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1. INTRODUCTION

Nanoscale metal oxides are of tremendous current interest to
scientists and engineers because of the potential of their
emerging applications spanning from catalysts, sensors, and
microelectronic devices to energy conversion devices including
solar and fuel cells.'™” One critical component of catalysts
(active phase, promoter, or support) is the metal oxide that
plays an important role in the chemical, petrochemical, and
environmental industries. Examples of common commercial
metal oxides include Al,O;, SiO,, and TiO,, which have unique
chemical, physical and catalytic properties. In addition, many
metal oxides (e.g, K,0, MgO, BaO, AL, O, PbO, TiO,, ZrO,,
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MoO,, CuO, and V,0q) are either active phases or catalyst
promoters in a wide range of reactions.*’ TiO, and ZnO films
composed of nanospheres, nanowires or nanotube arrays, can
function as semiconductors for photon-generated electron
carriers, and have been used in dye-sensitized solar cells
(DSSCs) to promote electron transport.”'*'" Moreover, metal
oxide nanowires and atomic layer deposition techniques have
the potential to be used for the miniaturization of micro-
electronic chips.'*™** The inherent characteristics of the metal
oxide, in the form of nanoparticles, for example, large surface-
to-volume ratio and a Debye length comparable to their
dimensions, enhances their usefulness in these emerging
applications.'>'>

To produce this next generation of metal oxide nanomateri-
als, a variety of synthetic approaches have been investigated:
precipitation,'® decomposition,'” chemical vapor deposition
(CVD),"® template-assisted synthesis,'” electrochemical,*
electronspinning,21 hydrothermal,22 reverse micelle,”> and
sol—gel techniques.** Only a few of these methods are under
consideration for industrial-scale production due to the
relatively high capital investment, operational costs and safety
issues. To produce important industrial catalysts such as
Degussa P-25 (TiO, nanoparticles) which is recognized as a
benchmark photocatalyst, TiCl, is pyrolyzed at high-temper-
atures.”® However, one disadvantage is that this process is
known to have a relatively low yield. Another example is the
calcination of aluminum hydroxide precipitate which is widely
used industrially for producing alumina hydrates and alumina
with different crystalline phases, for example, 3, 7, , ¥, k, 6, and
H-alumina and ultimately a-alumina.® However, in this case
when the precipitate method is used it is difficult to control the
morphology of the resulting materials.

Originally used for synthesizing high-quality SiO,, sol—gel
processes have emerged as a standard production method for
metal/silicon oxide nanomaterials with various morphologies.
The advantages of sol—gel methods include: their high yield,
low operation temperatures and low production costs.®*¢~>*
The sol—gel process is generally considered as “soft chemistry”
in contrast to more classical industrial techniques for glass and
ceramic manufacturing which require very high temperatures.””
This review aims at covering direct sol—gel reactions in
supercritical fluids (SCFs) for the synthesis of metal/silicon
oxides with different geometries on a nanometer scale. The
emphasis is on the physics, chemistry, and engineering aspects
of the polycondensation of metal oxide precursors in SCFs
while highlighting the mechanisms of both the chemical
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reactions and nanostructure formation. These examples will
hopefully not only illustrate the feasibility and importance of
SCFs for the future of advanced metal oxide production within
the context of a sustainable future, but also encourage further
exploration in this important emerging field.

2. SUPERCRITICAL FLUIDS AND DIRECT SOL—GEL
CHEMISTRY

2.1. Supercritical Fluids and Supercritical Drying

2.1.1. Supercritical Fluid. A supercritical fluid (SCF) is
defined as a single fluid phase which occurs when the
temperature and pressure of a compound or mixture is above
its critical temperature and pressure (T, and P.).*° In this
review, we refer to a SCF as a fluid not only in the region above
its critical point (the green area in Scheme 1), but also close to
the critical point where the SCF properties apply.”'

Scheme 1. Schematic Drawing of Supercritical Fluid Region
in the Phase Diagram of a Single Component

Supercritical
fluid

Solid

Critical
point (T, P.)

Pressure

Temperature

A SCEF exhibits many superior physical properties compared
to the liquid and gas phases for the synthesis of solid
nanostructures using chemical reactions.>” First, the solubility
of a solute in a SCF is a function of the fluid density, which is
tunable by manipulating the pressure and temperature. Second,
SCFs exhibit low gas-like viscosities that enhance both mass
and heat transfer which in turn accelerates the reaction kinetics
(Table 1). Hence, both the reaction equilibrium (which is
related to solubility) and the reaction rates can be tuned by
adjusting the temperature and/or pressure.”>** This will be
discussed in more depth later in this review. Construction of
nanostructures through the solid—liquid interface, for example,
decoration of secondary metal/oxide nanoparticles on a catalyst
support, is often limited by the poor contact of the liquid with

Table 1. Selected Viscosities and Densities of CO, in Vapor,
Liquid, and Supercritical Phases>’

. . —3 .

W ey e R (e
313 6.9 vapor 19.1 192.5
303 20.7 liquid 90.5 896.1
323 13.8 supercritical S2.5 667.0
333 13.8 supercritical 413 552.6
333 34.5 supercritical 82.8 860.3
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the solid surface. The surface tension of a solid-SCF interface is
significantly smaller than that from a solid—liquid interface.
Therefore this provides better “wetting” of the surface which in
turn allows penetration of the reactants into the porous
structure thus facilitating nanostructure formation.*® Many
reactions, such as the hydrolysis and condensation of metal salts
for making metal oxides, are very slow in conventional solvents.
When SCFs, such as supercritical alcohols or acetone, are used,
the reaction temperature can reach a much higher level than in
a conventional solvent under ambient pressure (Table 2). Such

Table 2. Critical Data for Fluids Used in SCF Sol—Gel
Processes

fluid T. (K) P, (MPa) p. (kg/m?)
CO, 304.2 7.375 468
H,0 647.3 22.06 322
MeOH 513.7 8.092 272
EtOH 516.3 6.137 276
‘PrOH 508.5 4.762 273
acetone 508.2 4.66 273
NH, 405.6 11.35 235

elevated temperatures can facilitate the formation of metal
oxide materials within a very short time; thus making
continuous reactor design feasible. In addition, SCFs have
zero surface tension because there is only one phase (Figure 1),
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Figure 1. Surface tension of saturation liquid CO, vs pressure. The
data points are labeled with the corresponding saturation temperatures
at specific pressures. In the two phase region, the surface tension of the
condensed phase decreases when the state is close to the supercritical
condition. In the supercritical region, there is only one phase and the
surface tension is zero.

and this makes it possible to maintain the nanoscale
architecture upon removal of the solvent during drying.*’
Finally, separation of the SCF and products at the end of the
reaction can be conveniently achieved by simple depressuriza-
tion.>®

In the rapidly developing field of SCF technology, one goal is
to produce materials that have superior properties compared to
those synthesized using conventional solvents at ambient
pressure. Such properties include higher specific surface areas,
and high porosities as well as well-defined nanostructures that
remain intact after the supercritical drying process. Several

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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comprehensive reviews for SCF applications have appeared: in
polymerization by DeSimone et al,*® for the formation of
metal—organic complexes by Poliakoff et al*® for the
preparation of metal and semiconductor nanocrystals by
Johnston and Korgel et al,** as well as for the synthesis of
inorganic materials,*' composite nanoparticles,*” nanoparticle
processing.**** Others cover SCFs as a media for a range of
chemical reactions.’**>#

2.1.2. Supercritical Drying. Drying is often a necessary
step in solid product synthesis. In the ambient pressure drying
process, some shrinkage of the solid is inevitable and this leads
to microstructure collapse resulting in low specific surface
areas.”” This solid microstructure collapse is induced by
capillary forces which in turn result from the existence of a
liquid—gas interface inside the pores among the solid-gphase
network. This aspect has been reviewed by Scherer® and
Bisson et al.*’ Interestingly, using TEM, the meniscus between
the gas—liquid phases has been observed in closed carbon
nanotubes. This provides evidence of the capillary force exerted
on the nanoscale channels (Figure 2). In a simple model of a

Figure 2. TEM micrograph sequence of a typical carbon nanotube
section showing the reversible volume contraction/expansion of liquid
entrapment upon heating/cooling achieved by manipulating the
illuminating electron beam. (a) Initial shape of liquid at temperature
T, (b) inclusion gets thinner upon heating at T, > T, (c) liquid
returns to its initial size upon cooling at T. < Ty, (d) heating is
repeated (T; > T.), resulting a renewed contraction of the liquid
volume. Reproduced with permission from ref 50. Copyright 2001
EBSCO Publishing.

cylindrical pore, the capillary tension, P, exerted by a
meniscus of liquid is represented by

_ 2y
r (1)

Here, y1y is the liquid—vapor interfacial tension, and r is the
radius of curvature of the meniscus. The capillary tension P,
causes the pores to shrink and the solid network to contract
into the liquid phase until tension by the liquid cannot
overcome the stiffening of the solid network. This type of
problem can be solved by supercritical drying.

Since the discovery by Kistler of using supercritical drying for
making SiO, aerogels, and metal oxide materials,”’ it has
become a common protocol for maintaining the solid phase
microstructure. Supercritical drying used as a conventional unit

P

cap
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operation has already been reviewed by others,>™ but it is
still worth briefly examining here because of its role as an
integral component of the direct sol—gel synthesis approach.
Because of the fact that in a SCF, the fluid is a single phase,
SCF drying circumvents the liquid—gas interface during
vaporization, hence preventing collapse of the solid network
from capillary forces during the drying process (Figure 3). The

P

supercritical

Figure 3. Schematic representation of supercritical drying: the solvent
is pressurized and heated beyond the critical point (P, T.) via one of
two pathways either path ABC or path AC. This is followed by
depressurization (path CD). In this way the interface of gas and liquid
is circumvented. S—L, L—V, and S—V denote solid—liquid, liquid—
vapor, and solid—vapor equilibrium curves, respectively.

supercritical drying process consists of three important steps:
(1) pressurization by SCF that is combined with heating. This
achieves one fluid phase by diffusion of the liquid from the
pores into the SCF phase (A — C or A — B — C in Figure 3).
(2) Continuous flushing with fresh SCF is used to remove
organic solvents or H,0, and (3) depressurization is used to
remove the fluid phase (C — D in Figure 3). It should be noted
that the heating in A — C or B — C and depressurization in C
— D must be slow enough to avoid shear stress and
consequent cracks in the nanostructure.””*®

To design a drying process, two parameters need to be
considered: the solubility™ and the diffusivity of the solvents
(including organic species and water) in the SCF. The
solubility of materials for direct sol—gel processing is described
in detail later in this review. In terms of diffusivity, there are a
number of models available for estimating transport properties
in SCFs.%® For example, the vapor—liquid diffusion during the
scCO, drying process has been modeled using Fick’s law in the
one-dimensional form. The results show that the Fickian
diffusivity is a strong function of the temperature whereas the
pressure has a lower impact. This suggests that a higher
temperature is favorable for mass transfer in the drying process
while pressure has little effect.® It should be noted that a higher
pressure has, however, an effect on the solubility of the organic
species and H,O, and this also needs to be considered when the
amount of these species is significant.
2.2. Direct Sol—Gel Reactions in Supercritical Fluids
As the heading implies, sol—gel processes involve both sol and
gel components. The sol is a colloidal suspension of
nanometer-sized solid particles in a liquid phase. When these
particles attract one another, under the correct conditions, they
bond together forming a three-dimensional network called a

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 4. Schematic illustration of the formation of a sol in a liquid phase, a gel that has infinite viscosity, a xerogel that shrinks, and an aerogel

without shrinkage.

gel. This contains a continuous solid skeleton enclosing a
continuous liquid phase.’® If the smallest dimension of the gel
is greater than a few millimeters, the material is called a
monolith. If the gels have dimensions spanning from a few
nanometers to a few millimeters, they are called a particulate
gel. Drying the gel by evaporation under ambient pressure gives
rise to capillary pressure that causes shrinkage of the network,
and the resulting materials are called xerogels. These are
relatively dense with low surface areas. In contrast, drying the
gel under supercritical conditions eliminates the interface
between the liquid and vapor phases, and the resulting materials
are called aerogels (Figure 4).

