks the
formation of a separate unwanted yttria phase. Further
characterizations were thus necessary to confirm the ade-
quacy of a Y/Zr molar ratio of 1/9.

Figure 3 shows the XRD patterns of Y-SZ powders with
different Y/Zr molar ratios fired at 600 and 800 °C. This was
previously established based on XRD and TEM observa-
tions in several studies by our group [5, 6, 22] showing that
pristine SiO,-ZrO, remains amorphous after calcination at
550 °C. Puthai et al. [5] reported that the aggregation of
ZrO, into the tetragonal phase commenced between 600 and
650 °C. Figure 3a confirms this observation. The XRD
pattern of an SZ sample calcined at 600 °C with no yttrium
doping (Y/Zr =0), as shown in Fig. 3a, has the appearance
of a small peak representative of a tetragonal ZrO, (t-ZrO,)
phase at 20 of 30.1°. With the doping of yttrium, however,
perfect amorphousness is retained with no crystalline peaks
observed at Y/Zr ratios of 1/9, 2/8 or 3/7, as shown by Fig.
3a. This indicates a successful prevention of the crystal-
phase formation that would have otherwise formed without
yttrium doping. Nonetheless, at a Y/Zr ratio of 3/7 (Fig. 3a),
the shape of the broad amorphous hump ranging between 20
of 20 and 40 ° tends to skew towards a lower 20 typically in
the position associated with the occurrence of a yttria phase.
Therefore, the onset of yttria-phase aggregation is highly
likely.
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Fig. 3 XRD patterns of Y-SiO,- (a) « Tetragonal ZrO (b) » Tetragonal ZrO,
ZrO, gels with different yttrium 2 +Y,0,
doping ratios fired at (a) 600 °C *
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A comparison of Fig. 3a, b at each Y/Zr ratio, shows that
a dramatic change in the phases occurs after calcination at
800°C. At a Y/Zr ratio of 0, the aggregation of t-ZrO,
became more severe with additional occurrences at 26 of
35, 50.3 and 60.1°, which is indicative of the sintering
process of t-ZrO,. The Y/Zr ratio of 1/9 showed similar
occurrences of t-ZrO, growth at 26 of 30.1, 50.3, and 60.1°,
albeit to a much lesser degree than without the yttrium
doping. Increasing the yttrium doping amount beyond a
Y/Zr ratio of 1/9 resulted in suppression of the t-ZrO, phase
even at a severely high temperature of 800 °C. However, the
appearance of yttria can be observed with a peak occurrence
at 29°, the growth of which increased when the Y/Zr ratio
was increased to 3/7 (Fig. 3b) with the additional occur-
rences at 20 of 48.5 and 56.7°. Therefore, the choice of the
yttrium doping amount that provided the least trade-off of
t-ZrO, phase suppression with no yttria phase formation
proved to be a Y/Zr ratio of 1/9.

In Fig. 4a, the N, adsorption-desorption isotherms mea-
sured at —196 °C for the Y-SZ powders with different
yttrium contents are shown. The adsorption measurements
were carried out for powders calcined at 550 °C at which all
samples can be considered to be amorphous via proper
characterization. Figure 4b and Table 1 summarize the

Table 1 Summary of N, adsorption—desorption results for Y-SiO,-
ZrO, powders with different yttrium contents

Y/Zr ratio SBET Vump Ve
[m13 g '] [1073 em® g1 [107% em® g1
0 61.1 322 14.3
1/9 151 76.2 24.8
2/8 140 70.4 30.5
3/7 122 68.3 49.2
Sper Specific  surface area, Vjp Micropore volume, Vg

