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performed with a 200 kV electron microscope (JEM-2010)
having a point-to-point resolution of 0.194 nm. The electronCarbon nanocapsules with SiC nanoparticles were produced

by thermal decomposition of polyvinyl alcohol with SiC microscope is equipped with a TEM-IP system (PIXsysTEM),
and imaging plates (IP) with the advantage of a large detectionclusters at 500 °C in Ar gas atmosphere. High-resolution

electron microscopy also showed the formation of carbon area of digital data were used to record the observed images.
The detection area of the IP is 102×77 mm with a pixel sizehollow structures such as nanoparticles, polyhedra, and

clusters. The present work indicates that the pyrolysis of of 25×25 mm and an image depth of 0–16383 gray scale. The
digital data were saved in digital data storage (DDS) by Digitalpolymer materials with clusters is a useful fabrication method

for the mass-production of carbon nanocapsules at low Micro-Luminography (Fuji Film Co. Ltd.). For image pro-
cessing and analysis of the observed HREM images, Imagetemperatures compared to the ordinary arc discharge method.
Gauge, L Process (Fuji Film Co. Ltd.), Digital Micrograph
(Gatan Inc.) and Adobe Photoshop software were used.

A typical HREM image of as-prepared SiC nanoparticles
with polyvinyl alcohol is shown in Fig. 1. The SiC particle size
is in the range of 10–50 nm. An amorphous layer with aCarbon has various hollow-cage structures such as C60 , giant
thickness of 1–5 nm is observed at the surface of the SiCfullerenes, nanocapsules, bucky onions, nanopolyhedra, cones
nanoparticles as indicated by the arrows. This layer must beand nanotubes.1–5 These structures show different physical
amorphous carbon, formed by decomposition of polyvinylproperties, and offer the potential to study low-dimensional
alcohol.materials in isolated environments. Nanoclusters encapsulated

A HREM image of SiC nanoparticles prepared with poly-within these carbon hollow-cage structures are intriguing for
vinyl alcohol annealed at 500 °C in Ar gas atmosphere isboth scientific research and future device applications such as
shown in Fig. 2(a). The particle size is 10–30 nm, and allcluster protection, nano-ballbearings, nano-optical–magnetic
particles are surrounded by graphite sheets as indicated bydevices, catalysis, and biotechnology.6–9 The arc discharge
arrows A. Graphite sheets without any nanoparticles are alsomethod10 is an ordinary method for the formation of hollow-
observed as indicated by arrows B. An enlarged HREM imagecage structures. However, it is hard to separate these cages
of a nanoparticle is shown in Fig. 2(b). Lattice fringes with afrom carbon soot, and understanding of the formation process
distance of 0.25 nm which corresponds to the distance of {111}is difficult because of the coexistence of various carbon by-
planes of b-SiC are observed in the clusters. The {002} planesproducts and because of the high-temperature annealing.
of graphite grow epitaxially on the {111} planes of b-SiC,The purpose of the present work is to prepare carbon
which divides the SiC nanoparticle.nanocapsules with nanoclusters at low temperatures without

Fig. 3(a) is a HREM image of double graphite-layeredusing the arc discharge method. SiC nanoparticles with poly-
nanoparticles with a size of ca. 10 nm. These nanoparticlesvinyl alcohol were selected for nanocapsule formation.
were formed by the decomposition of polyvinyl alcohol whichPolyvinyl alcohol decomposes readily at elevated temperatures,
consists of C, H, and O atoms. The polyvinyl alcohol has theand produces carbon-based materials. SiC is a hard material
general formula [CH2CH(OH)]

m
[CH2CH(OCOCH3 )]n , andwith a hardness of ca. 30 GPa. If the SiC nanoparticles are

combined with slippery graphite, nano-ballbearings and solid-
state lubricants can be obtained, which are similar in properties
to the metal dichalcogenides produced by Rapoport et al.8 To
understand the formation mechanism of the nanocapsules,
high-resolution electron microscopy (HREM) was carried out
for microstructure analysis. These studies will provide guide-
lines for the design and synthesis of the carbon nanocapsules,
which are expected as future nanoscale devices.
b-SiC nanoparticles (Sumitomo Cement Co. Ltd.) were

dispersed in de-ionized water with polyvinyl alcohol (PVA-
706, Kuraray Co., Ltd.)9 at 60 °C. This polymer is a copolymer
of polyvinyl alcohol and polyvinyl acetate. The solution with
SiC and polyvinyl alcohol was dried in a drying oven prior to
loading into the vacuum chamber. The annealing chamber was
first evacuated to 1×10−6 Pa, and the samples were annealed
at 500 °C for 30 min in an atmosphere of 0.12 MPa Ar gas.

Samples for HREM observation were prepared by dispersing
the materials on a holey carbon grid. HREM observation was

Fig. 1 HREM image of as-prepared SiC nanoparticles with polyvinyl
alcohol†E-mail: Oku@sanken.osaka-u.ac.jp
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Fig. 3 HREM images of carbon hollow cages. (a) Double wall nano-
cages. (b) Single wall polyhedra. (c) Carbon cluster at nanocapsule
surface.

{002} planes is also observed at the graphite surface near theFig. 2 (a) HREM image of annealed SiC nanoparticles with polyvinyl
SiC nanoparticle as shown in Fig. 3(b). Weak contrast isalcohol. (b) Enlarged HREM image of the nanocapsule.
observed inside the polyhedron, which might be due to the
existence of amorphous carbon.

Hollow carbon clusters with diameter in the rangeit decomposes into H2O and CO2 at 120–170 °C in air. In the
present work, only the carbon atoms remained in the sample 0.7–1.0 nm are often observed as indicated by asterisks in

Fig. 2(b). An enlarged HREM image of a carbon cluster isafter the pyrolysis of polyvinyl alcohol into H2O and CO2 in
Ar atmosphere. A single wall polyhedron with flat graphite shown in Fig. 3(c). These are giant fullerenes derived from the
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C60 series structures, which consist of 12 pentagons and is a useful method for the formation of carbon nanocapsules
at very low temperatures compared to the conventionalarbitrary numbers of hexagons with 60+ carbon atoms.6 In
methods. Since the polyvinyl alcohol has a pyrolysis tempera-Fig. 3(c), the carbon cluster is connected at the step edge of
ture of ca. 120 °C, formation of carbon nanocapsules would bethe graphite sheets. Dark contrast corresponding to a carbon
also expected at low temperatures below 100 °C. This kind oflayer are observed, and the number of atoms is ca. 120, which
chemical process is also useful for large-scale production ofis estimated from the size of the clusters (ca. 1 nm). In
nanocapsules with nanoclusters (semiconductors, metals, cer-addition, dark contrast is observed inside the cluster, which
amics, etc.) from solution with colloids and metal complexes,indicates the existence of several atoms inside the carbon
which is expected to be applicable to future nanoscale devices.cluster.
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