The first gel derived from a metal alkoxide was synthesized
by Ebelmen as early as 1846,°> whereas the first aerogels were
prepared by Kistler in 1932.>" A typical aerogel is comprised of
both meso- (2—50 nm in diameter) and micropores (<2 nm in
diameter). It exhibits a large surface area of hundreds of square
meters per gram, and has extremely low thermal conductivities
and fascinating acoustic properties due to the porous structure.
The high surface area of such metal oxide aerogels provides
better properties for applications such as catalysis and
insulation. This in turn helps compensate for the relatively
high capital cost and inconvenience of high pressure operation.
The chemistry, physics and properties of materials resulting
from the sol—gel process in the liquid phase have been
reviewed by Gesser, Hench, Pajonk, Schubert, and co-
workers.****$¥%* In addition, there are comprehensive text-
books available on the physics and chemistry of sol—gel
science.’*®

Recent developments in sol—gel technology are marked by
the use of organic solvents or SCFs for synthesizing a variety of
metal oxides.®*~7° However, it should be noted that, conven-
tional organic solvents are currently used by manufacturing and
processing industries on a scale of billions of kilograms per year.
The fact that they play a significant role in global environmental
pollution and smog formation cannot be ignored. Alternatively,
since SCFs are considered to be environmentally benign,*® and
ecological credits are added to the sustainability of the sol—gel
process, they offer a viable alternative.”” Another major
advantage of using SCFs as reaction media for sol—gel
reactions lies in the fact that the resulting materials are readily
dried after SCF venting. Such one-pot synthesis processes are
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attractive, as described later in this review. Additionally, sol—gel
reaction kinetics can be fine-tuned using both pressure and
temperature, thus allowing some difficult sol—gel reactions to
take place, for example, hydrolysis and condensation of metal
nitrates in SCW. Finally, although materials prepared using
conventional sol—gel reactions are often amorphous (e.g, TiO,
and ZrO,”"”?) many crystalline metal oxides can be readily
prepared in high temperature sol—gel SCF processes. This
eliminates the heat-treatment step and further simplifies the
manufacturing process.”>

2.2.1. Supercritical Carbon Dioxide. There are many
benefits of using scCO, as the reaction media: CO, is
inflammable, nontoxic, abundant and inexpensive, and it has a
relatively low T. (304.2 K) and a moderate P, (7.375 MPa).
Importantly, scCO, has already been used as an established
medium for industrial-scale polymerizations, as well as food and
nutrition production.”* Generally, scCO, is a hydrophobic
solvent but it possesses a large quadrupole moment and a polar
C=O0 bond and this renders a variety of materials (e.g,, with
hydroxide, carbonyl or fluoride groups) soluble.”

The first sol—gel reactions in scCO, were reported by Tadros
et al. of Sandia National Laboratories in the U.S.A. in 1996. In a
batch reactor, a fluorinated anionic surfactant, (F-
(CF,CF,),CH,CH,0),P(O)(ONH,),, was used to disperse
water that consequently reacted with TTIP to form TiO,
particles with diameters in the 0.1-2 um range and with
anatase crystallinity.”® TiO, particles were also obtained using
other surfactants in subcritical CO, by Johnston et al.”””® They
investigated the electrostatic stabilization of the oxide particles
by surfactants.”” As an alternative to water, formic acid and
acetic acid are miscible with scCO,, and have been shown to be
excellent polycondensation agents for sol—gel reactions. In
1997, Shea et al prepared monolithic SiO, aerogels for the first
time by using formic acid reacting with TMOS in scCO,.*°
Following this, Charpentier et al subsequently synthesized
SiO,, TiO,, ZrO,, hybrid oxides of ZrO,—TiO, and Al,O,
aerogels with various morphologies using acetic acid reacting
with the corresponding alkoxide precursors.*' ™ Among the
many advantages of using formic/acetic acid instead of water
for initiating the sol—gel reactions in scCO,, two factors stand
out: (1) water is generated in situ through esterification or
dehydration from alcohols, thus moderating the hydrolysis rate

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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for Ti/Zr alkoxides; and (2) the acetate group is able to bridge
many metal cations thus forming complexes which are less
reactive.’® This may facilitate self-assembly into either 1-
dimensional (1-D) or 3-D nanostructures.””*® More metal
oxides prepared via sol—gel routes in scCO, are summarized in

Table 3.

Table 3. Oxide Nanomaterials Prepared by Sol—Gel
Reactions in scCO, and Subcritical CO,

products reactor, precursor, and reagent” references
AL O, batch; Al(O'Pr);, HOAc 85
Sio, batch; TMOS, TEOS, HOFc, HOAc 80, 82, 89, 90
Sio, batch; TEOS; block copolymers 36
SiO, batch; TEOS; surfactants + H,O 91
TiO, batch/cont.; TTIP; H,0O 92—94
TiO, batch; Ti(OEt),/TTIP; surfactants +  76—78,
H,0 95-101
TiO, batch; TiCl, + TTIP; acetic anhydride 102
TiO, batch/semicont.; DIPBAT?/TTIP; 103
H,0/EtOH
TiO, batch; TTIP, TTBO, HOAc 83, 87
ZrO, batch; Zr(O"Pr),, Zr(O"Bu),, HOAc 84
ZrO, batch; zirconyl nitrate; surfactants + 104
H,0
Cu/Cu,O0 batch/cont.; Cu(hfa),, EtOH, 105
CeoGdy 10105 batch; Ce(OAc);, Gd(OAc);; H,0 106
AL0,/Si0, batch: Al(O'Pr),;, TEOS; H,0 107
TiO,/SiO, batch: TTIP, TEOS; H,0 108
TiO,/SiO, batch: TTIP, SiO, alcogel; H,O 109, 110
Fe,0,/TiO, batch: TTIP, Fe(NO,);09H,0 111
Zr0,/TiO, batch; TTIP, Zr(O"Pr),, HOAc 81
Al,0O,/carbon batch; AI(NO;) 112
nanotubes
Eu,0;/carbon batch; Eu(NO;), 113
nanotubes
Fe,0;/carbon batch; Fe(NO;), 114
nanotubes
ZrO,/carbon batch; Zr(NO;), 115
nanotubes

a . .
Type of reactors; the precursors of metal oxides; polycondensation
reagent. PDIPBAT = diisopropoxititanium bis(acetylacetonate).

2.2.2. Supercritical Organic Solvents. In a typical sol—
gel process for preparing oxide aerogels, after formation of the
gel, the wet gel requires solvent exchange followed by SCF
drying. This is a tedious process that requires many days to
finish. In order to accelerate sol—gel reactions, Pommier et al
pioneered a high temperature SCF technique for the synthesis
of metal oxide particles,"'® which is also called the solvo-
thermal method.''”~""* This method involves heating a metal
alkoxide-alcohol solution in an autoclave until supercritical
conditions are reached. The advantages of using supercritical
organic solvents include: (1) the reaction temperature can
reach a higher level than the solvents normal boiling point, thus
accelerating chemical reaction rates; (2) the solubility of some
inexpensive sol—gel precursors, for example, metal acetates, is
much higher in polar organic solvents than in nonpolar solvents
(e.g, scCO,), (3) compared with SCW, supercritical alcohol is
a mild reagent that does not react with metal alkoxides
immediately.

For a typical high-temperature sol—gel reaction in a
supercritical organic solvent, the reaction mechanism can be
written as:"*°

3061

ML, 2% [ML(OR)(ROH)], + nHL @)

ROH+H,0
—_—

[ML(OR)(ROH)], [M(OR),(OH),_,], + nHL

®)

where L = acetylacetonate (acac) or hexafluoroacetylacetonate
(hfa).

In the case of MgO synthesis from MgL,, the chemical

structures of the metal precursors and the intermediate

compounds are as described in Scheme 2; here the

Scheme 2. Similarity of the Magnesium Atom Coordination
in (a) Mg(acac),, (b) Mg Acetate, and (c) Intermediate
Compound Obtained in MgO Synthesis. Reproduced with
Permission from ref 120. Copyright 1995 Elsevier.

(a)
0o 0
C/ \M < \\C
—C{, g . C— b
\\ / \O,/ (b)
o) H o}
HO\M \M O\M (c)
g ]
~
HO 0/ 8 o

coordination number of Mg is four. The solubilities of these
types of materials are critical for nanoformation as described in
detail later in this review. In the intermediate molecules, there
are bridging —OCH; and —OH groups (as evidenced by
powder FTIR analysis), which can be thermally decomposed
into MgO at temperatures above 723 K"

In another proposed reaction mechanism for the solvo-
thermal process, the first step involves condensation of alcohol
under high temperature and pressure, giving rise to water,
which consequently reacts quickly with the metal precursor
generating metal oxide particles."”!

