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Abstract

In situ synchrotron X-ray diffraction measurements of single-walled carbon nan-
otube and Cgg-peapod samples under high pressures up to 13 GPa and at high tem-
perature were carried out. Anisotropical shrinkages of their bundle 2-dimensional
lattices by compression at room temperature were observed. It was found that the

lattices recover original forms reversibly upon pressure release. It was also found
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that irreversible phase transformations occur by raising temperature at the highest
pressure. The high-pressure and high-temperature treated samples were examined
by X-ray diffraction, transmission electron microscope, and Raman measurements.
It was indicated by transmission electron microscope observation that hexagonal
diamond is able to be synthesized by high pressure and high temperature treatment

of Cgp-peapods.
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1 Introduction

Both fullerenes (e.g. Cgop, Cr0) and carbon nanotubes are fascinating materials,
not only because they have unique structures, but also because they exhibit
extraordinary physical properties. Since they are constructed from sp? car-
bons having strong atomic bonds, these molecules themselves show very high
stiffness. It is well known that the bulk modulus of Cgy molecule is calculated
to be 843 GPa [1], which is much greater than that of diamond (441 GPa),
and that many theoretical studies of single-walled carbon nanotubes (SWNTs)
give the value of axial Young’s modulus in Tera Pa range [2]. However, their
bulk crystals behave as soft materials, because the bulk crystals consist of

such hard molecules bound by weak van der Waals interaction.

The capability of carbon to form sp® bonding between fullerene molecules
provides a possibility for the creation of superhard carbon nanocluster-based

materials. In fact, high-pressure and high-temperature (HPHT) treatments of
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solid Cgg produce a variety of phases of polymerized Cgy known as “fullerene
polymers” [3]. So far, three crystalline phases and some amorphous phases of
polymerized fullerenes were synthesized. One of the amorphous phases have

hardness high enough to scratch the (111) face of diamond [4-7].

High pressure behaviors of carbon nanotubes have also been investigated by
X-ray diffraction (XRD), Raman scattering and so on [8-17]. There are many
reports on high pressure behavior of SWNTs using a diamond anvil cell (DAC)
at room temperature, while only a few HPHT experiments of SWNT sample
were reported. Khabashesku et al. [15] have done transmission electron mi-
croscope (TEM) observation and Raman scattering, XRD measurements of
the SWNT samples HPHT treated up to 9.5 GPa, 1873 K and discussed the
possibility of polymerization of SWNTs. Unfortunately, since the SWNT sam-
ple used in their experiment was not well crystallized and did not exhibit any
diffraction peaks, it is difficult to discuss the structural change of bundle crys-
tal by HPHT treatment. In the present study, we have performed in situ XRD
experiment of well crystallized SWNT sample under pressures higher than 10
GPa and at high temperatures. TEM observation and Raman scattering mea-
surements of the HPHT treated SWNT samples were also carried out in order

to clarify the structural change.

Ceo-peapod, a SWNT including Cgy molecules inside the tube, is one of the
new nanocarbon materials and is attracting much interest regarding physical
properties, especially in elastic property. Therefore, we have performed the
above mentioned experiments not only for SWNT samples but also for Cgg-

peapod samples.



2 Experimental

2.1 Sample preparation

The SWNT samples used in the present study were prepared by laser-ablation
method. The detailed procedures of synthesis and purification are written
elsewhere [18]. The tube diameter is estimated to be 1.4-1.5 nm by Raman
scattering measurement of radial breathing modes (RBM). For the preparation
of Cgo-peapod sample, after decapping the SWNTs, Cgg was introduced into
tubes by heating Cgy powders with SWNTs in a sealed quartz tube. The
Cgo-occupancy of the pods was estimated to be more than 80% by TEM

observation.

The angular-dispersive (AD) XRD patterns of the SWNT and Cg-peapod
samples in the form of foils called buckypaper were measured by a conventional

powder diffractometer with a SiO, reflection-free sample plate.

2.2 In situ XRD measurements

In situ energy-dispersive (ED) XRD measurements under high pressure were
performed with a cubic anvil press (MAXS80) at a beam line AR-NE5C of
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. A
synchrotron white X-ray at AR-NE5C of KEK was used as an incident beam
and a diffracted beam was measured with a pure Ge solid state detector. A
BN capsule in which a SWNT (or Cgp-peapod) sample was charged with NaCl
was inserted into the center of a (6 mm)? cubic pressure-transmitting medium

consisting of a mixture of amorphous boron and epoxy resin (Fig. 1 (a)). In



order to get random orientation of the sample, the SWNT (or Cgp-peapod)
sample having a foil form was rolled up to a sphere like a bead and some sample
beads were crammed into a BN capsule. A pair of graphite disk furnaces were
also installed in the pressure cell. Generated pressure was determined from
the unit cell parameter of NaCl with Decker’s equation of state [19]. The

diffraction angles were set at 20=3°.

