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Material synthesis in supercritical carbon dioxide (SC-CO,) has recently gained considerable
attention at international level. Chosen because of its interesting transport properties and
easily adjustable solvent power SC-CO; (T.=31°C, P.,=7.3 MPa) is used as a media in which
the precursors are first solubilized and then transported to a substrate where uniform
deposition of the precursors is achieved. In this work, the mass transfer of a sol prepared from
tetraethoxysilane (TEOS), mixed with a metal-organic precursor and 2-propanol was studied
in SC conditions in order to define the conditions required for the deposition of uniform
silica-based materials.

INTRODUCTION

Supercritical fluids exhibit a large range of unusual properties that can be exploited for
preparing new materials, which are qualitatively different from those derived from classical
methods. Ceramic processing in SC-CO, is a very promising technique for creating
nanocrystalline and homogeneous mixed oxide ceramic powders from a variety of precursors
including alkoxides and metal organic compounds. Processing of ceramic precursors by a
supercritical CO, assisted sol-gel method was already investigated in our group as a suitable
synthesis pathway yielding SiO, fibers, TiO, powders, doped ceria, lanthanum gallates,
nanophase zirconia and more recently PMMA-encapsulated yttria-stabilized zirconia particles
[1-3]. The porous texture, morphology, crystalline structure and size distribution of these
powders can be controlled by adjusting the synthesis parameters. Furthermore, the ceramic
powders synthesized by this method do not require any drying step, and their crystallization
temperature is generally much lower compared to usual processes (e.g. conventional sol-gel
process).

A number of methods have been developed for the deposition of inorganic materials on
various substrates in supercritical fluids. The chemical fluid deposition (CFD) is among the
recent ones [4]. SC-CO, offers interesting transport properties and easily adjustable solvent
properties [5]. It is an alternative media in which precursors can be solubilized and
transported to the substrate where the deposition occurs [6]. Table 1 summarizes the general
properties of fluids used for the deposition of metal films.
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Table 1: Comparison of the properties of fluid media used for the deposition of metal films [5].

Liquid phase Supercritical media (CFD Gas phase
(dip coating process: Chemical Fluid  (CVD process: Chemical
process) Deposition) Vapor Deposition)
Density (g/cm°) 1 0,1-1 10°
Viscosity (Pa.s) 103 10%-10° 10°
Diffusivity (cm%s) 10° 107 10™
Surface tension (dynes/cm) 20-50 0 0
Precursor concentration 10° 10° 10°
(mol/mL)
Deposition temperature (°C) 25-80 40-250 > 250

In the present work, the experimental conditions required for controlling the deposition of
silica-based materials in supercritical CO2 are studied. Tetraethoxysilane (TEOS) and yttrium
acetate were selected as precursors in 2-propanol as a co-solvent. In order to understand the
precursors mass transfer mechanisms, the evolution of starting sol concentration with time has
been studied by ICP/AES during the experiments. The sol formulation and process parameters
were adjusted in order to obtain homogeneous sol transfer, yielding silica-based materials
with uniform and controlled characteristics. Yttrium was selected as metal-organic precursor
because of its ability to form defined compounds with silicon such as yttrium disilicate [7].

MATERIALS AND METHODS

Sol preparation

2 g of yttrium (111) acetate hydrate (Sigma-Aldrich, 99.9%, used as received) are dissolved in
3 mL of nitric acid (Sigma-Aldrich, 70%, used as received) under ultrasonic conditions during
1 minute. After a complete dissolution of yttrium acetate, 100 mL of 2-Propanol (Sigma-
Aldrich, 99.5%, used as received) are introduced under stirring. Then, 1.37 mL of TEOS
(Sigma-Aldrich, 98%, used as received) is introduced in this solution under stirring at room
temperature. This sol is aged during 2 hours stirring at 40°C under atmospheric conditions.
The molar ratio of Si/Y in the starting sol is 1.

Mass transfer study
The experimental set up used to study the mass transfer of the sol in SC-CO, media, is shown
in Figure 1.
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Figure 1: Experimental setup for mass transfer of a sol in SC-CO, process
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The previously described multi-element sol is introduced in the batch reactor. Liquid CO, was
pumped into the preheated reservoir in order to prevent flow fluctuations. The reactor
temperature is regulated at 40°C and the V4 valve is opened to regulate a constant pressure of
20 MPa in the reactor. When the operating conditions are reached, steady flow of CO,
through the reactor is maintained by a micrometric valve (VL) for 30 minutes. Different
samples are collected at 2 and 30 minutes in the reception flask. The compositions of both
transferred solution and remaining solution in the reactor are analysed by ICP/AES.