2ROH = ROR + H,0 4)
H,0
ML, — M(OH), — MO, (s)

A comparative study was carried out by Pommier et al. of the
liquid and supercritical phases of ethanol/isopropanol, using
titanium alkoxides (Ti(OC,H;), and Ti(O'C;H,),) as
precursors for the preparation of TiO, submicrometer
particles.'"” In the supercritical ethanol process, no water was
added; while in the liquid ethanol process, water was added to
initialize the sol—gel reactions. The main differences found
between the products prepared in the SCF and liquid ethanol
process include: (1) the TiO, prepared in the SCF consisted of
anatase crystals while that prepared in liquid ethanol was
amorphous; (2) in the SCF the 20—60 nm crystallites
agglomerated into 2 pm spherical spheres, while in liquid

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 5. (a) SEM and TEM (inset) images of TiO, particles prepared in supercritical ethanol at 633 K with Ti(O'C;H,), as the precursor; (b) TiO,
particles prepared via a sol—gel route in ethanol under ambient pressure. Reprinted with permission from ref 117. Copyright 1992 Elsevier.

ethanol the 300—700 nm amorphous spheres grew into
irregular larger particles (Figure S); (3) the specific BET
surface area of the amorphous TiO, prepared in liquid ethanol
was 150 m?/g, while that of anatase TiO, prepared in the SCF
was 40 m?/ g. The drop in surface area was attributed to the
destruction of the micro/mesopores during the crystallization
process. To make the process more feasible for commercializa-
tion, Pommier et al designed a continuous reactor using the
supercritical alcohol process for production of TiO,. The
relevant reactor processes will be described later in this review.
In Table 4, metal oxide aerogels prepared in supercritical
organic solvents are summarized.

Table 4. Metal Oxides Prepared by the Sol—Gel Reactions in
Supercritical Organic Solvents

products reactor, supercritical fluid, and precursor”® refs
Cr,04 semicont./MeOH/Cr(acac);/Cr(OAc); 123
MgO batch/semi-cont.; supercrit. MeOH/EtOH— 120, 124
CO,; Mg(acac),/Mg(hfa),/Mg(OMe),
TiO, batch; supercrit. EtOH/'PrOH; Ti(OEt),/ 117,
TTIP 125—-127
TiO, cont; supercrit. 'PrOH, "PrOH; TTIP, TiCl, 122, 128
BaTiO; cont./semicont.; supercrit. EtOH, PrOH; 129—-131
Ba(O'Pr),, TTIP, BaTi(OPr),
MgALO, batch; supercrit. EtOH; Mg[AI(OC,H,),],/ 116, 132
Mg[Aléjocsz)dz
Y;ALO,, cont.; supercrit. EtOH-H,0; Al(acac);/ 133
Al(OAc);, Y(OAc),
ZnFe,0, batch; supercrit. MeOH; Zn(OAc),, Fe(acac); 134
+ H,0
Cr,03/carbon  batch; supercrit. EtOH; Cr(NO,);-9H,0 135
nanotubes
TiO,/carbon batch; supercrit. EtOH; TTIP 136
nanotubes
RuO,/carbon  batch; supercrit. diethyl amine; RuCl;-9H,0 137
nanotubes

“Type of reactors; type of supercritical fluids; the precursors of metal
oxides.

2.2.3. Supercritical Water. Sol—gel reactions for oxide
synthesis in supercritical water are also called hydrothermal
synthesis in supercritical water (HTS-SCW).** It should be
noted that hydrothermal synthesis often refers to using a high
concentration of alkaline aqueous solution at elevated temper-
atures at ambient pressures far below the critical pressure.'>®
This particular type of reaction is not covered in this review.
SCW is not only an excellent reaction media for a number of
reactions,"*” but it can also act as a reagent that can quickly
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react with metal alkoxides or even salts to form metal oxides.
The rapid reaction kinetics in SCW makes it possible to prepare
metal oxide nanoparticles using continuous reactors, which is
more attractive for industrial scale production. Other
advantages of using SCW include: (1) the tunable dielectric
constant of water (Figure 6), provides an extra parameter for
controlling the solubility of the solutes in addition to the SCF
density; (2) the high crystallinity of the metal oxide products
formed, and (3) lower temperatures for the formation of
certain crystals in SCW, for example, y- and a-Al,O; is formed
at 573 and 673 K in SCW, respectively.'** This is significantly
lower than the crystallization temperature of over 973 K
required for y-Al,O; and over 1273 K for a-Al,O; under
ambient pressure. As described by Poliakoff et al,'*' as for other
sol—gel reactions, a typical HTS-SCW process involves the
hydrolysis of a metal precursor with H,O and subsequently a
condensation step that results in the formation of oxo bonds in
the metal oxide. This is described by

hydrolysis: ML, + xOH™ = M(OH), + «L (6)

condensation: M(OH), = MO, ), + gHZO @)
where L = NO;~, CH;CO,~, M = Ce, Zr, Ti, Cu, Y, In, Pa, Rh,
142
etc.
The drawbacks of SCW include the high temperature/
pressure (T. = 647.3K and P, = 22.1 MPa), as well as problems
caused by the corrosion of the high pressure apparatus, which

T ’ T ’ T ’ ! v T ! T ]

Dielectric constant

20 : -

400
Temperature (K)

Figure 6. Dielectric constant of water. The plot was obtained using the
NIST Standard Reference Database Version 9.0.
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Table 5. Metal Oxides Prepared by the HTS-SCW Method

products reactor and precursor® references
AlO(OH) batch; AI(NO,), 22, 143-146
CeO, cont.; Ce(NO,), or Ce(OAc), 22, 141, 142, 147, 148
Co;0, cont.; Co(NO;), 143, 149
Cu,0 batch; Cu(CH;CO,), 150
CuO batch; Cu(NO;), 150, 151
Fe,04 batch; Fe(NO;), 152
Fe,0, cont; Fe(NH,),H(CH0,),/ Fe(NO,), 143, 149, 151, 153
Fe,0, cont.; Fe(NO;);/Fe,(SO,);/FeCl,/Fe(OAc), 143, 154, 155
NiO cont; Ni(NO,), 143, 151
TiO, batch/cont.; TiSO,/TiCl,/TTIP/Ti(NO;), or Ti(OAc), 22, 141-143, 156
ZnO cont,; Zn(OAc),/Zn(NO;), 141, 157—159
7:0, cont; ZrOCL/Zr(NO3), Zr(OAc), 141-143, 147, 151
BaO/Fe,0, batch/cont.; Fe(1Il)/Ba(NO;), 22, 160
core Fe,0;/shell SiO, batch; Fe,O;/TMOS 161
Fe,05/In, 0, batch; Fe(NO;);, In(NO;); 162
CuO/Zn0O cont; N/A 141
Ce,_,Zr,0, cont.; Ce/Zr(NO;), or Zr(OAc),/(NH,),[Ce(NO;),] 142, 147
CoFe,0, cont.; Co(II) (NOs),; Fe(NO;), 154, 163
La,CuO, cont.; La(III)/Cu(NO,), or Cu(OAc), 142, 164
NiFe,O, cont.; Fe(II)/Ni(OAc), 154
ZnFe,0, cont.; Fe(II)/Zn(OAc), 154
Zn,Si0:Mn**(ZSM) batch; ZnC,0,/MnC,0,, am. SiO, 165
CaSro,Ti;_,Fe,O5_5 (x = 0.1-0.3) cont.; Ca(NOs),, Sr(NO;),, Fe(NO;);, TiO, sols 166
(Y27Tby3)ALO1, cont; Th(NOj3);, Y(NO;); Al(NO;); 167

“Type of reactors; the precursors of metal oxides.

may increase the capital cost for more expensive anticorrosive
materials, for example, Hastelloy. More metal oxides prepared
in SCW are summarized in Table S.

3. FORMATION OF NANOSTRUCTURES IN
SUPERCRITICAL FLUIDS

As summarized by Heller and Brinker et
of different nanostructures (e.g, 1-D rods, 2-D plates. and

6,168
al,®

spheres) results from the building blocks of colloidal particles
(sols) in solvents. Colloids and solvent are susceptible to phase
separation and colloids segregate into concentrated regions
surrounded by the bulk fluid. These concentrated regions are
called coacervates. When the colloids are regularly oriented
they are referred to as tactoids, which can change irreversibly
into rigid structures called crystalloids after either drying or
reduction of the repulsive barrier between the colloids. Finally,
aggregation of crystalloids results in the formation of flocks
which can gel under appropriate conditions (Figure 7).

Since the growth of the sol particles increases the viscosity of
the solution during the course of the sol—gel process, the
formation of the gel, or the gelation process, can be
conveniently studied by measuring and modeling the
viscosity.'*”!”® Aymonier et al developed a model for particle
growth in SCFs based on a two step mechanism: the
coalescence and aggregation of monodispersed primary
particles. The model is dedicated to predicting the aggregate
size in the autoclave as a function of the operation parameters,
for example, pressure, temperature, precursor concentration,
and residence time.'”* However, this model needs validation for
metal oxide growth under different conditions.

Since the physical and chemical properties of metal oxide
nanomaterials are a function of their morphologies, one of the
primary goals in the emerging field of direct sol—gel synthesis
and processing, is to tune both the shape and size of the

coacervates | tactoids |crystalloids | flocks
rods
the formation
plates A %
spheres @
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Figure 7. Principal types of nanostructures derived from colloids.
Reproduced with permission from ref 56. Copyright 1990 Academic
Press, Inc.

resulting metal oxides. In the case of direct sol—gel chemistry,
this goal can be achieved by tuning synthesis parameters such
as temperature, pressure, concentration of materials, and
judicious choice of starting materials and solvents.

3.1. Monoliths

Monolithic aerogels are constituted of a 3-D structure of
suitable porous materials that are in turn composed of
aggregated particulate aerosols. Monolithic aerogels of SiO,,
AlO;, and TiO, are of interest for applications in catalysis,
insulation materials, and monolithic chromatography columns
for protein separation.'’>'”* As described earlier, because of
shrinkage and cracking during the drying of the wet gel under
ambient pressure, supercritical drying has been widely used for
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preparing crack-free monoliths with high porosity.*® Within this
context, therefore, it is attractive to use the direct sol—gel
process in SCFs to prepare monolithic aerogels. This simplifies
the synthesis procedures compared to more conventional sol—
gel methods. Formation of an aerogel monolith needs sufficient
concentration of starting materials, and enough reaction time
for the gelation and aging processes. As the predecessor of the
aerogel, the gel is considered as forming from the aggregation
of the particulate sols into a continuous 3-D solid network,*®
which fills up the whole autoclave. Using alkoxides as
precursors and formic or acetic acid as the polycondensation
reagent, SiO,, TiO,, and ZrO, monolithic aerogels were
prepared in scCO,.*****7 It is noteworthy that monoliths have
been prepared in low temperature scCO,, not only in high
temperature SCW or supercritical organic solvents. Gelation is
a slow process and it requires days of aging to make the solid
network strong, hence a low temperature is favorable for
monolith formation. On the other hand, high temperatures
accelerate the hydrolysis and condensation reactions which in
turn enhance particulate formation.

