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Nanostructured materials have drawn much attention
because of the dramatically different properties observed on
going from bulk material to nanosized particles. Nanoparti-
cles have properties that lie between the quantum effects of
atoms and molecules and the bulk properties of materials. In
the nanometer range (1-100 nm) the particle size affects
structural characteristics (e.g., lattice symmetry, unit-cell
dimension), electronic properties (e.g., band gap), and there-
fore also the physical (e.g., wetting, melting point) and
chemical properties (e.g., catalytic effects) of a material. The
applications of nanomaterials include lithium-based batteries,
fuel cells,? thin films, inorganic-organic hybrid materials,”’
sensors, piezoelectric devices, and catalysts.**! In all produc-
tion methods for nanomaterials, a key requirement is the
ability to control nanoparticle size, shape, and crystallinity.
Special attention has been devoted to metal oxides. These can
adopt many different crystal structures and have metallic,
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semiconducting, or insulating properties.”! Their chemical
properties range from strong catalytic reactivity to chemical
inertness and high-temperature stability, and the application
of metal oxides is a multibillion-dollar industry.

Several wet-chemistry synthesis routes are capable of
producing nanomaterials,®! but the sol-gel technique has
become the standard method for fabricating metal oxides
because of the possibility of obtaining high chemical homo-
geneity at low temperature and under mild chemical con-
ditions.>”! The downside is the relatively long process time
and the need for posttreatment (e.g., calcination), which
make the process less attractive for industry. The solution
appears to be synthesis in supercritical fluids, which provides
unique control of chemistry and nanocrystal properties.*”
Use of supercritical fluids as solvents in sol-gel processes
enhances the kinetics by more than an order of magnitude.
Furthermore, supercritical fluids exhibit particularly attrac-
tive properties such as gaslike mass-transfer behavior, liquid-
like densities, and changed dielectric properties. These
properties can be fine-tuned by simple changes in pressure
and temperature; for example, the solubility of a compound
can be dramatically changed to cause very fast precipitation.

To manipulate the properties of nanomaterials and
synthesize new materials with unprecedented properties, the
main challenge is to understand the nucleation, crystalliza-
tion, and growth processes.”! This requires development of
analytical tools capable of following nanoparticle formation
in real time. In situ measurements by dynamic light scattering
(DLS) have been used to study particle growth and stabiliza-
tion of primary particles by surfactants.'"! In situ synchrotron
powder diffraction has become a widely used tool for
following solid-state reactions and crystallization process-
es.”2 The crux of this technique is the high intensity of the
synchrotron beam, which allows data collection on a suffi-
ciently short timescale of seconds to minutes. However, in the
case of sol-gel processes, it is desirable to obtain information
on particle size and size distributions besides data on sample
crystallinity and crystallite size. This complicates the charac-
terization task, and a combination of techniques must be used.
These must work when the chemical environment changes
rapidly under conditions employed in industrial chemical
processes.””! Simultaneous, real-time, in situ small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS)
potentially meet this challenge.

Here we present the first real-time, in situ characterization
of nanoparticle formation in supercritical fluids. The super-
critical environment seriously complicates the characteriza-
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tion task. To withstand the high pressures, thick reactor
windows are crucial, but these absorb the probing X-rays
unless the energy is very high. For high-energy X-rays (E >
80 keV) transmission becomes acceptable even for one-inch-
thick borosilicate windows (70 % transmission). However, the
incoming X-ray intensity must still be sufficiently high to give
a time resolution of minutes. The experiments were con-
ducted at Beamline 1-ID at APS at Argonne National
Laboratory, one of the few synchrotron beamlines in the
world where a sufficient flux of high-energy X-rays is
available.” The study used supercritical, seed-enhanced
crystallization of anatase TiO, nanoparticles.”® TiO, is a
preferred system for experimentalists because it is well suited
for many experimental techniques.”! The combined real-time
use of SAXS and WAXS provides fundamental insight into
the mechanism of supercritical nanoparticle formation: nano-
particle formation follows the same progression seen in
traditional solvothermal synthesis but on a much shorter
timescale and at lower temperatures. This demonstrates how
the use of supercritical media can bring nanomaterials
production into a new timescale, and widespread applications
can be expected.

Nanoparticle formation is shown in Figure 1, where the
WAXS (b) and SAXS (c) curves are plotted as a function of
time. In the first 20 min of the experiment, the SAXS curves
are those of a “wet gel”.?*»! After the gelation period a
transformation period is observed from 20 to 80 min, which is
followed by slow particle growth. The final SAXS curves are
similar to earlier ex situ SAXS measurements for this
process,”! which are characterized by a broad peak around
a scattering vector of ¢ =0.028 A™' that reflects the mean
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particle diameter. The size distributions were extracted by the
hard-sphere model® 2] after the gelation period (¢ > 20 min).
The size of the primary particles changes during the transition
stage and stabilizes after 50 min at a volume-weighted
diameter of 6.8 nm. The time dependence of the anatase
(200) reflection (Figure 1b) clearly shows development of
crystalline particles.

