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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.1-5 One successful ap-
proach has deposited inorganic materials on polymeric templates;3-5

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 materials,1-3 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-
cal deposition of inorganic materials on nanometer silica spheres
that overcomes these problems. This approach makes use of dual
effects of ultrasound: (1) the thermal decomposition of organo-
metallic precursors which occurs in the localized hot spots (with
temperatures of∼5000 K)6 to form nanometer-sized inorganic
particles7-10 and (2) the removal of surface contamination which
helps to adhere the inorganic clusters more uniformly.10 Here we
report a simple sonochemical method to prepare hollow MoS2 and
MoO3 spheres. Further, we find that the hollow MoS2 is an
extremely active catalyst for hydrodesulfurization (HDS) of thiophene.
In addition, the thermal annealing of MoO3 hollow spheres results
in the unusual formation ofhollow crystalswith truncated cubic
morphology.

Ultrasonic irradiation of a slurry containing Mo(CO)6 (1 g), S8

(300 mg), and nanometer silica spheres (1 g) in isodurene under
Ar flow yields a MoS2-coated silica composite.11 The MoO3/SiO2

was obtained by a similar manner in the presence of air and absence
of S8. The initial product MoS2/SiO2 and MoO3/SiO2 materials were
washed with pentane and dried under vacuum at 100°C; yields
are essentially quantitative. TEM12 of MoS2/SiO2 and MoO3/SiO2

intermediate composites showed uniform coating of Mo species
on the SiO2 surface. Washing the MoS2- or MoO3-coated silica
with 10% HF in aqueous ethanol yielded hollow shells of the MoS2

and MoO3 (presumably by etching through defects in the shell).
EDX and elemental analysis confirmed the removal of silica by
HF and the absence of any F contamination. Annealing at 450°C
under 10%H2S/H2 flow removed any O contamination of the hollow
MoS2 from etching.

The TEM of the hollow MoS2 nanoparticles shows a uniform
shell thickness without collapse of the shell during preparation
(Figure 1). The higher-magnification image shows the presence of
disordered lattice fringes (interlayer fringes≈ 6.2 Å) in the initial
MoS2 hollow spheres. The external surface of the hollow MoS2 is
very rough with a high concentration of surface defects. Alterna-
tively, smooth-surfaced hollow MoS2 can be created by annealing
the MoS2/SiO2 at ∼700 °C before HF etching. The evidence for
formation ofhollowspheres is seen in both the electron transmission
density (ETD) and energy-dispersive X-ray (EDX) analysis spatially
resolved across a sphere using high-resolution STEM. The ETD
measurements across a sphere show less electron beam transparency
at the edges (due to the shell thickness) than at the center of the

particle (due to the inner void). Figure 2 shows the EDX line
analysis across a single MoS2/SiO2 sphere and across a hollow MoS2

particle. In both spectra, the Mo L line decreases from the outer
wall in toward the center. The Si K line of the MoS2/SiO2 composite
sphere shows a gradual increase from the edge to the center,
revealing the presence of the inner silica core. After HF etching,
the Si K line is essentially gone, showing that the silica core has
indeed been removed, leaving a hollow shell.

Similarly, the TEM of hollow MoO3 (after HF etching) shows
the presence of stable and monodispersed hollow particles (Figure
3). Interestingly, the hollow MoO3 spheres after annealing at 350
°C are converted to truncated cubichollow crystals. The external

Figure 1. TEM micrographs of sonochemically prepared hollow MoS2

nanospheres after thermal annealing at 450°C.

Figure 2. EDX line analysis across the single particles: (a) MoS2/SiO2 as
initially prepared, (b) hollow MoS2 after HF acid etching.

Figure 3. TEM micrographs of sonochemically prepared hollow MoO3

nanospheres. (Left) After HF etching of MoO3/SiO2, but before thermal
annealing. (Right) After thermal annealing at 350°C; insets are at higher
magnification, scale bars as shown.
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surface of the MoO3 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.
MoO3 is normally a layered material, and solid crystalline rods show
an orthorhombic growth pattern13 reminiscent of the hollow crystals
we observe.