To enhance the sol—gel reactions of TMOS in scCO,, formic
acid has been used as an alternative to water as the
polycondensation reagent. Results showed that when the
concentration of TMOS was in the range of 1.9—2.3 mol/L,
successful gelation occurred and after aging for 12—18 h, the
procedure involved CO, venting.* Figure 8 shows the SiO,

Figure 8. Photograph of monolithic SiO, aerogel (1 cm X 3.2 cm)
prepared by sol—gel reactions of TMOS reacting with formic acid in
scCO,. Reprinted with permission from ref 80. Copyright 1997
American Chemical Society.

aerogel monolith obtained, where the cylindrical shape is a
result of the interior geometry of the reactor. Using TMOS and
ethyltrimethyloxysilane (ETMOS) as precursors, the previously
packed SiO, particles in a chromatography column were
successfully “sol-gel bonded” to form monolithic SiO, The in
situ-formed gel was prepared in scCO,, and this promoted the
mechanical strength and the separation performance of the
resulting columns.'”* Recently, TiO, monolithic aerogels
formed inside stainless steel tubing using the sol—gel route in
scCO, were used for chromatography columns (Figure 9).!7

The mechanism of the reaction of silicon alkoxides with
carboxylic acid in conventional organic solvents has been
studied by Sharp.'”® The first two steps are substitution and
esterification reactions:

=Si—OR + R'COOH = =Si—OOCR’ + HOR (8)
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Figure 9. Cross sections of a column filled with monolithic TiO, (a
and b). The higher magnification SEM image shows the TiO,
nanofibrous structure (c). Reprinted with permission from ref 175.
Copyright 2010 Wiley-VCH.

R'COOH + HOR = H,0 + ROOCR' )

The generated water formed as a result of the esterification
step is able to hydrolyze the alkoxides. However, the
esterification step is inherently slow,®* and thus it is difficult
to explain the fast sol—gel reactions as observed in scCO,."”’
To study the reaction mechanism, GC-MS and NMR were
used to analyze the intermediates that showed the presence of
bridging —OR groups such as C,H,,0,Si," and
(C4H,504Si3)*."”® On the basis of the GC-MS and NMR
results, the formation of a methoxyl bridging structure and the
subsequent oxolation reactions can be written as follows:

=Si—OMe + HOAc = =Si—OAc + MeOH (10)
=Si—OAc + MeO—Si=

= [=Si—OMe—Si=]" + OAc~ (11)
[=Si—OMe—Si=]" + HOAc

= =$i—0—Si=+MeOAc + H' (12)
[=Si—OMe—Si=]* + H,0

= =S$i—0—Si=+MeOH + H* (13)

The new mechanism circumvents the slow esterification
reaction pathway. Thus, the substitution—condensation path-
way (eqs 10—13) may play an important role in the
polycondensation of silicon alkoxides with acetic acid in
scCO,.'”®

Because of the zero surface tension of the SCF, the solid
network of the oxides and the meso-/microprores of the gel are
maintained during the SCF drying process. Consequently, this
results in a low apparent density, and a high specific surface area
and pore volume of the aerogel products. These monolithic
aerogel properties are especially attractive for applications as
catalyst supports and insulation materials. In Tables 6 and 7 are
listed typical densities, specific surface areas and pore volumes
of several oxide aerogels prepared by either SCF drying or

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Table 6. Apparent Densities of Some Aerogels

calcination

aerogel apparent density temperature (K) ref
SiO, 0.271-0.423 N/A 181
SiO, 0.07-0.17 N/A 182
Sio, 0.085—-0.389 N/A 183
Sio, 0.04-0.27 N/A 184
TiO,—SiO, 0.31-0.64 573 185
lanthanide-doped SiO,— 0.15-0.45 523 186

AlLO;

AlLO, 0.02—-0.16 N/A 184
TiO, 02-1.2 N/A 184
TiO, 0.12—-0.20 653 87
ZrO, 0.02—-0.50 N/A 184

direct sol—gel reactions in SCFs. Of these aerogels, SiO, and
AlL,O; exhibited the highest specific BET surface area, for
example, over 1000 m*/g for SiO, and 600 m*/g for Al,O;. For
TiO, and ZrO,, the BET surface areas are normally below 200
and 100 m?/g, respectively. Even though these oxides are well-
known for their thermal stability, it is noteworthy that the
surface area is affected by the calcination temperature: a higher
temperature often results in lower surface areas because of the
resultant sintering of the oxide using the high temperature
treatment. The sintering phenomenon has been explained by
condensation of water from the hydroxide groups on adjacent
oxide particles (Figure 10)."”” From a practical perspective,
better thermal stability can be achieved by the addition of small
amounts (<3 wt %) of other metal oxides such as lanthanum or
yttrium oxides.'®

3.2. Spherical Particles

Because of their low surface area and interfacial energy per
volume, spheres and pseudospheres are the most common
shape formed of the different possible nanomaterial geometries.
Numerous reports are documented for the synthesis of metal
and silicon oxide spherical particles in SCFs,%>%!9%100,188-190
For instance, SiO, spherical particles, with a relatively narrow
particle size distribution, were obtained via the sol—gel
reactions of TMOS reacting with varying amounts of water
(molar ratio H,O/TMOS = 2, 4, 8) in supercritical acetone.®
Nanoparticulate ferrites MFe,O, (M = Co, Ni, Zn, and Fe), a
ceramic material usually containing iron and with applications
as magnetic components and in microelectronics, have been
prepared in a continuous reactor using metal acetates in H,O at
473—673 K and 25 MPa.'**

Owing to its high thermal stability and oxidation resistance,
yttrium aluminum garnet (YAG, Y;Al;O,,) has attracted much
attention and has been synthesized in SCFs. For instance,

Figure 10. Model representing surface dehydration from the contact
region of two adjacent particles that results in the alumina sintering.
Reproduced with permission from ref 179. Copyright 1996 Elsevier.

Lester et al prepared Y;Al;O;, nanoparticles by using yttrium
and aluminum acetates/acetylacetonate as the precursors and
reac’iig)r;g them with SCW in the presence of EtOH (Figure
11).

SiO, hollow spheres, which are more challenging to
synthesize, were first reported by Mokaya and Paliakoft et al
who used a CO,-in-water emulsion templating method.”"'*° By
using block-copolymers such as poly(ethylene oxide)-b-poly-
(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO)
that can form micelles in water, the CO, phase was stabilized
within the core of the micelles. On the basis of its high
solubility in scCO,, the precursor TEOS remains in the CO,
phase and slowly reacts with water at the micelle interface. This
eventually results in a hollow SiO, structure with a diameter of
a few micrometers (Figure 12)."”° Following this idea, hollow

(b)

Figure 11. TEM of YAG particles produced by HTS-SCW using Al
acetate and Y acetate as precursors, with 60 vol % EtOH in H,O at 658
K and 24 MPa. Scale bars: (a) 500 nm and (b) 200 nm. Reprinted
with permission from ref 133. Copyright 2007 Elsevier.

submicrometer SiO, and hollow Ti-containing SiO, were
prepared in scCO, either by using reverse micelles (water in
0il)'® or by using another surfactant, cetyltrimethyl-ammo-

Table 7. BET Surface Area and Pore Volume of Some Aerogels

aerogel Sper” (m?/g) Vporeb (cm’/g)
Si0, 162—1004 0.30—1.81
SiO, 197-739

ALO, 26—464 0.22—0.95
TiO, 105-270

TiO, ~200 ~0.65

ZrO, 96—145 0.32—0.49
Zr0, 101 0.051

ZrO, 51-76 0.045—0.24

crystalline calcination temperature (K) ref
N/A N/A 184
am.© N/A 80
am., § + 1 673—1273 184
anatase 653 83
anatase 773 71
N/A 773 187
tetragonal 673 84
monoclinic 773 84

“BET surface area. "Total pore volume per gram measured using N, at 77 K. “Amorphous.
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Figure 12. SEM images of calcined SiO, hollow spheres prepared in
scCO, with the aid of PEO-PPO-PEO block copolymers. Reproduced
with permission from ref 190. Copyright 2005 Royal Society of
Chemistry.

nium bromide (CTAB) (Figure 13)."*® A recent report shows
that the shells of the hollow SiO, sphere exhibit ordered
mesopores when the sol—gel process took place in water/
heptane/CTAB nanoemulsions in compressed CO,.'""

3.3. 1-D Oxides

The family of 1-D nanostructured materials includes nanoscale
wires/fibers, tubes, rods and belts. Even though 1-D nanoma-
terials can be traced back to 1921 when Hg nanofibers were
prepared by Volmer and Esterman,'®” they only began to

attract significant attention some seventy years later after Iijima
reported the discovery of carbon nanotubes.'”® Interest in this
family of nanomaterials currently lies in their unique
mechanical, optical and electronic properties. 1-D nanomateri-
als of metals, alloys, and metal oxides, have been
comprehensively reviewed by both Xia and Yang et al,"* and
Seal et al.'”> Among the strategies summarized by Xia and Yang
et al, the three methods most commonly used for synthesizing a
number of 1-D metal oxide nanostructures via sol—gel reactions
in SCFs are: (1) anisotropic crystallization of linear macro-
molecules; (2) 1-D growth using either templates such as
channels in mesoporous materials or premade 1-D structures
and self-assembled structures of surfactants, followed by
removal of the templates by corrosion or heat treatment; and
(3) 1-D growth from the vapor or liquid phase through control
of the supersaturation. This includes direct/indirect vapor-
phase, vapor—liquid—solid (VLS), solution-liquid—solid (SLS)
and solvothermal methods. Some examples are: TiO, and
Al,O; nanofibers, and hybrid oxide ZrO,/TiO, nanotubes
pregpared using the anisotropic crystallization (strategy
1);598385 Ti0, nanotubes and nanofibers manipulated using
the templating method (strategy 2);”>'°*'®”7 and ZnO
nanorods which were synthesized using the solvothermal
method (strategy 3)."*’

Compared with spherical particles that are favored by a
reduced surface area, the formation of 1-D oxide particulates is
less common when sol—gel reactions are employed. Using
scCO, as the solvent, TTIP and TTBO as the precursors and
HOACc as the polycondensation reagent, randomly oriented
nanofibers or nanospheres of TiO, aerogels were successfully
produced (Figure 14).%% It was observed that a high acid ratio

Figure 13. TEM images of hollow SiO, spheres. The synthesis conditions: Vipog = 2.0 mL, reaction temperature = 313.2 K, (a) [CTAB] = 0.003
mol/L, P = 9.78 MPa; (b) [CTAB] = 0.003 mol/L, P = 8.69 MPa; (c) [CTAB] = 0.003 mol/L, P = 0.54 MPa; (d) [CTAB] = 0.03 mol/L, P = 8.69
MPa; (e) HRTEM image of a hollow SiO, sphere corresponding to figure (c). Reprinted with permission from ref 188. Copyright 2007 Elsevier.
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50 nm

Figure 14. TEM images of TiO, nanofibers prepared in scCO, at 41.4
MPa and 333.2 K and calcined at 653 K, with a HOAc/TTIP molar
ratio of 5.5 (a) and 4.1 (b, c). The d-spacing of 0.35 nm in the
HRTEM image reveals the (101) plane of anatase within the fiber.
Reprinted with permission from ref 83. Copyright 2005 American
Chemical Society.