Mesopore volume

derived measurements of BET (Brunauer-Emmett-Teller)
specific surface areas, MP specific micropore volumes, and
BJH (Barrett-Joyner-Halenda) specific mesopore volumes as
a function of yttrium content. First, the adsorption-
desorption isotherms showing the amount of N, adsorbed
reveal that the microporous structure of SiO,-ZrO, was
modified by doping with yttrium. Particularly, the doping of
SZ with yttrium at a Y/Zr ratio of 1/9 increased the amount
of N, adsorbed, which indicated that yttrium incorporation
prevented both the densification of the silica phase and the
aggregation of the zirconia phase, which are usually the
causes of low porosity in Si0,-ZrO, composites [20, 22, 28].
After the initial increase in adsorbed N,, a further increase in
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the yttrium content from a Y/Zr ratio of 1/9 to 2/8 and then
to 3/7 resulted in a decrease in the amount of N, adsorbed.

Figure 4b reveals more information on this trend. The
trend of the BET-derived specific surface area is similar to
that observed for the amount of N, adsorbed. An initial
increase in the BET surface area from 61.1 to 151 m*> g~!
after doping with a Y/Zr ratio of 1/9 was followed by
decreases to 140 and 122 m? g~ ! after increasing the yttrium
doping amounts to Y/Zr ratios of 2/8 and 3/7, respectively.
The shapes of the isotherms suggest a type 1b IUPAC
classification (a steep uptake of adsorbent at low p/p, and
limited uptake for higher p/py), which means the samples
could be comprised of micropores and narrow mesopores
[29, 30]. The micropore volume was evaluated using the
micropore analysis method (MP) while the mesopore
volume was evaluated via the BJH method. The micropore
volumes also showed a trend similar to that of BET-derived
surface areas. Therefore, it would be plausible to assume
that the amount of N, adsorbed by these samples is likely to
be determined primarily by the micropore volume. The
mesopore volumes, on the other hand, increased with an
increase in the yttrium content. In particular, despite the
lower surface area exhibited by the Y-SZ sample with a Y/
Zr ratio of 3/7, the mesopore volume was drastically
increased, which indicated that the generation of phase-
separated yttria had a deleterious effect on the surface area.
From the results in the present study, the yttrium doping
amount corresponding to a Y/Zr molar ratio of 1/9 can be
conclusively regarded as adequate for effecting the
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necessary microstructural control without the risk of yttria
phase aggregation.

The presence of yttrium in an ionized state after doping
with a Y/Zr ratio of 1/9 was confirmed by thermogravimetry-
mass spectroscopy (TG-MS) and x-ray photoelectron spec-
troscopy (XPS). Figure 5a shows the TG curves and
decomposition mass spectra of Y-SZ with a Y/Zr ratio of 1/9.
The onset of decomposition can be observed from about
150 °C and completed at 500 °C. The mass spectra analyzed
for this decomposition reveal mass peaks corresponding to m/
z values of 30 and 46. To determine the chemical composition
of the volatile decomposition products of Y-SZ, the TG curve
and mass spectra of Y(NO;);.6H,O decomposition were
obtained for comparison and are shown in Fig. 5b. Here the
loss of the water of crystallization occurred between 150 and
350 °C. Subsequent to this, a sharp loss of mass occurred with
a corresponding mass peak appearing between 350 and
390 °C. These mass losses correspond to m/z values of 30 and
46, and are assigned to the loss of NO, volatile species NO
and NO,, respectively [31]. Hence, YONO; could be con-
sidered the chemical state of the residual material between
390 and 450 °C. Further decomposition then occurs at an
elevated temperature range of 450 to 650 °C before forming a
final yttria (Y,0j3) phase. In contrast to the decomposition
mass spectra of Y(NO3);.6H,0, the decomposition of Y-SZ
(Fig. 5a) shows a mass spectra with only a single broad signal
suggesting that the loss of volatile NO and NO, species
occurred simultaneously from the dissociated NO;3™ ions
contained in the freshly prepared Y-SZ sample. This points to
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the transformation of the nitrate to yttrium ions during the
calcination process.

