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Amorphization of Cgy, nanotubes under pressure
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Cgo nanotubes with diameters of smaller than 500 nm are fabricated by a modified liquid-liquid
interfacial precipitation method. /n situ angle dispersive synchrotron x ray diffraction and Raman
scattering under pressures have been employed to study the structure evolution of the Cgy nanotubes.
The experimental results indicate that there is a pressure induced irreversible amorphization at 40.1
GPa. An isostructural phase transition occurs in the pressure range of 9.29-12.2 GPa, which is
probably relative to the changes in the bonding type of Cgo nanotubes. © 2071 American Institute of

Physics. [doi:10.1063/1.3601740]

. INTRODUCTION

Since the discovery by Kroto et al.,' fullerene materials
(Ce0, Cro, etc.) with a distinctive symmetrical carbon cage
structure have been extensively studied due to its unique phys-
ical and chemical characteristics and its potential applications
in various fields. Recently, one-dimensional fullerene nano-
structures, such as wires, rods, and tubes, have attracted much
attention, owing to their potential applications in nanoscale
devices.” To synthesize highly crystallized Cg, one-dimen-
sional nano-material, a modified liquid—liquid interfacial pre-
cipitation (LLIP) method has been used. Later, pure fullerene
nanowhiskers with hollow structures, which could be called as
fullerene nanotubes, have been fabricated by this method.>™®
These nanotubes, with diameters smaller than 1000 nm and
several millimeters in length, could be re-dissolved in proper
solvents, so they may be useful not only as adsorbents and cat-
alysts but also as templates for the various forms of materials,
such as fibers and membranes.” Although some assumptions
have been proposed to explain the tubular morphology of
these fullerene nanotubes, until now, the formation mecha-
nism of the tubular structures was not fully understood.*

As well known, the physical properties of a material are
determined by its structure. High pressure, as a new dimen-
sion, can tune the crystal structures and electronic structures
of materials and further their physical properties. Molecular
crystals are very sensitive to high pressure, since the intermo-
lecular bonds in them are easily compressed, and the mole-
cules themselves may also be modified under pressure.”'®
Recently, the interest in understanding the high pressure
phases of graphite has been further extended to some carbon
allotropes, for example, Cgo fullerene, a typical molecular
crystal. The single Cgy molecule has been calculated to have
an extremely large bulk modulus By of 700-900 GPa,'':'?
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which greatly exceeds that of diamond (B, =442 GPa). How-
ever, under atmospheric pressure and temperature, the pristine
Ceo crystal, which is characterized by weak van der Waals
interaction between the Cg, molecules, results in a soft solid
with the bulk modulus B ranged from 12.8 to 22.2 GPa, and
the pressure dependence of bulk modulus (dB/dP) is
5.7 +0.6."*'° But nano-crystallites exhibit significantly dif-
ferent properties from the bulk material under pressure, such
as phase transitions and the bulk modulus.'”° Tt was reported
that a pressure induced transformation from sp? to sp> hybrid-
ization happens in Cg( around 13 GPa and, in multi-walled
carbon nanotubes, around 16 GPa.*' The synthesis and the
bulk modulus of Cgy nanosheets were also discussed by Wang
et al.** and it was found that the Cgo nanosheets have a larger
bulk modulus than the bulk crystals.

Recently, due to the unique molecular structure of Cg
and the versatility of its phonon spectrum, Raman scattering
has been widely used in investigating the physical properties
and phase transitions of fullerene-based materials,>* >
cially coupled with the application of external pressure.
In this paper, we report the structural stability of the Cg full-
erene nanotubes under pressure, which were fabricated by
LLIP, by using an in situ high pressure angle dispersive syn-
chrotron x ray diffraction (AD-XRD) experiment and Raman
scattering measurements.