HOACc/TTIP (R) facilitates formation of the nanofibers (10—
40 nm). Using a similar approach, the hybrid oxide nanotubes
of ZrO,/TiO, were also prepared in scCO,. Here the molar
ratios of Zr/Ti and HOAc/alkoxides were 1:9 and 5.0—6.0,
respectively (Figure 15).*' Also, using aluminum isopropoxide

Figure 15. SEM of ZrO,/TiO, (Zr/Ti = 1:9) nanotubes produced in
scCO,. HOAc/alkoxides molar ratio = 5.0—6.0, reaction temperature
= 60 °C, and pressure = 34.5—41.4 MPa. Reproduced with permission
from ref 81. Copyright 2008 Wiley-VCH.

and reacting it with acetic acid, Al,O; nanofibers were
synthesized in the following forms: [Al(OH)(CH,;CO,),],,
(as-prepared), y and 6-AlL,O; after calcination at 1073 K, as
well as 7, 8, a and 6-Al,0; at 1323 K.*° The advantages of this
technique include the mild reaction conditions, high yields,
high productivity, and uniform nanofiber dimensions; the
disadvantage is the longer reaction time required for nanofiber
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formation (in the time frame of tens of hours) vs the SCW
technique (less than one second).

Understanding the mechanism of nanofiber formation is
essential for tuning the metal oxide nanostructure morphology.
Much effort has been made to study the mechanism of
nanofiber formation by examining the intermediates of the sol—
gel reactions of TTIP with acetic acid in scCO, and n-heptane
by means of in situ ATR-FTIR,*’ electrospray ionization mass
spectrometry (ESI-MS),*® and single crystal X-ray diffrac-
tion. ”° Also, “as-prepared” aerogels were analyzed using
powder FTIR and thermal analytical techniques such as DSC
and TGA.*” According to single crystal X-ray diffraction studies
of crystals prepared in scCO,, the reactions of TTIP and acetic
acid produced a hexanuclear titanium acetate complex,
TigO4(OAc)s(O™Pr), when the molar ratio of HOAc/TTIP
(R) was 1.33. When R was higher (e.g, 5.5), the formation of
TigO4(OAc)s(O™Pr)g in scCO, and heptanes was confirmed by
in situ IR spectra after deconvolution;'”” and ESI-MS
analysis,*® respectively. The step reactions of the sol—gel
process can thus be written as

Ti(O'Pr), + nAcOH = Ti(O'Pr),_,(OAc), + n'PrOH

(14)
AcOH + PrOH = 'PrOAc + H,0 (15)
6Ti(O'Pr), + 18AcOH
= TigO4(OAc)s(O'Pr)s + 6'PrOH + 12'PrOAc
+ 6H,0 (16)
TigO4(OAC)s(O'Pr)s + nH,0
= TigOs(OAc)s(O'Pr)s_,(OH), + n'PrOH (17)

mTigO4(OAc)s(OH)s = [TigOy(0Ac)s],, + 3mH,0
(18)

The in situ-generated water will react with acetate-substituted
TTIP and form TigO4(OAc)s(OPr)s, which has the crystal
structure shown in Figure 16. In this hexanuclear structure,
while the six bridging acetate groups are inert, the six dangling
isopropoxide groups are active and able to react with water to
form hydroxide groups in the axial direction. The condensation
of this hexanuclear complex leads to the formation of 1-D
macromolecules (or sols). These eventually form nanofibers via
a coacervate and tactoid pathway.®”*® This proposed model of
TiO, nanofiber formation is further supported by thermal
analysis with the TGA results showing that the weight loss from
473 to 773 K was proportional to the removal of organic groups
from the [TigOy(OACc)g),, macromolecule.

Similar to TiO, nanofiber formation, the anisotropic
crystallization of linear macromolecules of
[AL(OH),(CH;CO,),],, in scCO,, as seen in Scheme 3, is
believed to facilitate the fibrous growth of Al,O; aerogel.
Supporting analytical evidence includes IR, thermal analysis,
and XPS results. The as-prepared products of TiO, and Al O,
aerogels have yet to be examined using synchrotron powder
XRD, which may provide more detailed information about the
spatial arrangement of the linear macromolecules inside the
fibers.

The formation of ZrO,/TiO, hybrid oxide nanotubes again
shows the feasibility of using the sol—gel technique in SCF for
making 1-D nanostructures. Here Zr and Ti alkoxides (Zr/Ti
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Figure 16. Molecular structure of TigOs(OAc)¢(O'Pr),, and the schematic formation of the straight macromolecule and nanofibers. (Reprinted with

permission from ref 177. Copyright 2008 American Chemical Society.

Scheme 3. Schematic Diagram of the Structure of the Linear Macromolecule with a Repeating Unit of Al,(OH),(CH;CO,), (Ti
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molar ratio was 1:9) were reacted with acetic acid. To explain
the formation of the tubular structure, a nanosheet-bending
mechanism was proposed. The sheet is formed by anisotropic
growth from the triclinic crystal of the hexanuclear complexes
[TiyZry(C,H;0,)10(C3H,0)40,],"° along one plane of the
unit cell.®> However, more characterization studies are
necessary for a better understanding of the nanotube formation
mechanism.

Using Zn(NO;), as a precursor, ZnO nanorods with
diameters of ~40—100 nm and lengths of ~230—290 nm in
SCW at 673 K and 30 MPa were obtained."” It was found that
nanorods were only formed by manipulating a relatively low
saturation degree of the metal oxide crystallites; otherwise
spheres were formed. The production of ZnO was carried out
in a continuous reactor with a residence time of 0.1 s, which
makes this technique competitive for potential commercializa-
tion.

To date, the 1-D oxides formed via sol—gel reactions in SCFs
are limited to disoriented 1-D structures. For their application
as semiconductors such as in solar cells, it is desirable to have
oxide arrays grown from the electrode surface.'® This remains a
challenge for self-assembly sol—gel reactions in SCFs.

3.4. Aerogel Membranes

With a 2-D structure composed of porous materials, an aerogel
membrane consists of a layer of aggregated particulate aerosols,
with a broad range of apglications as optical, thermal, acoustic
and electronic materials.”® The major advantages of using SCFs
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as sol—gel media for the preparation of the oxide membranes
include: (1) suitable wetting of the substrate surface to
facilitate, with less void space, the anchoring of the oxide
particles to the surface, (2) zero interfacial tension during the
drying process which facilitates better film formation with less
cracks and peeling, and (3) pore expansion within the
membrane that is particularly beneficial for separation and
catalysis applications of such membranes.

A SiO, film with a thickness of 1 um was synthesized in
scCO, by reacting Si alkoxides with water-wetted silicon wafers;
but the properties of the resulting materials were not fully
described.*®" To prepare mesoporous SiO, films with 1-D
hexagonal closed-packed pore structures, sol—gel processing of
TEOS was conducted in scCO, and subcritical CO, under the
control of the cationic fluorinated surfactants, that is, 1-
(3,3,4/4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl)pyridinium chloride
(HFOPC), 1-(3,3,4,4,5,5,6,6,7,8,8,8-dodecafluoro-7-trifluoro-
methyl-octyl)pyridinium chloride (HFDoMePc), and 1-
(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-decyl) -
pyridinium chloride (HFDePc).>”> For comparison, similar
synthesis were also conducted in ethanol solution in order to
examine the solvent effects. As shown in (Figure 17), an
increase in the d-spacing and pore diameter of the material was
obtained when CO, was used. This may increase its potential
applications for chromatography and electrodes.

For potential applications in catalytic membranes and
electrochemical devices, Ce,,Gd, ;0,95 membranes were
prepared in a supercritical mixture of PrOH/CO, (volume

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 17. Percentage increase in (a) d-spacing and (b) pore diameter
of thin films processed in CO, relative to unprocessed films as a
function of the CO, density. Reprinted with permission from ref 202.
Copyright 2007 American Chemical Society.

ratio = 4:1) using the sol—gel reactions of cerium acetate and
gadolinium acetate with water, at 30 MPa and 150—300 °C."%
Figure 18 shows the schematic and SEM images of the hybrid
metal oxide membrane formed on top of porous a-Al,O;.

poddns eunwnje-
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@Al bk 1.S5vem

multilayer porous ceramic structure

Figure 18. (a) Schematic and (b) the corresponding SEM image of a-
ALO; supported CeyyGdy ;0,5 (CGO) membrane. Reproduced with
permission from ref 106. Copyright 2005 Elsevier.

Using a scCO, impregnation technique, where the sol—gel
precursors were introduced with the aid of SCF into a polymer
matrix followed by the sol—gel reactions, polysiloxane/
perfluorosulfonic acid membranes were successfully prepared.
The resulting materials were characterized for fuel cell
applications; the improved performance achieved attributed
to a higher proton conductivity and lower methanol
permeability.”*

3.5. Nanocomposites

As well as their hybrid chemical and physical properties,
improved thermal and mechanical stabilities were obtained for
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inorganic—organic nanocomposite materials. For example, a
SiO,/polymer, was synthesized using a range of methods such
as blending, sol—gel processing and in situ polymeriza-
tion.”**?% Recent interest has focused on in situ sol—gel
processing, sol—gel deposition, and a one-pot synthesis of
simultaneous sol—gel and polymerization. During the in situ
sol—gel process, for instance, small inorganic precursor
molecules are transported with SCF molecules that diffuse
into the polymer matrix. This takes advantage of the SCF
properties including high diffusivity and the ability to effectively
swell the polymer phase. The subsequent in situ sol—gel
reactions inside the polymer phase ensure an excellent
distribution of the inorganic particles within the organic matrix.
Using this idea, Han et al and Charpentier et al, respectively,
also prepared SiO,/polypropylene’®® and SiO,/ polyethy-
lene'”® nanocomposites in scCO, using TEOS as the precursor.
The same approach has been used to prepare TiO,/activated
carbon®*”** and TiO,/montmorillonite (MNT) compo-
sites,”®">!" where the sol—gel reactions took place inside the
pores or layers of the inorganic matrixes with the help of the
SCFs.