Furthermore, via the use of XPS to observe the elemental
presence of yttrium and its effect on the oxygen spectra, we
were able to determine the status of yttrium since the for-
mation of the yttria phase would cause a shift in the oxygen
spectra compared with pristine SZ. Figure 6a shows the
narrow Y 3d spectra of pristine SZ (black) and Y-SZ (red)
samples following calcination at 550 °C. The common peak
at 153.6eV is usually assigned to the 3ds, photoelectron
state of yttrium and could be ascribed to measurement
inaccuracy associated with the atomic proximity of yttrium
(atomic number 39) and zirconium (atomic number 40)
[32]. Nonetheless, the presence of yttrium was clearly
identified in the Y 3d spectrum of Y-SZ, which showed a
peak at 158.7 eV representing a photoelectron state of 3d3,,
[32] that does not appear in pristine SZ. However, when
comparing the narrow O 1s spectra of both samples, as
shown in Fig. 6b, the peaks showed no difference in either
their position or their shape. Hassan et al. [33] incorporated
copper into silica-zirconia and discovered a change in the O
I's photoelectron lines due to the formation of Zr-O-Cu
bonds. This indicates that the presence of yttrium has a

2 6 [degree]

negligible influence on the O electronic environment, and,
hence, promotes the assumption of an ionic yttrium state.

3.2 Evaluating the contribution of Yttrium-doping
to the microstructural stability of Si0,-ZrO,
composites during thermal treatment

Although previous discussions have established that dop-
ing yttrium into SiO,-ZrO, in an amount corresponding to a
Y/Zr ratio of 1/9 is effective in suppressing the aggregation
of t-ZrO,, it remains necessary to evaluate the thermal
stability threshold of such Y-SZ samples and the changes in
the chemical and textural properties during thermal
treatment.

Figure 7a, b show the XRD patterns of SZ and Y-SZ
powders, respectively, calcined at various temperatures and
measured at room temperature. In both figures, it is
instructive to note that there was no appearance of Y,03;
peaks at any calcination temperature due to the low amount
of yttrium doped. In Fig. 7a, as mentioned earlier, the SZ
sample calcined at 550 °C shows an amorphous pattern and
the onset of t-ZrO, aggregation occurs at 650 °C with a peak
at 20 of 30.1° indicating a low stability threshold. At
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Fig. 8 High-resolution
transmission electron
microscopy (HRTEM) images
of (a) SiO,-ZrO, and (b)
Y-Si0,-ZrO, calcined at 850 °C
(Inset: Selected Area Electron
Diffraction images)
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750 °C, an accelerated growth of the t-ZrO, crystals occurs,
as shown by the appearance of multiple peaks at 26 of 30.1
35, 50.3, and 60.1°. The growth of the t-ZrO, crystals
continued at 850 °C. The approximate crystal sizes were
calculated according to Scherrer’s equation, which appears
in Table S2 and agrees with calculations by Liu et al. [34].
This indicates that the calcination temperature is a driving
factor in the mechanism for the aggregation of t-ZrO,
crystals. According to Hishita and co-workers [35], calci-
nation temperature causes nanoparticles to be attracted to
nucleation sites, which results in crystal growth with
increasing temperature.

On the other hand, the yttrium-doped sample displayed a
higher degree of thermal stability. According to Fig. 7b, an
amorphous phase was maintained up to 750 °C. Compared
with pristine SZ, there was no apparent aggregation of t-ZrO,
crystals at 750 °C. However, t-ZrO, peaks suddenly appeared
at 850 °C, but the intensity of these peaks in the Y-SZ pattern at
850 °C was weaker than that of pristine SZ. According to Lin
et al. [14], Y>" ions with ionic radii larger than that of Zr* are
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able to shield it from thermal diffusion. Hence, the doping of
yttrium at a Y/Zr ratio of 1/9 stabilizes SiO,-ZrO, up to 750 °C.

