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Fullerene C60 nanotubes (FNTs) were prepared via liquid-liquid interfacial precipitation using N-methyl-2-pyrrolidone (NMP)
as solvent and isopropyl alcohol (IPA) as precipitation agent at 8◦C. C60-saturated NMP solutions were exposed to visible light
to promote the growth of FNTs. Scanning electron microscopy revealed that fibers prepared in the NMP/IPA system show
three different morphologies. On the basis of the different morphologies of fullerene C60 nanofibers (FNFs), a possible growth
mechanism to describe the formation process of FNTs is proposed.

1. Introduction

Since the discovery of carbon nanotube (CNT), one dimen-
sional (1D) nanometer-scale materials have extensively been
studied owing to their unique structures and physical prop-
erties which lead them to a range of potential applications in
the field of nanometer-scale devices. On the other hand, C60

is a well-known fullerene prototype, and zero-dimensional
structure has been generally accepted for C60 fullerene [1]. If
it was possible to modify such a zero-dimensional structure
of C60 into a self-assembled 1D tubular structure, novel op-
toelectronic and magnetic properties might be expected.
Therefore, FNFs has attracted much attention in recent years
among the various crystalline forms [2–5].

Recently, various synthesis methods have been developed
for the preparation of FNTs, such as solution evaporation [2],
template technique [3], surfactant-assisted method [6], and
liquid-liquid interfacial precipitation method (LLIP) [7, 8].
Compared with other synthesis method, the LLIP method is
a simple and financially viable approach for directly growing
FNTs that can be achieved at around room temperature and
without the need for catalysts or surfactants. Due to such
merits, this work adopts the LLIP method to prepare FNTs.

In typical LLIP method, pyridine was used as a good
solvent and IPA was used as a precipitation agent [9, 10].
However, in the process of preparing FNTs, pyridine shows
high toxicity and irritant smell, which is unsuitable for mass
or industrial production. In this paper, we report another
solvent, NMP, to replace pyridine as the good solvent to pre-
pare FNTs, which shows good solubility for C60 and relatively
low price. We reported that FNFs was prepared in NMP/IPA
system with different morphologies for the first time. The
different morphologies of FNFs in the NMP/IPA system were
revealed by scanning electron microscopy. On the basis of the
different morphologies of FNFs, a possible growth mecha-
nism to describe the formation process of FNTs is proposed.

2. Experimental

The FNTs were prepared at ambient pressure and tempera-
ture using C60 fullerene powder (99.5% purity, MER Ltd.)
based on the experimental procedures described in [7–10]. In
this work, the method was further modified by using another
solvent NMP to replace pyridine. After ultrasonication for
10 min in the ice water bath, a red purple NMP solution
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Figure 1: FT-IR spectra of pristine C60 powder (a) and FNTs (b).

saturated with C60 was prepared. In order to promote the
growth of the FNFs, the solution was exposed to visible light
such as blue light with the center wavelength of 468 nm
[11, 12]. After irradiation, the red purple NMP solution
turned into brownish red solution immediately. Two mL of
this brown NMP solution was put into a transparent 25 mL
glass bottle, and 18 mL of IPA was added. To obtain suitable
diffusion at the interface, the glass was vigorously vibrated in
an ultrasonic bath for 1 min before being stored at 8◦C. After
about 12 hours, golden-brown cluster fibers were suspended
in the solutions.

Infrared spectroscopy was performed for the specimen
dried at temperature and the pristine C60 powder with KBr
using an FTIR apparatus (Bruker Vertex 70). Hollow struc-
ture of the C60 FNFs and different morphologies were charac-
terized by using transmission scanning electron microscope
(TEM, JEOL JEM-2000EX) and scanning electron micro-
scope (SEM, JEOL JSM-6700F). For the purpose of electron
microscopic measurement, the specimens were placed on sil-
icon wafer substrates or copper microgrid with carbon film.
The color change of C60-NMP solution was recorded by
using the UV-visible spectrophotometer (SHIMADZU UV-
2400PC).