Il. EXPERIMENTS

The Cgp nanotubes are fabricated by LLIP. As reported
elsewhere,> ™7 the pristine Cgg powder (MTR Ltd. 99.5%)
was dissolved in pyridine, and then the pyridine solution of
Cgo was added to isopropyl alcohol in a proper mixture ratio.
One min ultrasonic dispersion was taken to obtain suitable dif-
fusion at the interface. In order to promote the growth of the
Cgo nanotubes, the solutions were exposed to visible light,
such as blue light with a center wavelength of 468 nm.*> The
hollow structure of the Cgn nanotubes was characterized using

© 2011 American Institute of Physics
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a transmission electron microscope (TEM, JEM-2000EX). In
the TEM experiments, the specimens were placed on a copper
micro grid with carbon film.

In situ high pressure AD-XRD measurements up to
about 40.1 GPa were performed at Beijing Synchrotron
Radiation Facility (BSRF) at ambient temperature. The x ray
wavelength was 0.06199 nm, and the beam size was 25 um
in diameter. The diffracted x ray was detected with an imag-
ing plate. High pressure was generated using a symmetric-
type DAC with 300 pum culets. The sample was loaded into
the sample chamber in the T301 stainless steel gasket, and
the pressure was measured by using the ruby fluorescence
technique.

In situ high pressure Raman scattering measurements up
to about 35.7 GPa, also using DAC technique, were carried
out on a LABRAM-HR confocal laser Micro-Raman spec-
trometer (HR800). Raman spectra were recorded in back-
scattering geometry in the frequency region from 100 to
4000 cm ™', The 532 nm line of the Verdi-2 solid-state laser
was used as a Raman excitation source. A 25 X microscope
objective lens was applied in order to focus the laser beam
and collect the scattered light. The instrument resolution was
1 cm™'. All the measurements were carried out at room
temperature.

lll. RESULTS AND DISCUSSION

A typical hollow image of the Cgy nanotubes is shown
in Fig. 1. The tubular structure is clearly revealed, diameters
of the sample are smaller than 500 nm, and the lengths
exceed several micrometers.

The Cgo nanotubes have different morphologies in dif-
ferent circumstances. In the process of synthesis of the Cgq

FIG. 1. TEM image of the Cgy nanotubes.
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nanotubes by the LLIP method,”33° the Cgo nanotube shows
a hexagonal structure with a space group of P63/mmc and
cell parameters of @ =1.541 nm and ¢ =1.00 nm® in solu-
tion, while it has a fcc structure with a space group of Fm3m
and cell constant of a = 1.424 after being completely dried at
room temperature.®

The AD-XRD patterns of the Cgy nanotubes at different
pressures are shown in Fig. 2(a). The peaks can be indexed
to the fcc structure. The peaks become broad compared to
those of the pristine Cgp, due to a nanosize effect. With
increasing pressure, the diffraction peaks become broader
and weaker and gradually shift to larger angles, showing the
compression of the lattice. When the pressure increases to
9.79 GPa, the 511 peak disappears. And, as the pressure
reaches 26.6 GPa, the 111 and 311 peaks also disappear, and
the 220 and 420 peaks become much broader and weaker.
When the pressure reaches 40.1 GPa, all the peaks vanish;
instead, only a broad band occurs, indicating that the fcc
structure of the Cg nanotubes transforms into an amorphous
structure. When pressure is released to ambient pressure, the
original fcc peaks are not recovered and the broad band is
quenched, indicating that the phase transition is irreversible.

Figure 2(b) shows the unit cell volume of the Cgg nano-
tubes as a function of pressure, where the solid lines are the
fitting results using Birch-Murnaghan equation:*'
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FIG. 2. (Color online) (a) AD-XRD patterns of Cgo nanotubes at different
pressures; (b) pressure dependence of the unit cell volume. The solid lines in
(b) are the fitting results according to the Birch-Murnaghan equation of state.
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From Fig. 2(b), it can be seen that the bulk moduli show dif-
ferent values below 9.79 GPa and above 12.2 GPa, so we fit
the two parts individually. With the pressure derivative By’
fixed as 4, the bulk moduli By=26.7 GPa below 9.79 GPa
and By =123.5 GPa above 12.2 GPa are obtained. There is
no structural type transition before the transformation to the
amorphous except the discontinuity of the derivative of the
unit cell volume with pressure, which indicates an isostruc-
tural phase transition occurring at about 9.79 GPa. At about
12.2 GPa, the Cg( nanotubes completely transform to a high-
pressure fcc (HPC) structure from the primary low-pressure
fcc (LPC) structure. We suppose that this pressure induced
isostructural phase transition in the range of 9.29-12.2 GPa
may result from the changes in the bonding type, which is
similar to the result that the bonding type in C¢y completely
transforms to sp> type around 13 GPa.*' The transformation
to sp> type bonding from sp is also confirmed in our Raman
scattering experiments described below.

