This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Controllable Growth of Fullerene Nanostructures

Cong-Ju Li* Xu-Shan Gao?; Xiao-Ning Li*

2 Beijing Key Laboratory of Clothing Material R&D and Assessment, Beijing Institute of Clothing
Technology, Beijing, People's Republic of China

To cite this Article Li, Cong-Ju , Gao, Xu-Shan and Li, Xiao-Ning(2006) 'Controllable Growth of Fullerene Nanostructures',
Journal of Macromolecular Science, Part A, 43: 11, 1679 — 1685

To link to this Article: DOI: 10.1080/10601320600935880
URL: http://dx.doi.org/10.1080/10601320600935880

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601320600935880
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 39 24 January 2011

Downl oaded At:

Taylor & Francis
Taylor & Francis Group

Copyright © Taylor & Francis Group, LLC
ISSN 1060-1325 print/1520-5738 online
DOI: 10.1080/10601320600935880

Journal of Macromolecular Science®, Part A: Pure and Applied Chemistry, 43:1679-1685, 2006 e

Controllable Growth of Fullerene Nanostructures

CONG-JU LI, XU-SHAN GAO, AND XITAO-NING LI

Beijing Key Laboratory of Clothing Material R&D and Assessment, Beijing
Institute of Clothing Technology, Beijing, People’s Republic of China

One-dimensional fullerene nanostructures with well-defined morphology have been
prepared by a controllable method. Fullerene molecules, such as Cgy derivatives
and endohedral metallofullerenes, are introduced into the pores of anodic aluminum
oxide (AAO) templates under a direct current (DC) electric field. Then several nano-
structures such as porous-wall and solid-wall fullerene nanowires and nanotubes
were fabricated in the pores. The morphology of the fullerene nanostructures is well
controllable, and the fullerene nanotubes can be further fabricated through filling
nickel atoms inside to form fullerene-metal composite structures. The results
provide, in principle, a step toward broader applications of fullerene-related
materials in nanoscience and nanotechnology.
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Introduction

Endohedral metallofullerenes are constructed by encaging one or several metal atoms
inside fullerene cages, and the electronic properties of them determined by both the
encaged metal atoms and the parent fullerenes. Because of their unique structure and
many novel electronic properties, fullerenes and endohedral metallofullerenes have
been intensely investigated because of their unique structural and electronic properties
and promising applications in many fields (1-3). Recently, great effort has been
made to construct fullerene nanostructures by a variety of nanofabrication techniques
(4). Among them, one important approach is to build one-dimensional (1-D) nanostruc-
tures such as fullerene nanotubes and nanowires (5-8). In these references,
several nanostructured fullerene materials such as C; nanowires, Cgy nanotubes and
Ceo nanowires were produced and reported, revealing the potential to build more
complicated fullerene nanostructures. In this paper, we show a simple way to
produce 1-D fullerene nanotubes, nanowires and fullerene-metal composite
nanowires. The structural features, e.g., length, density, alignment, diameter, and
wall-thickness of the tubular structures etc., are all manageable by controlling the
experimental parameters.
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Experimental

A toluene/acetonitrile electrolyte solution containing 40 M fullerene was transferred to a
small Teflon cell, in which the porous anodic aluminum oxide (AAO) template coated
with a layer of evaporated Ag serves as anode and a platinum counter electrode were
set at a distance of 5mm using a Teflon spacer. The AAO templates (Anodise®,
Whatman Inc. Co.) with nominal pore diameter of 270 nm were chosen and the DC
voltage for fullerene deposition was set at 40-100V. The morphology of fullerene nanos-
tructures can be controlled by adjusting the deposition time.

The removal of fullerene nanowires or nanotubes from the AAO support was carried
out by dissolving the AAO template in 2 M NaOH at 25°C for 2 h. For TEM and SEM
observation, the nanostructures were detached from the Ag substrate and ultrasonically
dispersed. A Philips CM200 FEG TEM operated at 160 kV and a JEOL JSM-6700F
field emission SEM were employed in the study of the morphology and structure of the
fullerene nanowires and nanotubes.