The experimental procedure was as follows. Firstly, the sample was compressed
up to about 13 GPa or 11 GPa at room temperature for SWNT or Cgp-peapod
samples, respectively and then, at the highest pressure, heated up to a specific
temperature for about 1 h. Thereafter, the sample was quenched down to room

temperature under pressure and subsequently the pressure was released.

2.3  Characterization of HPHT treated samples

TEM observation of the HPHT treated samples were done on a JEOL-JEM2010
working at 200 keV. For TEM observation, a part of the HPHT treated sam-
ple, obtained as a pellet, was chunked using a razor blade on a glass plate and
crushed with an agate mortar, and was dispersed ultrasonically into a alcohol
bath. Then, the dispersed sample was transferred to a TEM grid. Another
part of the pellet of the HPHT treated sample was used for Raman scattering
measurement on a JASCO NRS-2100F. The excitation source was a 514.5 nm

Ar laser line. The laser power was tuned at 70 mW.



3 Results & Discussion

Fig. 2 shows the angular-dispersive XRD patterns of the SWNT and Cgp-
peapod samples under atmospheric pressure and at room temperature. As
shown in Fig. 2, it was found that the samples were well crystallized. Since
the contribution of the structure factor of Cgy chain inside the tube reduces the
total structure factor at the 10 peak position [18], the 10 peak intensity of the
Cgo-peapod sample is much lower than that of the SWNT sample, confirming

that Cgg molecules were filled in the tubes of the Cgo-peapod sample.

The change in XRD pattern of the SWNT sample with increasing pressure
at room temperature is shown in Fig. 3. As shown in Fig. 3, the diffraction
pattern were clearly observed for the sample in a pressure cell at ambient
pressure. Comparing the pattern with Fig. 2 (a), the relative intensity of 10
peak is found to be smaller, because the effective X-ray photon flux in low
energy regions is reduced more easily by the absorption in the beam path.
It was observed that the shifts of the diffraction peak positions greatly vary
with hkl indicies (Fig. 4). At the highest pressure, the samples were heat-
treated but no remarkable change in XRD pattern was observed during the
heat-treatment. Fig. 5 shows the change in XRD pattern with decreasing pres-
sure at room temperature after HPHT treatments at about 13 GPa and at
RT, 473 K, and 873 K (for convenience, these samples were abbreviated as
SWNT-RT, SWNT-473 and SWNT-873, respectively). As shown in Fig. 5 (a),
SWNT-RT recovered the initial diffraction pattern on pressure release except
that the 10 peak intensity became smaller comparing with the initial inten-
sity. The reduction of the 10 peak intensity is considered to be due to the

increase of absorption of low energy X-ray in the beam path which is caused



by the deformation of boron-epoxy resin pressure-transmitting medium (Fig.
1 (c)). SWNT-473 also recovered the initial pattern at 0.1 MPa although the
lowering of the crystallinity was observed. Therefore, in these two samples, no
irreversible transformation occurred. On the other hand, since the observed
diffraction pattern of SWNT-873 on complete release of pressure is different
from the initial pattern, an irreversible phase transformation might have oc-
curred by the treatment. The lowest energy peak (denoted by 10¢ in Fig. 4
(c)) of the transformed phase shows a flat compression curve. It indicates that

the transformed phase is much harder than the pristine phase.

This transformation was also confirmed by Raman scattering experiments of
the HPHT treated samples. Since tangential mode (G-band) at about 1590

I and RBM mode were clearly observed in the spectra (Figs. 6 (b), (c))

cm™
of SWNT-RT and SWNT-473, the tubes of these samples were mostly main-
tained. However, it was also found that the tube structures of these two sam-
ples were damaged by HPHT treatments, because the relative intensity of the
disordered band (D-band) at about 1350 cm™! to G-band increased compared
with that of pristine sample in both two cases. On the other hand, no sharp

peak is seen in the spectrum of SWNT-873 (Fig. 6 (d)). It indicates that the

transformation was caused by the significant deformations of the tubes.