To investigate the mechanism of nanoparticle formation,
the intensity at ¢=0.028 A~' for the SAXS curves was
compared to the integrated intensity of the anatase (200)
peak, which is shown in the Figure 2a. In Figure 2b, the
extracted crystallite sizes obtained from the Scherrer for-
mula® and the volume-weighted primary particle sizes
(diameters) extracted from the SAXS curves are plotted.
The anatase (200) and the g =0.028 A~! SAXS intensity show
exactly the same time dependence, that is, the particle growth
seen in SAXS parallels the development of crystallinity. The
supercritical formation of nanoparticles is characterized by
four distinct periods: an induction period (A), a latent period
(B), a precipitation period (C), and a slow growth period (D).
This behavior corresponds to that known in conventional sol—
gel syntheses.”!! However, the supercritical medium leads to
much faster reactions compared to conventional sol-gel
chemistry.5>33

A series of experiments was performed in which heating
rate, final reaction temperature, and precursor concentration
were varied. Here we compare four experiments, which are
summarized in Table 1. The crystallization temperature T,
was found to be (87+5)°C for all experiments, while the
latent period ¢, is influenced by both precursor concentration
and heating rate. The precipitation period is longer for
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Figure 1. Experimental setup for real-time, in situ SAXS/WAXS studies of supercritical reactions (a). The development of crystallinity can be
monitored by WAXS, as exemplified by the anatase (200) reflection (b). The SAXS data (c) provide information on mesostructure, and particle
size distribution (diameter) was extracted by using a hard-sphere model (d).
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Figure 2. Particle formation: a) SAXS intensity (——), WAXS anatase (200) area (-—-), and temperature
(+++++) as a function of time. b) Volume-weighted sizes D, determined from SAXS (%) and WAXS ().

Experiment 2 because of the low heating rate but very short
for Experiment 4. This is also seen in the growth rate for the
precipitation period r., which for Experiment 4 is increased
by a factor of four compared to the three other experiments.

Table 1 also lists the in situ extracted particle (d,) and
crystallite sizes (Dj, ). The primary particle sizes are around

Table 1: Comparison of extracted particle properties.

Experiment 1 2 3 4

Tinat [°CI®! 100 100 100 125

Tyrad [%]™ 100 33 100 100

Vire [mL]H 2.1 2.1 6.1 6.3

ta [min]@ 20 45 8 8

Ta [°CJe 84 86 92 82

tg [min]” 14 68 3 4

tc [min]® 38 55 44 13

re [min~"M 0.021 0.013 0.019 0.058
d, [nm]® 6.8 6.9 6.3-6.8 7.2

Dy siea [n]” 5.1 5.1 4.0-5.1 4.0-5.1
[a] Final reaction temperature. [b] Measure of the heating rate.

[c] Volume of the titanium precursor. [d] Induction period. [e] Crystal-
lization temperature. [f] Latent period. [g] Precipitation period.
[h] Growth rate during precipitation. [] Average primary particle size.
[i] Crystallite size for Period D (slow growth period).

30-40% larger than the crystallite sizes. The discrepancy
between primary particle size and crystallite size is likely
caused by the presence of an amorphous fraction, which
contributes to the SAXS size, but not to the size determined
by WAXS. Transmission electron micrographs show that the
particles are spherical, which proves that the difference
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occur in minutes rather than
hours. This greatly improves
the efficient fabrication of
high-quality nanomaterials.

Experimental Section

A supercritical seed-enhanced crystallization (SSEC) process was
studied during the formation of nanocrystalline TiO,. The SSEC
process involves a sol-gel reaction in supercritical CO, that takes
place in the proximity of a seeding material ™ The in situ setup
(Figure 1a) is centered on a custom-made stainless steel viewing-cell
reactor (30 mL) with two 12.7-mm (0.5-inch) borosilicate windows,
which is placed in the synchrotron beam. In a typical experiment, the
reactor was loaded with seed material, titanium precursor (titanium
tetraisopropoxide, TTIP), and deionized water. The hydrolysis ratio
(HR = [H,O)/[TTIP]) was kept constant at 7.87 for all experiments,
and polypropylene fiber (PP) was chosen as seeding material. The
reactants were separated by the PP and mixing occurred instanta-
neously when CO, was added to the system. The reactor was
pressurized to 100 bar with CO, and the temperature was raised to
373 K. The WAXS and SAXS CCD detectors (time resolution 50 s)
were placed 1.3m and 5m from the reactor cell, respectively,
providing an accessible diffraction angle of 1.5-7.5° (26) and a SAXS
g range of 0.005-0.25 A",
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