3. Results and Discussion

Figure 1 shows FT-IR spectra of pristine C60 powder (a) and
FNTs (b). Both of the spectra showed sharp absorption peaks
characteristic of C60 (527, 576, 1182, and 1428 cm−1), con-
firming that the nanotubes are composed of C60 molecules
[13]. However, in spectra (b), some modification of the base
line was observed even after drying in vacuum, which may be
related to the presence of solvent NMP or IPA molecules.

Figure 2 shows a TEM image of typical FNTs precipitated
in the C60-saturated NMP and IPA system. The C60 FNTs
show tubular structure with outer diameters of about 760 nm
and inner diameter of about 200 nm. The acquired SAED
pattern of an FNT inset in Figure 2 indicates that the FNT has
a local single-crystal and face-centered cubic (fcc) structure.
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Figure 2: TEM image of C60 FNT grown in the C60-saturated NMP
and IPA system. Inset is a selected area electron diffraction (SAED)
pattern of enclosed part indicating that the tube wall is single crys-
talline. Three layers of the tube wall are indicated by arrows.

The growth direction of the FNT is [110], which is a close-
packed direction of an fcc fullerene C60 crystal [8]. Further-
more, there was an interesting phenomenon that the wall of
the tube was not a monolayer structure. The wall consists of
many shell structures. As shown in Figure 2, the tube wall
consists of three layers, that is, the outer surface layer A,
90 nm in thickness, and the inner surface layer C, 96 nm
in thickness. The morphology of the tube indicates that
the FNT might be formed by several fibrel microstructure
around the grow axis along the direction [110] but not an
integrity structure.

To confirm the consequence on the wall structure of the
FNT, the morphologies of FNT were further characterized
by SEM, from which we can see the wall structure clearly.
Figures 3(a)–3(c) show three different morphologies of FNFs
prepared in NMP/IPA system, and Figures 3(d)–3(f) give the
corresponding schematic diagrams of the three morpholo-
gies.

From Figure 3(a), we can see several nanorods bundled
together and form a groove structure, just as the schematic
diagram (d) shows us. Figure 3(b) is a cross-section image of
the FNT. In this picture, we can see the wall structure of the
tube clearly, which is formed by several slender nanorods.
We can see the slender nanorods bundled together and self-
assembled to form a tubular structure along the direction of
grow axis of the FNT. Beside the groove and tubular struc-
ture, we also find the solid fiber structure. Just like Figure
3(b), several slender nanorods bundled together and self-
assembled in Figure 3(c), but there is a solid fiber formed,
not a tubular structure.

In the process of preparing FNTs, we find that the freshly
prepared C60-NMP solution exhibits purple-pinkish at the
beginning, but turns into burgundy over time. Interestingly,
the color change process can speed up the color change proc-
ess if the C60-NMP solution is exposed to visible light. How-
ever, such color change is not observed in the C60-toluene
or C60-m-xylene solution [14, 15]. The color change of C60-
NMP solution was recorded by using the UV-visible spec-
trophotometer (Figure 4).
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Figure 3: SEM images (a–c) of FNFs with different morphologies prepared using NMP as solvent, and schematic diagrams (d–f) of the three
morphologies.
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Figure 4: UV-vis spectra of C60-NMP solution. (a) Freshly prepared
purple-pinkish solution and (b) burgundy solution irradiated by
blue light (468 nm) for 30 min.

As shown in Figure 4, after light irradiation, the absorb-
ance of the freshly prepared purple-pinkish solution (trace a)
increases visibly in the region of 400–500 nm (trace b), con-
sistent with the observed color change, just like the color
change process of C60-pyridine solution [14]. The color
change process after irradiation is probably related to the for-
mation of the C60-NMP charge transfer (CT) complexes.
Fullerene C60 is ready to accept multiple electrons, making it
become a potential electron accumulator [16]. On the other
hand, NMP molecule has a nitrogen atom which allows the
molecule to be an electron donor. It is reasonable that CT
complex should exist in the C60-NMP system under certain
condition. C60-NMP CT complexes form immediately after

light irradiation, which plays an important role in the C60

dissolvability in NMP and nucleation process.
On the basis of the different morphologies of FNFs and

the observed change of UV-visible absorption spectra ac-
counted for the observed color change of C60-NMP solution,
a possible growth mechanism to describe the formation
process of C60 FNTs is proposed.