In order to investigate the local structures of the HPHT treated SWNT sam-
ples, TEM observation was carried out. In the cases of SWNT-RT and SWNT-
473 samples, bundles of SWNT's were observed as in the case of pristine SWNT
sample (Figs. 7 (a-1), (a-2)). The selected area electron diffraction (SAD) pat-
terns of SWNT-RT and SWNT-473 samples also resemble that of the pristine
sample (Figs. 7 (b-1), (b-2)). Fig. 7 (b-1) shows a typical example of SAD

pattern of SWNT bundles. Several diffraction spots caused by the bundle



2D triangular lattice in the central line and two concentric diffraction rings
defined by a transfer momentum k; (k; = 27/d; with dy = 3dc_¢/2 and
dc—c = 0.142 nm is the carbon-carbon distance) and a ks (ko = 27 /dy with
dy = V/3dc_c/2) [20] are seen in Figs. 7 (b-1) and 7 (b-2). On the other hand,
no tube structure could be found in SWNT-873 and structureless materials as
shown in Fig. 7 (a-3) were often observed. No diffraction pattern was detected
in most part of SWNT-873 sample. Occasionally, however, very weak diffrac-
tion rings having d = 0.34 nm and d = 0.17 nm which indicate the existence

of graphite-like atomic arrangement were observed (Fig. 7 (b-3)).

Fig. 8 shows the change in ED XRD pattern of Cgp-peapod sample with in-
creasing pressure at room temperature. In the present experiment, unfortu-
nately, 10 peak of Cgp-peapod was not observed even at atmospheric pressure,
probably due to the low scattering factor of Cgo-peapod at the 10 peak posi-
tion and the small photon flux in low X-ray energy regions. A diffraction peak
at 25.23 keV (marked “Cgy” in Fig. 8), corresponding to d = 0.956 nm (26
= 2.946°), is due to the reflection from 1D Cgy crystals inside the SWNTs.
The “Cgo” diffraction peak is not seen in the AD XRD pattern (Fig. 2 (b)),
probably because highly oriented SWNTs in buckypaper on a SiO, plate may
inhibit the satisfaction of diffraction condition. It was found that the “Cgg”
peak intensity increase by compression (Fig. 8). The reason is not clear but
can be explained as follows. At ambient pressure, Cgy molecules were packed
loosely and the crystallinity of the 1D Cgo crystal was not so high. However,
Cgo molecules might be aligned well on compression and the crystallinity be-
came better. Cgo-Cgp cluster distance decreases from 0.956 nm at 0.1 MPa
down to 0.892 nm at 10.7 GPa (Fig. 9) which is much smaller than the near-

est Cgo-Cgo distance in a rhombohedral Cgy polymer. On the other hand, the



bundle 2D lattice of Cgp-peapod sample also deforms by compression as that
of the SWNT sample does. The pressure shift of 21 diffraction line of the
Ceo-peapod sample is determined to be 2.01 x 107> nm/GPa and the value
is almost the same as that of the SWNT sample. Therefore, the bulk crys-
tal of Cgo-peapod sample does not become to be much harder than that of
SWNT sample, although Cgg-peapod sample includes Cgy molecules which are

considered to be very hard.

In the present experiment, unfortunately, the diffraction intensity became very
weak abruptly above 11 GPa probably due to bad alignments of the anvils.
Then we gave up further compression and raised temperature at the pressure.
Therefore, we could not observe the diffraction pattern during temperature
rise and pressure release. Fig. 10 shows the AD XRD patterns of Cgp-peapod
samples which were HPHT treated at 11 GPa, and at RT and 873 K, (these
samples are abbreviated as Peapod-RT and Peapod-873, respectively), at am-
bient pressure and at RT. As shown in Fig. 10, Peapod-RT recovered the
initial diffraction pattern, while only a broad peak at about 22° is seen in the
pattern of Peapod-873. Therefore, it is considered that the bundle triangular
lattice of Peapod-873 deteriorated by the HT treatment. Fig. 11 shows the ob-
served Raman spectra of Peapod-RT and Peapod-873. The Raman spectrum
of Peapod-RT is almost the same as that of pristine Cgo-peapod sample except
that the G-band peak profile is a little broader. On the other hand, the reduc-
tion in intensity and broadening of the G-band Raman peak and the increase
of the D-band peak are seen in the spectrum of Peapod-873 (Fig. 11 (c)).
However, since RBM peak was observed in Fig. 11 (c¢) although its intensity
was much reduced, not all the tubes were collapsed. This was also confirmed

by TEM observation. As shown in Fig. 12, it is hard to find tube structures



in TEM images of Peapod-873. However, two diffraction rings related to the
momenta ki and ko, indicating the existence of the tube, were observed in
a SAD pattern of some domains of Peapod-873. It should be noted that the
central line due to the bundle 2D lattice was no longer detected in the SAD
pattern. This is consistent with AD XRD experimental result. Judging from
these results, it is considered that the bundle 2D lattice is broken down by

HPHT treatment while the tube structure does not collapse completely.