After calcination of the samples at 850 °C, it was apparent
that the t-ZrO, peaks appearing in the XRD patterns for the
pristine SZ sample showed higher intensity compared with
those of the Y-SZ sample. The t-ZrO, crystallite size detailed
in Table S1 was calculated at 6.5nm for the SZ sample
compared with 4.5 nm for the Y-SZ sample. The crystallite
size, however, may not provide an accurate representation of
the degree of aggregation. Figure 8a, b show the HRTEM
images of SZ and Y-SZ samples after calcination at 850 °C,
respectively. On a scale of 5 nm, the crystal structures can be
identified by the clustering of patterns with closely knitted
grain boundaries, which represents an ordered crystalline
lattice. Figure 8a shows the high density of these lattice
clusters of aggregated t-ZrO, in a pristine SZ sample. For the
Y-SZ sample, however, Fig. 8b shows that the density of the
lattice patterns is less severe, which suggests a suppression of
the aggregation of t-ZrO, crystals. Additionally, selected area
electron diffraction (SAED) images (shown in the inset)
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Table 2 Summary of N, adsorption parameters for SiO,-ZrO, and
Y-Si0,-ZrO, powders calcined under air at various temperatures

Calcination temperature SiO,-ZrO, Y-Si0,-ZrO,
[°C]
ST Vmp SpeT Vmp
m’ g ') 1107 em’ g™) [ g '] (10 em’ g7
550 63.7 32 158 76
650 15.6 7.3 124 65
750 11.8 6.2 116 59
850 7.51 4.2 20.9 11

clearly reveal ring and dot patterns in the pristine SZ sample,
which supports a high level of crystalline intensity. The
SAED image of the Y-SZ sample shows mostly a halo and
ring pattern that represents weaker crystalline intensity.

The XRD and TEM data clearly show changes in the
microstructural states of the pristine SZ and Y-SZ samples
following exposure to high temperatures. These changes are
the result and manifestation of the rearrangement of atoms
being driven by high temperature. The changes in the states
of atoms can be observed by XPS. The narrow Si 2p and Zr
3d spectra for the pristine SZ and the Y-SZ samples cal-
cined at 550 and 850 °C, respectively, are shown in Fig. 9a,
b. A pure SiO, sample gave a standard photoelectron peak
of Si 2p between 103.2 and 103.7eV [33, 36, 37] while
pure ZrO, indicated photoelectron peaks of 3ds, and 3ds/,
at 181.9-182.5eV and 184.3-184.7¢eV, respectively
[32, 36-38]. Compared with the pure standard references,
the observed Si 2p binding energies (BE) for both pristine
SZ and Y-SZ composites calcined at 550 °C showed lower
values of 102.3 and 102.7eV, respectively. This is
explained by the higher electronegativity of Si compared
with that of Zr whereby the valence electrons on the O atom
in an —Si—O—Zr- linkage are attracted more to the Si atom
than to Zr, which results in a reduction state with lower BE
[38, 39]. The Zr 3ds), peak BE for both samples prepared at
550 °C of 182.9eV were expected to be higher than the
upper value of the reported standard reference due to the
diminished electronegativity of Zr, which resulted in an
oxidized state with higher BE. This observation agrees with

the conclusion that the highly composite nature of the SiO,-
ZrO, microstructure would be expressed as XRD amor-
phous following calcination at 550 °C. Moreover, the che-
mical vapor deposition (CVD) of zirconium alkoxide on a
silica substrate without reactive interaction showed negli-
gible shifts in the Si 2p and Zr 3d peaks even as the Zr
loading was increased compared with that of pure SiO, and
Zr0O, [40].

Thus, changes in the chemical state following calcination
at 850 °C for both pristine SZ and Y-SZ samples could be
discussed using observations of the shifts in the BE. Figure
9a, b clearly show exactly the same chemical shift of 0.2 eV
for the respective Zr 3ds;, peaks at 182.9 eV for both SZ and
Y-SZ following calcination at 850 °C. First, a similar
amount of chemical shift was expected, as shown in Fig. 7a,
b, because the formation of t-ZrO, was evident at 850 °C
albeit to different degrees. Second, the shift to a higher BE
is ascribed to a correlation between the photoelectron state
of Zr and the effective ionic valence of Zr atoms. According
to Tsunekawa and co-workers, the BE of Zr 3ds,, increased
with an increase in the effective ionic valence of the Zr
atoms. The effective ionic valence measured for Zr atoms
was increased with the phase transition of the ZrO, crystals
calcined from 425 to 1,025 °C [41].