After light irradiation, C60-NMP CT complexes were
formed immediately, which play an important role in dis-
solvability of C60 in NMP and the nucleation process. Similar
to the previous work [17–19], when IPA was injected into
NMP solution-saturated with C60, crystal seeds with narrow
size distributions were formed immediately. Due to the high-
ly anisotropic nature of these crystal seeds [18], the growth
direction was largely confined to the [110] direction as in-
dicated in Figure 2, resulting in one-dimensional structure
[20]. So a large amount of slender nanorods were formed.
Then, the slender nanorods self-assembled and three dif-
ferent morphologies of C60 FNFs were formed. During the
self-assemble progress after nanorods formation, the one-
dimensional structures prefer the corners of the hexagonal
cross-section, as indicated by the red nanorods in Figure 5,
because the corner sites have a relatively higher free energy
[21]. The secondarily preferable sites for nanorods are the
edges of the hexagonal cross section, as indicated by the blue
nanorods. Finally is the central portion of the hexagonal
cross section, and this self-assemble growth process will end
when the nanorods are too few to form the C60 FNFs. When
there are too few nanorods to form the wall structure of C60

FNTs, the groove structure nanofiber, or the precursor of
the FNTs as shown in Figure 3(a), will be formed. On the
contrary, when the amount of nanorods is large enough to
supply the central portion of the hexagonal cross section, the
overmatured FNTs, or solid fullerene nanowhiskers (FNWs),
are formed. Only when the amount of nanorods is not too
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Figure 5: Schematic of the formation process of C60 1D FNFs.

large or too small, just reaching the equilibrium point to
form fence-shaped tube wall but not block inner tube, the
hollow tubular nanofiber or called C60 FNTs are formed, as
indicated in Figure 3(b).

4. Conclusions
For the first time, we have succeeded in preparing C60 FNFs
using C60-saturated solutions in NMP and isopropyl alcohol
by an LLIP. The acquired SAED pattern of a FNT indicates
that the FNT has a local single-crystal and face-centered
cubic (fcc) structure with the growth direction [110]. Scan-
ning electron microscopy revealed that fibers prepared in
the NMP/IPA system shows three different morphologies.
On the basis of the different morphologies of FNFs and the
observed change of UV-visible absorption spectra accounted
for the observed color change of C60-NMP solution, a possi-
ble growth mechanism to describe the formation process of
FNTs was proposed.

Acknowledgments
This work was partially supported by the Program for Inter-
national S&T Cooperation Projects in the Ministry of Sci-
ence and Technology of China (no. 2011DFA50430), the Na-
tional Natural Science Foundation of China (50773033
and 50872060), Science Foundation of Shandong Province
(Y200701 and Q2008F07), and Doctoral Fund of QUST.

References
[1] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R.

E. Smalley, “C60: buckminsterfullerene,” Nature, vol. 318, no.
6042, pp. 162–163, 1985.

[2] L. Wang, B. Liu, D. Liu et al., “Synthesis of thin, rectangular
C60 nanorods using m-xylene as a shape controller,” Advanced
Materials, vol. 18, no. 14, pp. 1883–1888, 2006.

[3] H. Liu, Y. Li, L. Jiang et al., “Imaging as-grown [60]fullerene
nanotubes by template technique,” Journal of the American
Chemical Society, vol. 124, no. 45, pp. 13370–13371, 2002.

[4] Y. G. Guo, C. J. Li, L. J. Wan et al., “Well-defined fullerene na-
nowire arrays,” Advanced Functional Materials, vol. 13, no. 8,
pp. 626–630, 2003.

[5] K. Miyazawa, Y. Kuwasaki, A. Obayashi, and M. Kuwabara,
“C60 nanowhiskers formed by the liquid-liquid interfacial pre-
cipitation method,” Journal of Materials Research, vol. 17, no.
1, pp. 83–88, 2002.