For comparison, we also tried an alternative, nonsonochemical
preparation of MoO3/SiO2, using impregnation of ammonium
hexamolybdate onto silica spheres in an aqueous solution followed
by thermal treatment at 450°C and silica removal by HF. In contrast
to the sonochemically prepared material, the TEM examination of
the conventional MoO3 residue after HF etching shows an irregular
array of holey MoO3 masses (Supporting Information) due to the
nonuniform coating of MoO3 on the silica surface typical of
conventional impregnation.

The optical absorption bands of hollow MoS2 indicate that its
semiconductivity is preserved. The visible spectra show a broad
band at 420, 430, and 460 nm, respectively, for nanostructured
sonochemically prepared MoS2 (particle diameter≈ 3 nm9), 50
nm diameter hollow MoS2, and 150 nm diameter hollow MoS2

(Supporting Information). This band is due to a direct transition
(C excitons) from deep in the valence band to the conduction band;
the C exciton for bulk MoS2 is at ∼490 nm.14 The observed blue
shifts of nanostructured MoS2 are partly attributable to the quantum
size effect and increase as particle size or domain decreases. In
contrast, the higher wavelength absorption region of hollow MoS2

shows two broad transitions around 660 and 610 nm, corresponding
to the A and B excitonic transitions (at∼655 and∼580 nm for
bulk MoS2).14 Tenne5 found that the wavelength of the exciton
bands of inorganic fullerene MoS2 depend on the number of layers
of MoS2. The broad nature of the absorption bands of sonochemical
hollow MoS2 may be due to imperfections and disorder in this
nanocrystalline material. The interplay of strain, quantum confine-
ment, and number of interacting layers is complex, however, and
not readily separated.5,14

The HDS of thiophene over sonochemical and commercial
catalysts was examined using a single-pass microreactor from 325
to 375°C.15 Catalytic activity after 24 h of catalysis are shown in
Figure 4 for sonochemical, hollow, and commercial MoS2 catalyst.
The HDS activity hollow MoS2 is substantially superior to both
sonochemically prepared nanostructured and conventional micron-
ized MoS2 powders (Aldrich,<2 µm diameter). The MoS2 basal
plane is largely inert, while the edges of the MoS2 layer expose
Mo atoms for the HDS reaction (for this reason, HDS activity
should not be normalized to total surface area).16 The catalytic
activity is therefore highly anisotropic and strongly dependent on
the ratio of edge sites to basal plane area. The superior HDS activity
of the sonochemical hollow MoS2 may be due in part to access to

the interior surface of hollow MoS2 and in part to the high density
of edge defects observed in the micrographs. At annealing tem-
peratures above 450°C, we observe decreased catalytic activity,
consistent with an expected reduction in the number of defect sites.
It is notable that both inorganic fullerene MoS2 and MoS2 nanotubes
fail to show any significant HDS active, due to the absence of edge
sites.5

In conclusion, hollow MoS2 and MoO3 nanospheres have been
prepared by sonochemical deposition on silica powder followed
by hydrofluoric acid etching. The superior catalytic HDS activity
of sonochemical hollow MoS2 catalyst is likely to arise from
increased surface defects and from access to both the inner and
outer surface of the hollow particles. Surprisingly, upon heating,
hollow crystalsof MoO3 with sharp-edged truncated cubes with
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.

Acknowledgment. We appreciate the support of the NSF
(CHE0315494) and the UIUC Center for Microanalysis of Materials
(partially supported by the U.S. DOE, DEFG02-91-ER45439), and
the special assistance of Dr. Ray Twesten.

Supporting Information Available: Optical spectra and SEM of
conventionally templated MoO3. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) MacLachlan, M. J.; Manners, I.; Ozin, G. A.AdV. Mater.2000, 12, 675.
(2) (a) Zakhidov, A. A.; Baughman, R. H.; Iqbal, Z.; Cui, C.; Khayrullin,

Dantas, S. O.; Marti, J.; Ralchenko, V. G.Science1998, 282, 897. (b)
Johnson, S. A.; Ollivier, P. J.; Mallouk, T. E.Science1999, 283, 963.

(3) (a) Wijnhoven, J. E. G.; Vos, W. L.Science1998, 281, 802. (b) Velikov,
K. P.; van Blaaderen, A.Langmuir2001, 17, 4779.