In order to further confirm the pressure induced amor-
phous phase transition of Cg, nanotubes, we performed in situ
high pressure Raman scattering measurements. In Fig. 3, we
display the Raman scattering spectra at different pressures up
to 35.7 GPa at room temperature in two frequency regions
200-1200 and 1400-2000 cm ' due to the appearance of
strong Raman peak of diamond at 1333 cm™'. As shown in
Fig. 3, the Raman spectrum of Cg, nanotubes at 0.47 GPa con-
tains the same ten Raman active modes (2 Ag and 8 Hg) as
pristine Ceo;*> we obtained almost all of them except the
Hg(6) mode at 1254 cm ™", which is completely covered up by
the strong peak of diamond. The additional Raman modes at
526 cm ™' and 955 cm ™! are relative to the polymerization of
Ceo molecules.”® With increasing pressure, the Hg and Ag
peaks become broader and weaker, and the Hg(5) mode at
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FIG. 3. (Color online) Raman spectra of the Cgy nanotubes at different
pressures.
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1106 cm™" disappears at 2.86 GPa and the Hg(2) mode at
430 cm™! vanishes at 8.15 GPa. When the pressure reaches
13.0 GPa, where the pressure is just above the isostructural
phase transition pressure range of 9.79—12.2 GPa obtained in
AD-XRD, the Ag(l) mode at 430 cem ™! and Hg(7) mode
at 1427 cm™' disappear. At 16.7 GPa, the Hg(1) mode at
270 cm ™' completely disappears, and the relative intensities
of the two peaks Ag(2) at 1463 cm ™' and Hg(8) at 1570 cm ™"
reverses. As the pressure reaches 28.9 GPa, all the Hg and Ag
peaks are invisible; instead, the Raman spectrum becomes a
broad band, indicating the amorphization of the Cgy nano-
tubes. With increasing pressure up to 35.7 GPa, the spectra
stays similar. When the pressure releases to ambient pressure,
there are three broad bands with widths exceeding 70 cm ™'
that appear at 710 cm_l, 1443 cm ™~ and 1560 cm_l, indicat-
ing that some parts of Cg( nanotubes revert to have the charac-
ters of the fcc structure but keep very short range of order.
This is the reason why the AD-XRD pattern obtained after
releasing pressure still shows an amorphous structure. Consist-
ent with Yoo et al.,34 in the pressure released curve, a band at
1560 cm ™', the down shift of which is from the frequency of
sp”> C=C stretchings, typically 1580—1600 cm™', is due to
formation of the interball sp® C—C bonding. This result is con-
sistent with the observation of the isostructural phase transi-
tion in our AD-XRD experiments.

IV. CONCLUSIONS

In summary, we fabricated the pure Cgy nanotubes using
the LLIP method, and carried out in situ AD-XRD and
Raman scattering measurements under pressures to study the
structure evolution of the Cgy nanotubes. Pressure induced
amorphization was observed in both experiments. When the
pressure releases to ambient pressure, the AD-XRD experi-
ment shows the amorphization is irreversible, and the Raman
spectra indicates that some parts of the Cgo nanotubes revert
to have the characteristics of the fcc structure, but keep very
short range of order, which induces no Bragg peaks in the
AD-XRD pattern. The Raman experiment results show the
evidence of the occurrence of an isostructural phase transi-
tion observed in the AD-XRD experiment in the pressure
range of 9.29-12.2 GPa, which is probably caused by the
changes in the bonding type of C¢y nanotubes.
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