We observed an another interesting SAD pattern shown in Fig. 12 (b-3) from
Peapod-873. This pattern could be indexed as an a*b* plane of hexagonal
diamond (lonsdaleite) which is usually synthesized by dynamical high pressure
treatment. It is very interesting if hexagonal diamond can be synthesized by
a static high pressure treatment of Cgp-peapod and it is very useful so as to

consider the formation mechanism of the hexagonal diamond.

4 Conclusion

In situ synchrotron XRD measurements of SWNT and Cgp-peapod samples
under high pressure were performed. Several diffraction lines of these two
samples were able to be observed under high pressure. The followings were

found.

(1) The 2D bundle lattices of these two samples shrink anisotropically by
compression.

(2) The pressure shifts of the diffraction lines of these two samples are not
different much from each other.

(3) The Cgo-Cgp cluster distance in Cgo-peapods decreases from 0.956 nm at

10



0.1 MPa down to 0.892 nm at 10.7 GPa.

It was also found that these two samples are transformed irreversibly by rais-
ing temperature under high pressure. Interestingly, it was indicated by TEM
observation that hexagonal diamond is able to be synthesized by HPHT treat-

ment of Cgp-peapods.

The phase stabilities of SWNT and Cgg-peapod pseudo-two-dimensional crys-

tals in a wide pressure-temperature region were elucidated by this work.
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Fig. 1. Schematic pictures of (a) pressure cell assembly, (b) top view of pressure cell
and four side anvils before compression, and (c) deformation of the cell by loading
pressure (top and bottom anvils are not drawn in (a) and (b)). Notations used in
(a); A: boron-epoxy resin, B: pyrophyllite, C: graphite, D: BN, E: NaCl, F: SWNT

sample, G: gold foil.
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Fig. 2. Angular-dispersive XRD patterns of pristine (a) SWNT and (b) Cgp-peapod

samples. Gr(002) indicates the 002 diffraction peak of graphite impurities.
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Fig. 3. Change in energy-dispersive XRD pattern of SWNT sample with increas-
ing pressure at room temperature. Asterisks indicate characteristic X-ray peaks of

tungsten which was in the beam path.
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Fig. 4. Pressure dependencies of d-values of (a) SWNT-RT, (b) SWNT-473 and
(¢) SWNT-873 samples. Filled marks represent data with increasing pressure at
room temperature. Open marks represent data with decreasing pressure at room

temperature.
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Fig. 5. Change in XRD patterns of (a) SWNT-RT, (b) SWNT-473 and (c)

SWNT-873 samples with decreasing pressure at room temperature.
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Fig. 6. Raman spectra of (a) pristine SWNT, (b) SWNT-RT, (¢) SWNT-473, and
(d) SWNT-873 samples.
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Fig. 7. TEM images of (a-1) pristine SWNT, (a-2) SWNT-473, and (a-3) SWNT-873
samples and corresponding SAD patterns of (b-1) pristine SWNT, (b-2) SWNT-473,

and (b-3) SWNT-873 samples.
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Fig. 8. Change in XRD pattern of Cgp-peapod sample with increasing pressure at
room temperature. Asterisks indicate characteristic X-ray peaks of tungsten which
was in the beam path. Sharps (#) denote characteristic X-ray peaks of unknown
impurity. “Cgo” marks denote the diffraction peak of 1D Cgy crystals inside the

SWNTs.
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Fig. 9. Cgp-Cgo cluster distance in Cgg-peapod sample as a function of pressure.
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Fig. 10. Angular-dispersive XRD patterns of (a) pristine Cgo-peapod, (b) Pea-

pod-RT, and (c) Peapod-873 samples. Gr(002) indicates the 002 diffraction peak

of graphite impurities.
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Fig. 11. Raman spectra of (a) pristine Cgg-peapod, (b) Peapod-RT, and (c) Pea-
pod-873 samples.
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Fig. 12. TEM images of (a-1) pristine Cgo-peapod and (a-2), (a-3) Peapod-873
samples and corresponding SAD patterns of (b-1) pristine Cgp-peapod and (b-2),

(b-3) Peapod-873 samples.