(4) Holland, B. T.; Blanford, C. F.; Stein, A.Science1998, 281, 538.
(5) (a) Feldman, Y.; Wasserman, E.; Srolovitz, D. J.; Tenne, R.Science1995,

267, 222. (b) Rapoport, L.; Bilik, Y.; Feldman, Y.; Homyonfer, M.; Cohen,
S. R.; Tenne, R.Nature 1997, 387, 791. (c) Frey, G. L.; Elani, S.;
Homyonfer, M.; Feldman, Y.; Tenne, R.Phys. ReV. B 1998, 57, 6666.

(6) McNamara, W. B., III; Didenko, Y.; Suslick, K. S.Nature 1999, 401,
772.

(7) Suslick, K. S.; Price, G. J.Annu. ReV. Mater. Sci.1999, 29, 295.
(8) Suslick, K. S.; Choe, S.-B.; Cichowlas, A. A.; Grinstaff, M. W.Nature

1991, 353, 414.
(9) (a) Hyeon, T.; Fang, M.; Suslick, K. S.J. Am. Chem. Soc.1996, 118,

5492. (b) Suslick, K. S.; Fang, M.; Hyeon, T.J. Am. Chem. Soc.1996,
118, 11960. (c) Mdeleni, M. M.; Hyeon, T.; Suslick, K. S.J. Am. Chem.
Soc.1998, 120, 6190.

(10) (a) Suslick, K. S.; Doktycz, S. J. InAdVances in Sonochemistry; Mason,
T. J., Ed.; JAI Press: New York, 1990; Vol. 1, pp 197-230. (b) Dhas,
N. A.; Gedanken, A.Appl. Phys. Lett. 1998, 72, 2514.

(11) (a) Silica colloids were prepared by base hydrolysis of tetraethyl
orthosilicate (TEOS).13b Commercial silica (Nissan Chemicals) was also
used as template for this study. (b) Stober, W.; Fink, A.; Bohn, E.J.
Colloid Interface Sci.1968, 26, 62.

(12) (a) Hitachi S-4700 field emission SEM. TEM and EDX line analysis:
Phillips CM-12 at 120 kV or VG HB-501 STEM using a 6 Å probe at
100 kV. XPS: Φ-5400 with a nonmonochromatized Mg KR source
(1253.6 eV), at 15 kV. The binding energies of Mo 3d and S 2p levels of
hollow MoS2 and Mo 3d of hollow MoO3 are identical to those of bulk
material. Optical absorption spectra were obtained from suspensions in
ethanol at room temperature.

(13) Lou, X. W.; Zeng, H. C.Chem. Mater.2002, 14, 4781.
(14) (a) Wilson, J. A.; Yoffe, A. D.AdV. Phys.1968, 18, 193. (b) Roxilo, C.

B.; Daage, M.; Ruppert, A. F.; Chianelli, R. R.J. Catal.1986, 100, 176-
184. (c) Foglia, S.; Tomlinson, A. A. G.; Mulley, S.; Sironi, A.J. Mater.
Chem.1995, 5, 1191-1196. (d) Wilcoxon, J. P.; Samara, G. A.Phys.
ReV. B 1995, 51, 7299. (e) Becue, T.; Manoli, J.-M.; Potvin, C.; Djega-
Mariadassou, G.; Delamar, M.J. Phys. Chem. B1997, 101, 6429. (f)
Seifert, G.; Terrones, H.; Terrones, M.; Jungnickel, G.; Frauenheim, T.
Phys. ReV. Lett. 2000, 85, 146-149.

(15) HDS at 1 B with thiophene vapor at 75 mB partial pressure in H2 at 23
cm3 (STP)/min. The reaction products (Hewlett-Packard 6890/5973 GC-
MS) were butane, 1-butene,trans-2-butene, andcis-2-butene. Lighter (C1-
C3) hydrocarbons accounted for less than 1% of the reaction products,
and no partially hydrogenated thiophenes were detected.

(16) (a) Daage, M.; Chianelli, R. R.J. Catal.1994, 149, 414. (b) Kushmerick,
J. G.; Weiss, P. S.J. Phys. Chem. B1998, 102, 10094.

JA049494G

Figure 4. Catalytic activity for hydrodesulfurization of thiophene at 325-
375°C after 24 h over sonochemically prepared hollow MoS2 nanospheres
compared to sonochemically prepared MoS2 nanoparticles,11 and com-
mercially available micronized powder.
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