In the composite materials described in the previous
paragraph, metal/silicon oxides are used as fillers incorporated
into the matrix of the composite. In another type of composite
material, the surfaces of a range of substrates have been
decorated with metal oxide nanoparticles using SCFs. Han’s
group used a variety of metal oxides and deposited them onto
carbon nanotubes in SCFs using sol—gel reac-
tions. ! 12 T11SA3STI37212213 Bo ihstance, using different mass
ratios of RuCl;:3H,0 to carbon nanotubes, RuO,/carbon
nanotube nanocomposites were prepared in supercritical
diethyl amine. The TEM images shown in (Figure 19) reveal
well-dispersed RuO, nanoparticles deposited onto the carbon
nanotube surfaces.*” ZrO,/carbon nanotubes were prepared
from a Zr(NO;),;SH,O precursor and carbon nanotube
support in scCO,. The TEM analysis results show (Figure
20) that ZrO, formed a layer that covers the exterior surface of
the carbon nanotubes, and the thickness of the ZrO, layer is a
function of the weight ratio of Zr(NO;),-SH,O/carbon
nanotubes. For comparison, a nanocomposite synthesis was
also carried out in ethanol. Results showed that the ZrO,
formed was mostly isolated from the carbon nanotubes. This
suggests that the SCF plays an important role in the ZrO,
coating on the carbon nanotubes and this is attributed to the
zero surface tension of the SCF which enables good wetting of
the nanotube surface.'"> Using a similar approach, a thin layer
of TiO, was also deposited on the molecular sieve SBA-15 in
scC02.214

Given the fact that scCO, is an excellent medium for free
radical, cationic and step-growth polymerizations,®® it is
possible to achieve simultaneous sol—gel reactions (for
inorganic fillers) and polymerization reactions (for polymer
matrix) if the overall reaction rates of the two reaction types are
of the same order. Developing on this idea, Charpentier et al
prepared SiO,/poly(vinyl acetate) using a one-pot synthesis in
scCO,.>"* In situ ATR-FTIR was used to monitor the
decomposition of the polymerization initiator, the consumption
of the vinyl acetate monomer and the sol—gel chemistry of the
Si precursor. Synchronized sol—gel and polymerization
reactions were evident. Both TEM and EDS analysis showed
that SiO, nanospheres were well-dispersed in the organic
polymer matrix.

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 19. TEM images of the ‘as-prepared’ composites with different
RuCl,-3H,0/carbon nanotube mass ratios: (a, b) 1:2, the inset shows
the electron diffraction of the denoted rectangular area; (c) 1:1; (d)
2:1; (e) 3:1; (f and inset) 2:1 high magnification TEM. Reprinted with
permission from ref 137. Copyright 2006 Elsevier.

3.6. Solid Templates

Because the morphology and arrangement of the resulting
materials can be well controlled, solid templates are extensively
used to synthesize well-organized nanostructures. By using a
SCF the sol—gel reactants can be transported into the
micropores and mesopores of the template, an operation that
is difficult using common liquid solvents (Figure 21).>'®*'” The

pore after coating

coated silica
v /'
pore wall of
activated carbon

Figure 21. Schematic drawing of SiO, coating onto pores of activated
carbon in (a) liquid solvent and (b) supercritical solvent, using TEOS
as the SiO, precursor. Reprinted with permission from ref 217.
Copyright 2003 RSC.

subsequent in situ sol—gel reactions occurring inside the
templates result in the formation of metal oxides. This is
followed by a process to remove the templates, normally a
thermal treatment, or by using a reactive plasma or chemical
corrosion.*® One disadvantage of this approach is the cost for
template production and removal. The templating method is
therefore much more attractive for scale-up when the templates
are inexpensive soft materials such as polymers, activated
carbon or natural biological materials. All of these are easy to
remove afterward through calcination where water and CO, are
produced.

One example of an inexpensive template is activated carbon
which has been used for preparing a number of metal and
silicon oxides in scCO, via sol—gel reactions. For example,
Wakayama et al prepared SiO, (Figure 22), TiO,, AL,O; porous
fibers with a diameter of a few micrometers using fibrous
activated carbon as the templates and metal—organic
compounds as the precursors in scCQ,.'?”*!8722?

Using porous templates that were either synthesized in the
laboratory or sourced from natural products, 1-D and
mesoporous oxides were prepared via sol—gel reactions in
SCFs. Some successfully synthesized examples are: Fe;O,
nanowires within the mesopores of SiO,,*** TiO, nanotubes
using coll%gen fibers of fish” as well as cotton fiber
templates'®® in scCO, using either iron dodecarbonyl or
TTIP as the precursors. In addition, mesoporous SiO,, TiO,,
Ti0,/Si0, and Al,O3;/Fe,0; were prepared using block
copolymers, activated carbon, starch gel, and bamboo
membrane as the templates.>¥***722®

Using templates of monodispersed polystyrene (PS) latex
with different functional groups, Cabanas et al prepared well-
defined macroporous SiO, aerogels in scCO, using the
hydrolzsis and condensation of TMOS and TEOS (Figure 23
a-c).”?”7?! A template of 3-D latex arrays was prepared by

Figure 20. HRTEM images of ZrO,/carbon nanotubes prepared with different weight ratios of Zr(NO,),-SH,0/carbon nanotube: (a) 4:1, (b) 2:1,
and (c) 1:1. Reprinted with permission from ref 115. Copyright 2006 American Chemical Society.
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Figure 22. (a) Experimental setup and (b—d) schematic drawing of the casting process using activated carbon fibers as the template. Reproduced
with permission from ref 220. Copyright 2006 American Chemical Society. SEM images of (e) activated carbon fibers and (f and g) silica sample
calcined in air at 873 K after the treatment in supercritical fluids. Reproduced with permission from ref 218. Copyright 2000 American Chemical

Society.

Figure 23. SEM of a latex array template (a) and the periodic
macroporous SiO, obtained after reaction in scCO, (b, c).
Reproduced with permission from ref 230. Copyright 2005 American
Chemical Society. TEM images of an inverse opal obtained by
simultaneous reaction and impregnation of TEOS and Pd(hfa), in
scCO, into a 3D-latex array template at 303 K and 8.5 MPa and
heating in air at 773 K: (d) PdAO—SiO, and (e—g) Pd—SiO, obtained
by reduction of the PdO—SiO, in H,/N, at 673 K. Reproduced with
permission from ref 232. Copyright 2009 Elsevier.
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polymerization in a surfactant-free emulsion in water, followed
by centrifugation and drying. The sol—gel reactions of TEOS
with water were found to take place within the voids of the 3-D
template in scCO,, and the resulting materials were calcined at
773 K to remove the polymer template. Recently, PdO-SiO,
and Pd-SiO, aerogel inverse opals were also obtained (Figure
23 d-g) using the approach illustrated in Figure 24.>** Similarly,
SiO, and TiO, hollow spheres were prepared using cross-linked
PS monodispersed microspheres. However, the well-defined
template packing pattern was not maintained in the materials
produced.**

4. THERMODYNAMICS AND KINETICS

To understand the formation of nanostructures in SCFs as
described in the above sections, one must consider both the
thermodynamic and kinetic factors of the sol—gel chemistry.

4.1. Reaction Equilibrium

From a thermodynamics point of view, the effect of pressure on
the reaction equilibrium is determined by the reaction volume
AV,, which is defined as the difference between the partial
molar volumes of the products and the reactants:***

(aln K]
ap T,x (19)

Here K, is the mole fraction-based equilibrium constant.
According to eq 19, an increase in pressure has a positive effect
on the forward reaction when AV, is negative and vice versa. If
a product is preferentially transferred into another phase (e.g,,
the formation of insoluble metal oxides), based on Le
Chateliers principle the conversion will increase. For example,
in the esterification reaction of acetic acid with ethanol (both of
which are used in sol—gel chemistry), the product water has a
lower solubility in the scCO, phase than the two starting
materials. Hence, addition of CO, to the reaction system drives

the forward reaction, and this results in higher conver-
siong, 34235236

AY,
RT
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Figure 24. Synthesis of PdO—SiO, and Pd—SiO, inverse opals in scCO,. Reproduced with permission from ref 232. Copyright 2009 Elsevier.

MeCOOH + EtOH = MeCO,Et + H,0 (20)

In the case of sol—gel reactions where water is not added to
initialize the reaction, the in-situ-generated water resulting from
the esterification reaction is quickly consumed in order to
hydrolyze the alkoxide precursors (e.g., Si, Ti, and Zr
alkoxides).****” Metal alkoxides are known to be very active
with water and tend to form precipitates when water is added
directly. Therefore it is desirable to release water gradually
through the esterification reaction and hence to control the
consequent sol—gel reactions. This results in well-defined
nanostructures. Even though CO, is reported to react with
TTIP to form complexes in the presence of trace amounts of
water,”®” this reaction was not observed using in situ IR durin%
a reaction where TTIP reacted with acetic acid in scCO, %"’
This suggests that the reaction with acetic acid is more
favorable.

4.2. Solubility

The solubility of a material is one of the most important criteria
for an effective sol—gel process. This is because it has an impact
on the reaction rate, the yield, the groduct microstructure as
well as the economics of the process.”*® Where the selection of
a SCF as a solvent for a sol—gel reaction is concerned, it is a
general rule of thumb to choose a higher solubility for the
reactants and a lower one for the products. This facilitates the
nanostructure formation and downstream separation. It has
been found that a higher T, is favorable for increasing the
solubility compared to similar solvents. For example, the
supercritical fluids of ethylene (T, = 282.4 K) and carbon
dioxide (T. = 304.2 K) are better solvents for phenanthrene
than nitrogen (T, = 126.2 K) and methane (T, = 190.6 K).**’
Generally, a higher pressure increases the solubility of the
solute. This behavior is more pronounced near the critical
pressure, where the so-called clustering effect increases the
solvent density in the adjacent vicinity of the solute molecules
compared to the bulk fluid density. The temperature effect is
more complicated, because it changes both the density of the
SCF and the vapor pressure of the solute. Whereas an elevated
temperature increases the solid vapor pressure that promotes
the solute solubility, concomitantly it also decreases the SCF
density, which has a reverse effect on the solubility.*

The solvent power of scCO, makes it a very attractive
medium for the sol—gel reactions of metal alkoxides. This is
because of the relatively high solubility of the sol—gel reactants
and the reaction intermediates and low solubility of the
polycondensate products. Importantly, scCO, is a good solvent
for metal alkoxides that are popular precursors for the sol—gel
process (Table 8). In addition, CO, molecules are known to
interact with carbonyl groups and bridging acetate groups in
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Table 8. Solubility of Metal Alkoxides in scCO, at 313.0 K.
Reproduced with Permission from Ref 76. Copyright 1996
PRA Press

metal precursor solubility (Wt.%)  pressure (MPa)

Ti(O'Pr), 425 8.2
Ti(OEt), 4.19 12.1
Ti(O"Bu), 3.05 18.6
Ti(OCH,CH(C,H;)(CH,),CH;), 221 35.8
Al(O'Bu), 6.13 >62.0

Lewis-acid and Lewis-base bonding mode, thus the inter-
mediates and colloidal particles with these CO,-philic moieties
can be stabilized in scCO,.**>**' Another point to note is that
the solubility of water in scCO, is small (most desirable) and
this provides a handle for controlling the hydrolysis reaction
rate. This is important for the formation of well-defined
nanostructures. In addition, the low interaction of water and
CO, molecules makes the formation of reverse micelles
possible when surfactants are added. Hence sol—gel reactions
take place within the nanoscale reactors of the micelles, which
makes the formation of metal oxide nanoparticles feasible.”®
Finally, the sol—gel products of metal oxides have low solubility
in scCO, which enhances both the separation and the
formation of metal oxide particles with uniform dimensions.