The positive effect of yttrium doping appears in the
ability of the Si atom to retain its chemical state as much as
possible after 850 °C calcination of the Y-SZ sample. The
chemical shifts in the Si 2p peaks reveal that the Y-SZ
sample only shifted by a magnitude of 0.2 eV while that of
the pristine SZ sample shifted by as much as 0.8eV, as
shown in Fig. 9a, b. This may have been either a result of
spill-over or a lack of aggregation in the zirconia phase of
the Y-SZ sample. Thus, the silica phase is able to retain
much of its chemical and microstructural properties even
after the calcination of Y-SZ at 850 °C.

Figure 10a, b show the N, adsorption isotherms of
pristine SZ and Y-SZ samples, respectively, calcined at
different temperatures. The obtained derivable textural
properties are summarized in Table 2. Figure 10a shows that
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Fig. 11 Schematic images of SiO,-ZrO, and Y-SiO,-ZrO, composite network calcined at different temperatures

the amount of N, adsorbed was drastically reduced as the
calcination temperature of the SZ sample increased from
550 to 650 °C. The evaluated BET surface area (Table 2)
was reduced by 76% upon calcination at 650 °C and by
81% at 750 °C. By contrast, the Y-SZ sample continued to
show a very high amount of N, adsorbed up to a calcination
temperature of 750 °C. Correspondingly, the BET surface
area was reduced by only 27%, which subsequently was
reduced from 116 to 20.9 m? g_1 (82%). Nonetheless, at a
calcination temperature of 850 °C, the specific surface area
and micropore volume of the Y-SZ sample was still more
than double that of the pristine SZ sample. This supports the
notion that in the yttrium-doped sample, the prevention of
aggregation of the t-ZrO, allowed the SiO,-ZrO, phase to
retain its microstructural properties at higher calcination
temperatures.

Figure 11 summarizes the mechanism for the thermal
stability of the Si0,-ZrO, microstructure via yttrium dop-
ing. During the calcination of the pristine SZ structure, Zr
atoms are predisposed to thermal diffusion in the absence of
yttria resulting in the aggregation of ZrO,. Further calci-
nation results in grain growth in ZrO, into denser crystals.
Therefore, the separation of SiO, and ZrO, into separate
phases results in an overall reduction in pore volume and
surface area, as shown by N, adsorption. On the other hand,
due to the larger ionic radius of Y*>* over Zr*" in Y-SiO,-
Zr0,, yttria effectively covers the grain boundaries thereby
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reducing the concentration of the nucleation sites and
increasing the activation energy for diffusion [14, 35, 42].
Thus, the surface diffusion of atoms is minimal and results
in minimal change in the microstructural properties.

3.3 Evaluation of the long-term performance of a
Y-SiO,-ZrO, membrane

The results of several characterizations provided evidence
that yttrium doping into SiO,-ZrO, yields microstructural
benefits for thermal stability. However, since the eventual
applications of Y-SZ composites are in membrane reactors
or gas separation membranes, it was necessary to char-
acterize and compare the performance of SZ- and Y-SZ-
derived supported membranes. First, the successful pre-
paration and retention of membranes was established via
scanning electron microscopy (FE-SEM) of the membrane
cross-sections. Figure 12a to d show the SEM images of the
cross-sections of SZ and Y-SZ membranes fabricated at 550
and 850°C. Figure 12a, for example, shows that the
membranes were successfully fabricated on 0.2 and 2-3 pm
a-Al,O; supports with thicknesses of approximately
200 nm. Therefore, irrespective of the exposure tempera-
ture, the membrane morphologies were found to be intact.