ICP/AES analyses

In order to control the homogeneity of sol transfer, ICP/AES analyses of silicon and yttrium
concentrations were performed on four samples. The results of these analyses give indications
about the homogeneity which can be expected for the silica-based materials. If the transfer is
uniform, a stable Si/Y molar ratio should be obtained in the recovered sol and all along the
experiment.

The samples to be analysed were prepared according to the following procedure: y mL of the
recovered sol were evaporated in order to minimize the sample volume. Then, x mL of a nitric
acid solution (2wt %) were added under stirring. ICP/AES analyses were performed on an
IRIS Intrepid apparatus (Thermo Fisher Scientific) using direct calibration.

RESULTS

Table 2 summarizes data for the volume and composition of the solutions transferred after 2
minutes and 30 minutes experiment at 20 MPa. The initial volume of equimolar sol (Si/Y=1)
introduced in the reactor was 100 mL. The volume and composition of the sol remaining in
the reactor after the transfer are also reported.

Table 2: Volume and composition (ICP/AES analysis) of the solutions transferred after 2 minutes and 30
minutes experiment at 20 MPa, in comparison with the volume and composition of the starting and
remaining sols in the reactor.

sample Volume (mL) [Si] (mg/l) Silicon mass (mg)  [Y] (mg/T) Y“”EJnTg;“aSS Moli'r/tatio
Sample taken in the reactor
initial 100 81.23 8.123 257.3 27.73 1
final 5 109.0 0.545 679.3 3.396 0.5
Sample transferred to the reception flask
t=2 minutes 12 66.06 0.793 214.1 2.569 0.976
t=30 minutes 74 78.57 5.814 265.9 19.976 0.935

Starting from an equimolar Si/Y ratio in the initial sol, with Si and Y concentrations of 81.23
and 257.3 mg/l respectively, the Si and Y concentrations in the transferred sol tend first to
decrease after only 2 minutes. This clearly indicates that the co-solvent (2-propanol) is more
soluble in the CO, phase that the other compounds. This effect is less pronounced but still
clear after 30 minutes. On the other hand the Si/Y molar ratio is only slightly decreased after
2 minutes and reaches 0.935 after 30 minutes, demonstrating that a quite uniform transfer of
the multi-element starting sol is possible by this SC-CO, assisted method.

Table 3 summarizes the mass balance calculations related to the transferred quantity of
silicon, yttrium and 2-propanol, after 30 minutes. We can see that 81wt % of silicon and
81wt% of yttrium were transferred, although only a small quantity of the precursors was



either lost or remained in the reactor. This demonstrates the efficiency of the CO, assisted
transfer process. In addition, the molar Si/Y ratio remained constant during the experiment,
confirming that the transfer of a silica-yttria mixed sol can be controlled. The formation of
-Si-O-Y- chemical bonds in the clusters resulting from the hydrolysis-condensation of the
silicon alkoxide in the presence of yttrium acetate is considered as a key parameter for
controlling the mass transfer of mixed-sol systems.

Table 3: Mass balance calculations after 30 minutes reaction.

Silicon Yttrium 2-Propanol
Quantity of matter transferred (%)* 81 81 86
Quantity of matter remaining in the reactor (%) 7 13 5
Total quantity of matter in the whole system (%)? 88 94 91
Quantity of matter lost (%) 12 6 9

! total amount of sample at t=2 and 30 minutes
2total amount of sample at t=final, 2 and 30 minutes

CONCLUSION

In this work, the mass transfer of a sol prepared by mixing TEOS and yttrium acetate in 2-
Propanol was studied in SC-CO, media, in order to define the conditions required for the
deposition of uniform silica-based layers with controlled composition. The evolution of the
transferred sol volume and composition revealed that both silicon and yttrium can be
uniformly transported out from the reactor in SC conditions (T=40°C, P=20 MPa). Also, the
co-solvent (2-propanol) is preferentially transported by the SC-CO,. This CO;-assisted
transfer process is efficient, as far as more than 80wt % of the Si and Y in the starting sol can
be uniformly transferred out from the reactor within only 30 minutes. Therefore, uniform
deposition of silica-yttria materials with controlled compositions can then be expected in
these conditions. Various supports are now considered to deposit silica-yttria layers using the
present sol formulations, ageing conditions and transport parameters defined in this very
preliminary work.
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