Some examples relevant to this review, the solubility of water
and acetic acid (polycondensation agents for sol—gel reactions)
in CO, are shown in Figure 25 a and b, respectively.”** It
should be noted that water has a low solubility, for example, y,
= 0.0078 at 14 MPa and 333 K. With elevated pressure or
temperature, the solubility of the solute increases. This trend is
more pronounced for acetic acid in CO, with elevated pressure
when it gets close to the critical point; indeed, acetic acid and
scCO, are miscible in all proportions at 14 MPa and 333 K.**
It should also be noted that acetic acid behaves as a cosolvent
for the water-CO, system. Based on the phase diagram in
Figure 26, HOAc and CO, are miscible in all proportions at
333 K and 14 MPa; this is also true for the HOAc and H,0
system. On the other hand, CO, and H,O are not miscible in
most proportions. However, this can be improved by the
addition of HOAc. For example, when HOAc is over ~47 mol
% and the mixing rule of Panagiotopoulos and Reid is applied,
there is only one phase in the ternary system.>*****

The solubility of Cu, Ba, and Y acetylacetonate (acac) and
hexafluoroacetylacetonate (hfa) complexes in scCO, has been
measured by Pommier et al.*** It was found that (1) the
solubility of the metal complexes increased with elevated
pressure and slightly decreased with lowered temperature and
(2) the fluorine-substituted metal carboxylate complexes

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 25. Experimental results for the solubility of water (a) and acetic acid (b) in CO,. (a) The solubility of water (y,) increases with elevated
pressures (temperature) at a constant temperature (pressure). (b) The solubility of acetic acid increases quickly with elevated pressures when it is
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Figure 26. Phase equilibrium of the ternary system CO, + H,O +
HOAC at 333 K and 14 MPa. The data points (O) were obtained from
experimental measurements, and the predictions from the Peng—
Robinson EOS applying the mixing rules of Panagiotopoulos and Reid
(PaR) and Huron and Vidal (HV), respectively. Reprinted with
permission from ref 243. Copyright 2004 Elsevier.

exhibited a significantly higher solubility than the non-
substituted complexes. Additional solubility data of metal
complexes in scCO, has been summarized by Darr and
Poliakoff.*’

Metal oxides are known for their low solubility in most
solvents. However, the oxides can exhibit enhanced dissolving
capacity in SCFs,** which has an effect on the stability of the
colloidal particulates and their nucleation rate during the sol—
gel process. While a very low solubility of metal oxides in
conventional solvents under ambient pressure results in a
supersaturated solution and consequently quick precipitation, a
moderate solubility will facilitate a progressive nucleation
(gelation) process during the sol—gel reactions. Therefore, it is
by no means a trivial matter to study the solubility of metal
oxides in SCFs and to seek out the best conditions (e.g,
temperature and pressure) for the process. Even though there is
a significant lack of solubility data of oxides available for the
SCF process, previous experimental results show a moderate
solubility in SCW.**” The solubility of SiO, in subcritical and
supercritical H,O has been studied for the temperature range
437—873 K and the pressure range 15.2—177.3 MPa. From
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Figure 27 it can be observed that a higher pressure enhances
the solubility of quartz in SCW, whereas the temperature has a

036} Si0,-H,0
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Figure 27. Solubility of SiO, (quartz form) in subcritical and
supercritical H,O. The area enclosed by the dashed line is the region
of retrograde solubility. Reprinted with permission from ref 246.
Copyright 1989 Wiley.

more complex effect on the solubility. It is positive above a
pressure of 101.3 MPa (1000 atm) and it is mostly negative
below a pressure 60.8 MPa (600 atm).*** It should also be
noted that the solubility of metal oxides in SCW are a function
of pH, for example, a higher pH promoted the solubility of
TiO, in the temperature range 370—600 K and 30 MPa."”
A stringent thermodynamic calculation can be carried out
using an equation of state (EOS), for example, the Redlich—
Kwong equation and the Peng—Robinson equation,”*?3%#%20
for many small molecules with known thermodynamic
properties, such as critical points, acentric factors and
interaction parameters. For macromolecules and other more
complex compounds, group contribution and solubility
parameter approaches are more 2practical for predicting the
solubility semiquantitatively.”>'~>* Using these empirical
equations, for example, the solubility parameters of the

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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macromolecules of [TigOo(C,H;0,)¢], and
[Ti,Zr,0,(C,H;0,),,((C;H,0),], were estimated by Char-
pentier et al.

It is important to point out within the context of this review
that understanding the solubility during sol—gel reactions in a
SCF is in fact rather complicated: sol and gel of metal
complexes (or oxides) appear in the SCF in the polycondensa-
tion process with ever changing concentrations of cosolvents,
for example, ethanol, ester and H,O that are intermediates or
byproduct of the reactions. The presence of these cosolvents
also changes the properties of the reaction media such as the
polarity, the critical 6points, phase equilibrium, as well as the
number of phases.”®

4.3. Reaction Kinetics in Supercritical Fluids

A noteworthy limitation of the conventional sol—gel synthetic
process using organic solvents is related to the sol—gel reaction
kinetics. Some sol—gel reactions are either too slow for
commercialization or too fast for effective process control
under ambient synthesis conditions. For example, when metal
nitrates (which are cheaper than metal alkoxides) are used as
the sol—gel precursors for preparing metal oxide nanoparticles,
the overall reaction rate is very slow in the conventional
aqueous sol—gel process. In this case a SCF process becomes
attractive, not only because of the higher mass and heat transfer
in the SCF facilitating the reactions, but also because the
reaction kinetics can be tuned by changing the reaction
temperature and pressure. In supercritical organic solvents or
supercritical water, for instance, a desirable reaction rate can be
achieved with a higher temperature, well above the boiling
point of the solvent.”*”**® Another example is the hydrolysis
and condensation rates of some metal alkoxides (e.g,, titanium,
zirconium and aluminum alkoxides) which are so rapid that it is
difficult to control the size and shape of the resulting materials.
Therefore, an aqueous solution is not suitable for these types of
sol—gel reactions. This problem is circumvented by using
nonaqueous sol—gel reactions where the reaction kinetics are
better controlled, thus facilitating the formation of well-defined
nanostructures.’* %%

Unlike the conventional sol—gel process, the reaction
kinetics of sol—gel reactions in SCFs are a function of pressure
in addition to reaction temperature and reactant concen-
trations. For instance, the conversion of TEOS was studied as a
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function of temperature and pressure in scCO, using in situ
FTIR and a chemometrics modeling technique (Figure 28)."”
From Figure 28 it can be observed that a higher temperature
and low pressure facilitate the conversion in the region of 313—
333 K and 1300—3000 psig (8.96—20.68 MPa), respectively.
The effect of the temperature on the kinetics is consistent with
the Arrhenius equation. The pressure effect may be explained
by the significant clustering effect at the supercritical point,
given the fact that 1300 psi (8.96 MPa) is close to the P_ of
CO, (7.375 MPa) in the presence of acetic acid. A higher local
concentration of acetic acid with TEOS will increase the
reaction rate. In another example, Pommier et al followed the
conversion of TTIP using offline FTIR measurements during
their synthesis of TiO, in supercritical isopropanol. The overall
reaction was found to follow first-order kinetics, and 113 kJ/
mol was the apparent activation energy obtained.'**

5. REACTOR DESIGN AND IN SITU ANALYSIS

The chemical reactor is the most important component of the
reaction system, hence a number of reactors are available for
sol—gel reactions in SCFs on a laboratory scale: a conventional
cylinder-shape autoclave with an agitator and heating system, a
view cell with sapphire windows, a T-shape, or a coaxial nozzle
reactor for mixing of fluid streams. Depending on the reaction
temperature and type of chemicals involved, different types of
materials have been used for the reactor construction, for
example, 316 stainless steel for scCO, and supercritical
alcohols, and Hastelloy lined metal autoclaves for SCW,
which suffers from serious corrosion issues.

5.1. Batch Reactors

A batch reactor is generally used to prepare monolithic and
particulate aerogels with a wide range of morphologies as
described earlier in this review. Autoclaves or view cell reactors
are used to prepare SiO,, TiO,, ZrO,, and ZrO,—-TiO,
monoliths.***"**** For instance, when equipped with sapphire
windows, the view cell (10—25 mL) is ideal for observing the
phase change, particle formation, and small-scale material
synthesis in SCFs (Figure 29).*> This view cell system can be
used for the preparation of a few grams of metal oxides, while
an autoclave with agitator and large interior volume (e.g., S00
mL) is better for large-scale production (tens to hundred
grams).

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 29. Schematic of a batch reactor for scCO,: (A) computer with
Labview Virtual Instrument, (B) FieldPoint by National Instrument,
(C) temperature controller, (D) thermocouple, (E) pressure trans-
ducer, (F) stainless steel view cell equipped with sapphire windows (in
blue), (G) pneumatic valve controlled by the computer, (H) needle
valve, (I) check valve, (J) syringe pump, and (K) CO, cylinder.
Reprinted with permission from ref 83. Copyright 2005 American
Chemical Society.