Figure 13a, b compare the long-term N, permeance stability
of SZ and Y-SZ membranes, respectively. Both membranes
were initially fabricated at 550 °C with the permeance of N,
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Fig. 12 SEM images of the
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and (b) 850 °C; and, Y-SiO,-
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measured for an extended time interval at 850 °C. As shown in
Fig. 13a, the SZ-derived membrane showed an initial N, per-
meance of 6x 10 molm™2 s~! Pa~!. Shortly after, the per-
meance of N, began to reduce sharply with permeation time.
This indicates a reduction in the porosity of the membrane with
exposure time. A reduction of the porosity of the membrane at

Kelvin diameter [nm]

850 °C is consistent with the idea of densification (reductions in
the surface area and pore volume) of pristine SZ observed from
N, adsorption, as discussed in Section 3.2. According to Chang
and co-workers, prior to densification by structural phase
transformation, sintering occurs concomitant with changes in
the pore structure and densification [15]. This could explain the
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early reduction in the N, permeance because phase transfor-
mation to t-ZrO, at 850 °C might not have been immediately
possible.

On the other hand, the Y-SZ membrane showed steady
N, permeance of 5.5 x 10 ®molm 2 s~! Pa~! forup to 16 h
of exposure after which a slight reduction to about 5x 10~°
molm~2 s™! Pa~!' occurred and remained stable at this
value. Therefore, yttrium doping of SiO,-ZrO, was very
effective in preventing the sintering process from reducing
the pore size of a Y-SZ membrane. Figure 14a, b show the
variations in N, permeance in a nanopermporometry
experiment as a function of the Kelvin diameter for SZ and
Y-SZ membranes before and after heat treatment (HT) at
850 °C. Following HT at 850 °C, the permeance of nitrogen
through the SZ membrane was decreased as the Kelvin
diameter increased while that of the Y-SZ membrane
retained a similar permeance relationship with Kelvin dia-
meter before and after HT at 850 °C. This clearly indicates a
loss in porosity in the pristine SZ membrane.

The change in pore size can be evaluated by comparing
the normalized permeance of N, as a function of Kelvin
diameter based on Fig. 14a, b. Figure S4a, b show the
dimensionless N, permeance as a function of the Kelvin
diameter for SZ and Y-SZ membranes before and after HT
at 850 °C. Figure S4a shows that at higher Kelvin dia-
meters, the dimensionless N, permeance was increased,
which indicates that despite the lower porosity of the pris-
tine SZ membrane after HT, the pore size was enlarged. On
the other hand, the dimensionless N, permeance depen-
dency on Kelvin diameter observed for the Y-SZ membrane
remained comparable before and after HT, which indicated
no change in the pore size. Based on these results, a Y-SZ
membrane significantly showed greater stability than a
pristine SZ membrane. Thus, correlations can be established
between yttrium doping and its effect on membrane
microstructure and performance.

4 Conclusions

In this work, we utilized yttrium doping to achieve a SiO,-
ZrO, composite membrane that would be microstructurally
stable at temperatures reaching 850 °C. The doping of SiO,-
ZrO, with yttrium was accomplished by first applying Y
(NO3)3.6H,0 salt in a sol-gel reaction procedure. Doped
and pristine forms of Si0,-ZrO, were compared via several
characterization methods to establish the optimum yttrium
amount for doping, the effect of yttrium doping on the
thermal stability of Y-doped SiO,-ZrO,, and, finally, the
long-term membrane performances.

We established that doping with a Y/Zr molar ratio of
1/9 was optimal to prevent the unwanted yttria phase
formation that results from excess yttrium doping. The
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resultant Y-doped SiO,-ZrO, membrane was improved
microstructurally and was thermally stable. Finally,
Y-doped Si0,-ZrO, membranes proved to be suitable for
use in high-temperature reactors and for use as separation
membranes.
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