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Sonochemical Preparation of Hollow Nanospheres and Hollow Nanocrystals
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The development of new nanometer and micrometer morphol-
ogies for inorganic materials that may open new opportunities in
catalysis, microelectronics, and photonics.0One successful ap-
proach has deposited inorganic materials on polymeric temgites;
the use of polymer templates, however, is limited by high-
temperature instability. Spherical silica particles have also been
exploited as a template for the preparation of hollow mesoporous
polymer and carbon materiais? but uniform deposition of
inorganic material on small silica particles is often problematic due
to the lack of coating techniques and poor surface interactions under
the usual experimental conditions. We have designed a sonochemi- 200 nm
cal deposition of inorganic materials on nanometer silica spheres Figure 1. TEM mleOgraphS of sonochemically prepared hollow MoS
that overcomes these problems. This approach makes use of duaff@nospheres after thermal annealing at 460
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MoQO; spheres. Further, we find that the hollow Mo& an » 0 SiKline
extremely active catalyst for hydrodesulfurization (HDS) of thiophene. o 0

In addition, the thermal annealing of Mg@@ollow spheres results “Scan Distance () * “Scan Distance (m) *
in the unusual formation dfiollow crystalswith truncated cubic Figure 2. EDX line analysis across the single particles: (a) M8%; as
morphology. initially prepared, (b) hollow Mogafter HF acid etching.

Ultrasonic irradiation of a slurry containing Mo(C(L g), S
(300 mg), and nanometer silica spheres (1 g) in isodurene under
Ar flow yields a MoS-coated silica composité.The MoGy/SiO, ’
was obtained by a similar manner in the presence of air and absence ¥
of Sg. The initial product MogSiO, and MoQ/SiO, materials were
washed with pentane and dried under vacuum at ID0yields
are essentially quantitative. TE&lof MoS,/SiO, and MoQ/SiO,
intermediate composites showed uniform coating of Mo species
on the SiQ surface. Washing the M@Sor MoOs-coated silica
with 10% HF in aqueous ethanol yielded hollow shells of the MoS
and MoQ (presumably by etching through defects in the shell). e L _
EDX and elemental analysis confirmed the removal of silica by Figure 3. TEM mlcrographs of sonochemically prepared hollow MoO
HF and the absence of any F contamination. Annealing a@50  nanospheres. (Left) After HF etching of M@!SiO,, but before thermal
under 10%HS/H, flow removed any O contamination of the hollow  annealing. (Right) After thermal annealing at 38D, insets are at higher
MoS; from etching. magnification, scale bars as shown.

The TEM of the hollow Mo$% nanoparticles shows a uniform
shell thickness without collapse of the shell during preparation particle (due to the inner void). Figure 2 shows the EDX line
(Figure 1). The higher-magnification image shows the presence of analysis across a single MgSiO, sphere and across a hollow MoS
disordered lattice fringes (interlayer fringes6.2 A) in the initial particle. In both spectra, the Mo L line decreases from the outer
MoS, hollow spheres. The external surface of the hollow MisS wall in toward the center. The Si K line of the MgSiO, composite
very rough with a high concentration of surface defects. Alterna- sphere shows a gradual increase from the edge to the center,
tively, smooth-surfaced hollow Mg®an be created by annealing revealing the presence of the inner silica core. After HF etching,
the MoS/SiO, at ~700 °C before HF etching. The evidence for the Si K line is essentially gone, showing that the silica core has
formation ofhollow spheres is seen in both the electron transmission indeed been removed, leaving a hollow shell.
density (ETD) and energy-dispersive X-ray (EDX) analysis spatially ~ Similarly, the TEM of hollow MoQ (after HF etching) shows
resolved across a sphere using high-resolution STEM. The ETD the presence of stable and monodispersed hollow particles (Figure
measurements across a sphere show less electron beam transparen8y. Interestingly, the hollow Mo@spheres after annealing at 350
at the edges (due to the shell thickness) than at the center of the’C are converted to truncated cultiollow crystals The external
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the interior surface of hollow MoSand in part to the high density
of edge defects observed in the micrographs. At annealing tem-
peratures above 45TC, we observe decreased catalytic activity,
consistent with an expected reduction in the number of defect sites.
It is notable that both inorganic fullerene Mo&d Mo$S nanotubes
fail to show any significant HDS active, due to the absence of edge
sites®

In conclusion, hollow Mogand MoQ nanospheres have been
prepared by sonochemical deposition on silica powder followed
az6 350 376 by hydrofluoric acid etching. The superior catalytic HDS activity

Temperature (°C) of sonochemical hollow MoScatalyst is likely to arise from

Figure 4. Catalytic activity for hydrodesulfurization of thiophene at 325~ increased surface defects and from access to both the inner and
375°C after 24 h over sonochemically prepared hollow MaoSnospheres outer surface of the hollow particles. Surprisingly, upon heating,
compared to sonochemically prepared Manoparticled! and com- hollow crystalsof MoO3; with sharp-edged truncated cubes with
mercially available micronized powder. inner voids are formed from the initial spheres. We believe this
procedure will be easily generalized for the preparation of other
hollow inorganic nanostructured materials.
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surface of the Mo@undergoes a surface reformation to give a stable
sharp-edged morphology with a spherical hollow void (Figure 3,
right). The ETD and EDX line analysis confirm the hollow core. Acknowledgment. We appreciate the support of the NSF
MoOQs is normally a layered material, and solid crystalline rods show (CHE0315494) and the UIUC Center for Microanalysis of Materials
an orthorhombic growth pattéffreminiscent of the hollow crystals (partially supported by the U.S. DOE, DEFG02-91-ER45439), and
we observe. the special assistance of Dr. Ray Twesten.

For comparison, we also tried an alternative, nonsonochemical . ) ) )
preparation of Mo@SIiO,, using impregnation of ammonium Supp_ortlng Information Avallgble: O_ptl_cal sp_ectra and SEM of
hexamolybdate onto silica spheres in an aqueous solution foIIowedC_Onvem'ona"y templated MoQOThis material is available free of charge
by thermal treatment at 45 and silica removal by HF. In contrast via the Internet at http://pubs.acs.org.
to the sonochemically prepared material, the TEM examination of
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