5.2. Continuous Reactors

Continuous reactors are suitable for producing particulates
when sol—gel reactions are rapid. For example, Reverchon et al
designed a continuous reactor for producing TiO, submi-
crometer particles (Figure 30), taking advantage of the fast
reaction rate of Ti alkoxides with water.”” In this reaction
system, liquid CO, from the reservoir (V1) was pumped
through a drying vessel (D) filled with dry SiO, gel and a heat
exchanger, before it dissolved the sol—gel precursor in the

CO2 make-up NRV
=

Liquid out

Figure 30. Schematic of the continuous pilot plant for production of
TiO, particles: V1, CO, storage vessel; V2, CO,—TTIP contactor; V3,
CO,—H,0 contactor; D, CO, dryer; R, reaction vessel; LS, liquid
separator; MFC, mass flow control; NRV, nonreturn valve; VM,
micrometering valve. Reproduced with permission from ref 92.
Copyright 2003 Elsevier.

contact vessel (V2). At the same time, CO, was pumped into
another contactor (V3) where water was added. In the reactor
(R), the precursor—SCF solution contacts the H,O-SCF stream
at the coaxial injection system, which allowed a quick sol—gel
reaction and formation of metal oxide particles. Then CO, was
recycled throu%h a micrometering valve (VM) and a liquid
separator (LS).”>

A T-shape reactor, where two streams meet one another, has
been widely used to produce metal oxide nanoparticles in a
continuous manner. One of the disadvantages of the T-shape
continuous reactor, however, is that the particles tend to
accumulate in the reactor after a certain period of time. This
causes variations in contact time and consequently a wide
particle size distribution. In order to improve the reliability of
the SCW process for producing metal oxide nanoparticles,
Paliakoff et al designed a nozzle reactor (Figure 31) based on
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Figure 31. Schematic of the nozzle reactor design with ideal heating/
cooling profile. The SCW is fed downward through the internal pipe
while the aqueous salt stream is fed counter-currently upward through
the outer pipe. The product particles are formed and immediately
transported out of the hot-zone of the reactor. Reprinted with
permission from ref 141. Copyright 2006 Elsevier.

light adsorption imaging and computational fluid dynamics
modeling."*" To form smaller particles with a narrow particle-
size distribution and to prevent premature precipitation and
particle accumulation, the criteria of the SCW reactor includes:
(1) instantaneous and homogeneous mixing of the SCW with
metal salt streams, (2) short average residence time, (3)
minimal heating of the aqueous metal salt stream prior to the
reactor,li?d (4) rapid transport of product particles out of the
reactor.

5.3. In Situ Analysis Techniques

To study the reaction mechanism, thermodynamics and kinetic
processes of the sol—gel reactions along with potential
industrial online analysis, it is necessary to analyze the chemical
compositions in the fluid phase. For instance, immediate GC-
MS and NMR analysis was carried out to study the
intermediate chemical structures during reactions of TMOS
with acetic acid in scCO,.'”® Results demonstrated the

dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082
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Figure 33. Schematic formation of aerogel particles and monolith using sol—gel reactions in SCF.
existence of the bridging —OCHj; group for the first time thus above. For example, an ATR-IR cell was used to study the
facilitating an understanding of the reaction mechanism. intermolecular interaction of CO, and PMMA, where the
HOWQVGI', often it is not convenient to take a sample fOl‘ polymer was deposited onto the surface of 7nSe Crystal to
immediate offline analysis where sol—gel reactions in SCFs is minimize the absorbance from bulk CO,.**!
concerned. This is because the rapidly formed particles tend to Despite its rarity and lack of availability, a high-energy (80

block the sampling tubes and valves upon the pressure drop,
and the release of the SCF might result in a significant pressure information for simultaneous small-angle X-ray scattering

drop for a benchtop scale autoclave. Thus in situ analysis (SAXS) and wide-angle X-ray scattering (WAXS). This
techniques are more convenient for monitoring the reaction

system because they can be carried out with no disturbance of
the reactions.

To date, in situ analysis techniques for studying sol—gel ) 03 . i

. . . . via the sol—gel route.” Figure 32 shows the experimental setu
reactions in SCFs include ATR-FTIR and high-energy 8 gu Xp p
for the in situ synchrotron radiation techniques for monitoring

keV) synchrotron technique provides real-time, in situ

combination provides information on both the particle size
and crystallization processes. This technique has also been used
for monitoring the formation of TiO, nanocrystallites in scCO,

synchrotron radiation. ATR-FTIR equipment with a high-

pressure probe is indispensable for monitoring such chemical a view cell reactor, the scanned 3-D WAXS and SAXS spectra,
reactions in high-pressure vessels. For instance, the sol—gel and the calculated particle size distribution from the SAXS data.
reaction mechanism®” and kinetics'””?%° in scCO,, as well as In order to decrease the cost for such in situ X-ray studies, a
solvent effects*****! have been studied using in situ IR new experimental setup was developed by Iversen et al.>*> Here
techniques with several of the published results described by using a lower photon energy of 11.2 keV and sapphire

3076 dx.doi.org/10.1021/cr2000465 | Chem. Rev. 2012, 112, 3057—3082



Chemical Reviews

capillary batch reactor, formation of ZrO, in SCW was able to
be studied by in situ SAXS/WAXS.

6. SUMMARY AND OUTLOOK

Although both the individual sol—gel and SCF drying steps are
established protocols for preparing porous nanomaterials, the
direct sol—gel reaction in SCFs is a relatively new synthetic
technique. As described throughout this review, by using this
technique a variety of metal oxides with 0-D (nanospheres), 1-
D (nanofibers), 2-D (membrane), and 3-D (monolith)
morphologies have been successfully prepared. The sol—gel
precursors are often selected because of their ability to dissolve
in the SCF, for example, metal acetate and alkoxides in
supercritical organic solvents, metal nitrates and acetates in
SCW, and alkoxides and acetates in scCO,. In a high-pressure
vessel, the sol—gel precursors are transformed into sols through
polycondensation reactions in the SCF, and these sols can be
either depressurized to form aerogel particles (often in a
continuous reactor) or used for building blocks of gel solid
networks (in a batch reactor). This is illustrated schematically
in Figure 33. The aerogel particles normally have larger
dimensions than the sols due to the coalescence and
aggregation steps. Whereas the aerogel monolith maintains
the size and shape of the original gel; unlike the xerogel that
shrinks upon evaporative drying.

High-temperature SCF techniques, that is, supercritical water
and organic solvents, have been successfully utilized for
synthesizing metal oxide particles. This technique is attractive
for potential commercialization because the reactions are rapid,
which facilitates a potentially continuous process. The resulting
materials are also readily crystalline, which saves a separate
calcination unit operation. One promising potential application
of the continuous SCF reactor might be a one-step synthesis of
monodispersed nanoparticles of mixed metal oxides, which
often show better physiochemical properties for their
applications as catalysts and semiconductors than the single
component metal oxide. These emerging materials have
tremendous advantages in the next generation of photocatalytic
reactors, as well as in alternative energy processes, including
photovoltaics and catalysts for gasification. Depending on the
reactor design, the multicomponent metal oxides can exhibit
either homogeneous distribution or spatially separated
including core—shell structure.

In terms of low-temperature SCF techniques (ie., scCO,),
direct sol—gel methods have been developed for preparing both
particulates and monoliths of metal oxide aerogels. Depending
on the reaction kinetics, the process can either allow
continuous production of particles or batch preparation of
monoliths. The state of art achievement in this field is
manipulating the nanostructures of metal oxides using self-
assembly of metal complexes through favorable chemistry or
using soft templates (e.g,, surfactants, polymer and organic
materials). The control of nanostructure growth is essential for
the fabrication of nanosemiconductor devices using the scalable
scCO, process.”®® To prepare electrodes for dye-sensitized
solar cells, for example, TiO, nanowire arrays can be
manipulated to grow from functionalized conductive glass®®*
using linear polycondensation chemistry in scCO,. The high
surface area and the delicate nanowire arrays of TiO, can be
maintained after CO, venting, hence efficient energy
conversion is promoted.”*® Besides the strategy of using the
controlled polycondensation of metal complexes, the design of
sol—gel derived nanostructures in scCO, could be accom-
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plished by using capping ligands that selectively quench crystal
growth in certain directions.* The same goal might be
achieved by using other methodologies in a supercritical
medium such as supercritical fluid transport-chemical deposi-
tion of film (SFT-CD),> supramolecular assemblies and 1-D
material formation using organogelators.267 These techniques
take advantage of the better mass and heat transfer properties
available in SCFs compared to their counterpart gas or liquid
phase reactions.

Another potential field ready to explore is the synthesis of
inert metal oxide cages with biological catalysts (e.g.,, enzymes)
trapped within using scCO,. The advantages of this technique
are 2-fold. First, the high porosity of the areogels provides a
“basket” for entrapment of the enzyme that is accessible to the
reactants and at the same time facilitates the downstream
separation process.”®® Second, the mild temperatures accessible
in scCO, ensures that the enzymes will survive the sol—gel
reactions, unlike the hydrothermal process for synthesizing
zeolites that will only kill the organisms. This type of catalyst is
of interest for wastewater treatment and H,S removal for
natural gas industries among other applications.

In order to be able to control the morphology of these
nanomaterials for next generation applications in alternative
energy and biotechnology, the mechanism of formation will
need to be better understood. In situ studies are required using
advanced analytical tools. Several high pressure analysis
techniques, for example, TRIR,269’270 UV, NMR,*’*7?73 EPR,
and Raman,””* have all been used for various studies on the
interactions of SCF and solutes and monitoring chemical
reactions in SCFs.>* However, these in situ techniques have not
yet been documented for studying direct sol—gel process in
SCFs. Such investigations will provide a more detailed
understanding of reaction mechanisms which in turn will
allow morphology control and controlled chemistries for
integration into polymers or attachments to surfaces for next
generation materials and devices. It is hoped that this review
will contribute to a greater understanding of the current state of
research in this exciting and emerging field as well as stimulate
future research.
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ABBREVIATIONS

acac acetylacetonate

am amorphous

ASOG analytical solutions of group

ATR-FTIR attenuate total reflection-Fourier transform
infrared spectrometry

BSA benzosulfonic acid

CVD chemical vapor deposition
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cont continuous

CTAB cetyltrimethyl-ammonium bromide

DSC differential scanning calorimetry

DSSC dye-sensitized solar cell

EDS energy dispersive X-ray spectroscopy

EOS equation of state

EPR electron paramagnetic resonance

ESI-MS electrospray ionization mass spectrometry

hfa (or hfac) hexafluoroacetylacetonate

HOAc acetic acid

HRTEM high resolution transmission electron micros-
copy

HTS-SCW hydrothermal synthesis in supercritical water

MNT Na-Montmorillonite

OAc acetate

P critical pressure

PEO-PPO-PEO poly(ethylene oxide)-b-poly(propylene

oxide)-b-poly(ethylene oxide)

PMMA poly(methyl methacrylate)

PS polystyrene

SAXS small-angle X-ray scattering
scCO, supercritical CO,

SCF supercritical fluid

SCwW supercritical water

SEM scanning electron microscopy

T. critical temperature

TEM transmission electron microscopy
TEOS tetramethyl orthosilicate

TGA thermogravimetric analysis
TMOS tetraethyl orthosilicate

TRIR time-resolved infrared spectroscopy
TTBO titanium tetrabutoxide

TTIP titanium tetraisopropoxide

VLE vapor—liquid equilibrium

VOCs volatile organic compounds
WAXS wide-angle X-ray scattering

ZSM Mn-doped zinc silicate
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