[6] H. X. Ji, J. S. Hu, Q. X. Tang et al., “Controllable preparation
of submicrometer single-crystal C60 rods and tubes trough
concentration depletion at the surfaces of seeds,” Journal of
Physical Chemistry C, vol. 111, no. 28, pp. 10498–10502, 2007.

[7] K. Miyazawa, A. Obayashi, and M. Kuwabara, “C60 nanow-
hiskers in a mixture of lead zirconate titanate Sol-C60 toluene
solution,” Journal of the American Ceramic Society, vol. 84, no.
3–12, pp. 3037–3039, 2001.

[8] J. I. Minato, K. Miyazawa, and T. Suga, “Morphology of C60

nanotubes fabricated by the liquid-liquid interfacial precipita-
tion method,” Science and Technology of Advanced Materials,
vol. 6, no. 3-4, pp. 272–277, 2005.

[9] G. Li, P. Liu, Z. Han et al., “A novel approach to fabrication
of fullerene C60 nanotubes: using C60-pyridine colloid as a
precursor,” Materials Letters, vol. 64, no. 3, pp. 483–485, 2010.

[10] G. Li, Z. Han, G. Piao, J. Zhao, S. Li, and G. Liu, “To distin-
guish fullerene C60 nanotubes and C60 nanowhiskers using
Raman spectroscopy,” Materials Science and Engineering B, vol.
163, no. 3, pp. 161–164, 2009.

[11] K. Kobayashi, M. Tachibana, and K. Kojima, “Photo-assisted
growth of C60 nanowhiskers from solution,” Journal of Crystal
Growth, vol. 274, no. 3-4, pp. 617–621, 2005.



Journal of Nanomaterials 5

[12] C. L. Ringor and K. Miyazawa, “Synthesis of C60 nanotubes
by liquid-liquid interfacial precipitation method: influence of
solvent ratio, growth temperature, and light illumination,”
Diamond and Related Materials, vol. 17, no. 4-5, pp. 529–534,
2008.

[13] W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R.
Huffman, “Solid C60: a new form of carbon,” Nature, vol. 347,
no. 6291, pp. 354–358, 1990.

[14] J. X. Cheng, Y. Fang, Q. J. Huang, Y. J. Yan, and X. Y. Li, “Blue-
green photoluminescence from pyridine- C60 adduct,” Chem-
ical Physics Letters, vol. 330, no. 3-4, pp. 262–266, 2000.

[15] Y. Qu, S. Liang, K. Zou et al., “Effect of solvent type on the
formation of tubular fullerene nanofibers,” Materials Letters,
vol. 65, no. 3, pp. 562–564, 2011.

[16] D. Kuciauskas, S. Lin, G. R. Seely et al., “Energy and photoin-
duced electron transfer in porphyrin-fullerene dyads,” Journal
of Physical Chemistry, vol. 100, no. 39, pp. 15926–15932, 1996.

[17] S. Nath, H. Pal, D. K. Palit, A. V. Sapre, and J. P. Mittal,
“Aggregation of fullerene, C60, in benzonitrile,” Journal of
Physical Chemistry B, vol. 102, no. 50, pp. 10158–10164, 1998.

[18] R. G. Alargova, S. Deguchi, and K. Tsujii, “Stable colloidal
dispersions of fullerenes in polar organic solvents,” Journal of
the American Chemical Society, vol. 123, no. 43, pp. 10460–
10467, 2001.

[19] A. D. Bokare and A. Patnaik, “C60 aggregate structure and ge-
ometry in nonpolar o-xylene,” Journal of Physical Chemistry B,
vol. 109, no. 1, pp. 87–92, 2005.

[20] B. Mayers and Y. Xia, “Formation of tellurium nanotubes
through concentration depletion at the surfaces of seeds,” Ad-
vanced Materials, vol. 14, no. 4, pp. 279–282, 2002.

[21] G. C. Krueger and C. W. Miller, “A study in the mechanics of
crystal growth from a supersaturated solution,” The Journal of
Chemical Physics, vol. 21, no. 11, pp. 2018–2023, 1953.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