Results and Discussion

The method we employed to produce fullerene nanostructures is through a template
method with electrochemical deposition strategy. It has been reported several years ago
that Cgo and its derivatives could form optically transparent microscopic clusters in
some mixed solvents at room temperature, and the clusters would be negatively
charged and deposited on the anode surface to form a fullerene film while a dc electric
field was applied. If a porous anodic aluminum oxide (AAO) template was attached to
the electrode surface, it’s natural that the fullerene clusters would be deposited into the
pores of AAO in the electrochemical process and form 1-D fullerene nanostructures.
Since Cgo nanowires have been successfully produced by this method (5), we attempted
to use some stable fullerene derivatives and endohedral metallofullerenes, e.g., TCgq
(monofunctionalized methanofullerene derivative) and Sc@Cg, (fullerene Cg, molecule
with encapsulated Sc atom) (Figures la, b), to construct fullerene nanostructures. In
general, fullerene derivatives and metallofullerenes have more versatility than fullerenes
in both structures and electronic properties, so the nanostructures constructed by fullerene
derivatives and metallofullerenes are expected to find more applications.

The TCgqp and Sc@Cg, were synthesized and isolated up to 99.9% purity, as confirmed
by the time-of-flight mass spectrometry technique. The samples were dissolved in a mixed
solvent of acetonitrile/toluene (4:1). AFM measurements, as shown in Figures 1c and 1d,
show that both TCq, and Sc@Cg, molecules form clusters with narrowly-distributed
diameters 30—55 nm.

Similar to those of Cgg, the clusters of TCqy and Sc@Cg, would also be negatively
charged and deposited on the anode surface under a suitable dc electric field (>30 volt).
We took an ordered nanoporous AAO template (pore size: ca. 270 nm) with Ag substrate
as the anode, and a dc voltage of 40-100 volts was applied to electrophoretically deposit
the TCgq and Sc@Csg, clusters into the pores of AAO. The as-prepared 1-D nanostructures
of TC¢o and Sc @Cyg, show versatile morphologies, e.g., solid wires, solid-wall tubes, porous
wires and porous-wall tubes, depending on the applied voltage V and the deposition time T.

Since TCgy and Sc@Cg, behave similarly in forming the four types of nanostructures
mentioned above, we took the 1-D TCgq as an example to show how the nanostructures can
be managed by controlling the experimental conditions. First, the applied voltage and
deposition time were set at V = 65 volt and T = 3 min. The resulting 1-D nanostructures
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Figure 1. (a) TCg, (b) Sc@Cg,, (¢) AFM of TCg clusters in a mixed solvent of acetonitrile/toluene
(4:1), (d) AFM of Sc@Csg, clusters in the same solvent.

were studied by SEM and TEM, as shown in Figure 2 (a and b). The nanostructured full-
erenes were solid-wall tubes with a wall-thickness round 40 nm. The lengths and
diameters of the nanowires were ca. 5.5 pm and 270 nm, corresponding to the thickness
and pore size of the AAO template, respectively.

We then maintained the applied voltage at V = 65 volt and increased the depositing
time to T > 7 min. As shown in Figure 2(c), the SEM images indicate that solid-wall
nanowires were formed.

If we maintained the deposition time at T = 7 minutes but decreased the applied
voltage to V = 40 volt, SEM and TEM studies reveal a new type of porous nanowires,
as shown in Figures 2 (d and e). The wall of the porous nanowires is composed of
irregular nanoclusters whose sizes are comparable to those of the clusters in aceto-
nitrile/toluene solvents observed by AFM, as shown in Figure 1(c).

