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Stishovite, a high-pressure polymorph of silica, was first
synthesized in the laboratory' and later observed in shocked
specimens from terrestrial impact structures.” This is one of the
hardest oxidic materials, with a hardness of 33 GPa,” and is believed
to be secondary to cotunnite-type TiO,, which was synthesized at
60 GPa, a much higher pressure than the ~10 GPa for stishovite.*
Recently, anisotropic hardness was observed for single-crystalline
stishovite.” Its hardness was reported as 31.8 £ 1.0 GPa along the
c axis and 26.2 &+ 1.0 GPa along a perpendicular direction.’
Diamond is the hardest known material and is used in many
modern-day applications, such as tool grinding, rock drilling,
concrete cutting, stone polishing, machining, and so on. However,
its reactions with iron and silicon restrict its use in some applica-
tions, such as machining steel. Therefore, alternatives to diamond
are sought. According to the Hall—Petch relation, the yield stress
of a crystalline material is inversely proportional to the square root
of the grain size. Thus, there are intense efforts directed toward
the synthesis of high-strength nanocrystalline materials.®

Few reports on the synthesis of stishovite are available, and all
of these are confined to bulk specimens.'>’~'® Recently, the
stability and phase transition of stishovite were also studied
theoretically.'*~'® To the best of our knowledge, no report on the
synthesis of stishovite nanostructures is available. In this com-
munication, we report the synthesis of stishovite nanocrystals from
periodic mesoporous silicas by a high-pressure experiment using a
multianvil apparatus. Because of their relatively facile synthesis,
they could be potentially used as a hard material in, for example,
cutting and polishing applications.

Mesoporous silica SBA-16, with Im3m body-centered cubic
symmetry, was used as the precursor for the synthesis of stishovite
nanocrystals. The SBA-16 was synthesized according to the reported
procedure.'” The high-pressure behavior of periodic mesoporous
silica was previously investigated by Tolbert and co-workers,'® but
the investigations were restricted to room temperature. In a typical
stishovite synthesis, ~20 mg of SBA-16 was placed in a Pt capsule
and heated in a Re furnace. The pressure of the system was
increased to 12 GPa at a rate of 1—2 GPa/h. After the pressure of
the system reached the desired value of 12 GPa, the temperature
was raised to 400 °C at a heating rate of ~100 °C/min, after which
the system was kept at that temperature for 5 min and then quenched
to room temperature.

The synthesis of stishovite from the SBA-16 precursor resulted
in the formation of faceted nanocrystals, as revealed by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) images of the product (Figure 1). The average particle size
was measured to be between 200 and 400 nm. The particles have
faceted polygonal shapes, as shown in the SEM image. The
nanocrystals are not sintered together according to SEM. The
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selected-area electron diffraction (SAED) pattern (inset of Figure
1b) shows bright, regular arrays of diffraction spots, indicating that
the individual nanoparticles are single-crystalline. The average
particle size of the nanocrystals was further studied with dynamic
light scattering (DLS) measurements. Here the nanocrystals were
dispersed in water, and the hydrodynamic radius (R},) was measured
at different scattering angles (from 90 to 30°) using DLS and
analyzed by the CONTIN method (Figure 2). The Ry value can be
calculated by extrapolating Ry, to 0° (Figure S1 in the Supporting
Information). The average particle diameter of the nanocrystals
calculated from the DLS study was 282 4+ 16 nm with a
polydispersity of 1.25. This value further supports the TEM and
SEM results. Furthermore, it indicates that the nanocrystals are not
agglomerated but remain suspended as individual nanocrystals in
aqueous media. The weak angular dependence of the Ry, values
suggests that the suspended particles are in general isotropic in
shape. We also studied the energy-dispersive spectroscopy (EDS)
spectrum of the specimen (Figure S2). It shows only Si and O,
confirming the SiO, composition and the absence of impurities.

Figure 1. (a) SEM and (b) TEM images of stishovite nanocrystals. The
SAED pattern is given in the inset of (b).
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Figure 2. Hydrodynamic radii (Ry) distributions of stishovite nanocrystals,
obtained by CONTIN analysis of the DLS measurements at various
scattering angles between 30 and 90°.

The phase of the obtained specimen was confirmed by X-ray
diffraction (XRD). Figure 3 shows a typical XRD pattern of the
specimen. All of the observed reflections in the diffractogram are
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unambiguously indexed to the P4,/mnm tetragonal crystal structure
of stishovite (JCPDS file 45-1374). The lattice parameters were
refined to be a = 0.4186 nm and ¢ = 0.2669 nm, which are
comparable to the standard values of @ = 0.4179 nm and ¢ = 0.2666
nm.
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Figure 3. XRD pattern of stishovite nanocrystals.

The structure of the specimen was confirmed by Raman
spectroscopy. The Raman spectrum of the stishovite shown in
Figure S3a in the Supporting Information was characterized by well-
resolved bands at 232, 590, 755, and 967 cm™!, which are assigned
to the By, E,, A}, and By, fundamental vibrational modes,
respectively. Similar bands were also observed for both synthetic
and natural bulk stishovite.'"'® These bands are characteristic of
rutile-structured oxides.?® The specimen was further studied using
FT-IR spectroscopy (Figure S3b). Six bands were observed, at 557,
613, 648, 840, 870, and 932 cm™!. They can be assigned to the E,
and A,, vibrational modes.?!-** The positions of the bands deviate
from those of reported synthetic and natural stishovite*'** because
band positions in rutile-structured compounds principally depend
on particle size and geometry.>®> No band was observed in the
2500—4000 cm™! region. This indicates that the sample was free
of silanol groups within the detection limits of IR spectroscopy.

In an attempt to understand the effect of the pore structure on
the synthesis of the stishovite nanocrystals, we performed an
analogous experiment using as the precursor mesoporous silica KIT-
6, which has la3d cubic symmetry (the gyroid structure). Faceted
single-crystalline stishovite nanocrystals with larger sizes (400—800
nm) than those of the nanocrystals obtained from SBA-16 (200—400
nm) were observed (Figures S4—S6 in the Supporting Information).
Furthermore, we investigated the behavior of SBA-15, which has
a hexagonal honeycomb structure with one-dimensional mesoch-
annels. Surprisingly, in this case we obtained coesite according to
XRD (Figure S7). According to TEM (Figure S8) and SEM (Figure
S9), no well-defined morphology was observed. We conclude that
the kinetic pathway of the reaction plays a major role in the product
formation. Apparently, in the case of the cubic mesostructures SBA-
16 and KIT-6, a direct pathway to stishovite on the free-energy
surface is favored, while in the case of SBA-15, a pathway through
coesite as an intermediate is favored. Because of the low reaction
temperature of 400 °C, the coesite intermediate is stable enough
that it does not convert further to form stishovite at a significant
rate. This raises the question of why the kinetic pathway is impacted
by the different mesostructures. Tolbert and co-workers'® have

shown that pressure-induced Si—O—Si intertetrahedral bond angle
increase is suppressed by the presence of hexagonal mesoporosity
in silicas, which disfavors denser structures at the atomic scale.
Instead, compression occurs at the mesoscale.'®” These pressure-
induced bond-angle changes and thus densities at the atomic scale
should be greater for cubic mesostructures because of their higher
mechanical stabilities.?* The cubic mesostructures that experience
higher compression at the atomic scale tend to favor a direct
pathway to the denser stishovite, while in the mechanically weaker
hexagonal SBA-15, the opposite is the case and thus a kinetic route
to coesite is favored.
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