The above experiments indicate the applied voltage determines the density of the
fullerene nanostructures (solid or porous) and the deposition time is related to the struc-
tural morphology (wire-like or tubular structures). Considering that the negatively
charged fullerene clusters would acquire higher kinetic energies under larger dc electrical
field, it is understandable that a denser packing of fullerene clusters is formed under larger
dc voltage. In fact, the phenomenon that higher deposition voltage leads to denser packing
of Cg clusters had been observed by Barazzouk et al. (5). in an experiment without the
AAO. For illustrating the influence of the deposition time on the morphology of
fullerene nanostructure, we suggest that the negatively charged fullerene clusters would
preferentially deposit on the pore wall and grow from wall to center gradually, as
shown in Figure 3. Thus, as shown, the fullerene nanostructures transit from thin-wall
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Figure 2. (a) and (b) SEM and TEM images of TCgy nanotubes formed at V = 65 volt and
T = 3 min; (¢) TEM images of TCgy nanowires formed at V = 65 volt and T > 7 min; (d) and
(e) SEM and TEM images of TCg( nanowires formed at V = 40 volt and T = 7 min.

tubes to nanowires along with the increase of deposition time. Since both the applied
voltage and the deposition time can be managed precisely, the morphology of fullerene
nanostructures is then controllable experimentally.

The fullerene nanostructures are all flexible (Figure 4 (a)) and usually show
high strength. The non-crystalline structure of these nanowires and nanotubes
was revealed by XRD spectroscopic study since no diffraction lines were observed, and
was confirmed by a high-resolution TEM (HRTEM) study. As shown in Figure 4(b),
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Figure 3. The model for fullerene nanostructure formation.
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Figure 4. (a) SEM image of a Sc@Cyg, solid-wall nanorod showing the flexibility of the fullerene
structure, (b) HRTEM image of a Sc@Cg, solid-wall nanorod.

a typical HRTEM image of the solid-wall Sc@Cg, nanotube shows that the endohedral
fullerenes were irregularly packed.

The fullerene nanostructures are expected to find various applications in nanotechno-
logy. For examples, the porous-wall nanowires and nanotubes may be used as chemical
sensors due to their hollow and highly porous structure; and the hollow nanotubes can
even be further functionalized through filling with other atoms or molecules to form
composite nanostructures.

As an example of fullerene composite nanostructures, we studied Ni/Sc@Cg,
rods by depositing nickel atoms inside Sc@Csg, fullerene nanotubes. We first produced
thin-wall Sc@Cg, nanotubes, as shown in Figures 5a and b, and then constructed a

300mm

Figure 5. (a) SEM images of Sc@Cg, nanotubes formed at V = 100 volt and T = 2 min; (b) TEM
images of Sc@Cg, nanotubes formed at V = 100 volt and T = 2 min; (c) TEM images of a nickel/
Sc@Cg, composite rod.
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three electrode system by taking the Sc@Cg, nanotubes as the working electrode, a
platinum plate as the counter electrode, and a saturated calomel electrode (SCE) as
reference. A potential value of —1.4 V was applied between the working electrode and
to SCE and a solvent mixture of NiSO, (2 M) and H3;BO; (0.5’M) as the electrolyte
solution.

After 10 min of deposition of nickel atoms at room temperature, nickel/Sc@Cyg,
composite rods were prepared. A typical Sc@Cg, nanotube containing nickel
atoms is shown in Figure 5(c). Due to the strong magnetic property of nickel atoms,
the formation of Ni/Sc@Cg, composite rods was first confirmed through measuring
their magnetic feature. As shown in Figure 6, the Ni/Sc@Cg, composite rods show
a coercivity as high as 210 Oe, in comparison to that of bulk Ni (ca. 0.7 Oe).
Additional studies, such as EDAX, also supported the formation of Ni/Sc@Cg,
composite rods.

As demonstrated by this example, template-electrophoretic deposition of fullerene
should have an outstanding protential in providing customized nanotubes for a broad
range of applications in nanoscience and fullerene science.

Conclusions

In summary, fullerene nanowires and nanotubes have been prepared in a controlled
way. The fullerene nanotubes can be further functionalized through filling with other
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Figure 6. (a) and (b) Hysteresis curves of nickel/Sc@C82 composite nanorods at 5 K.
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molecules or atoms to form composite structures. This method opens a new way for
applying fullerenes in various nanotechnologies.
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