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ABSTRACT

We found that by fluorination of double walled carbon nanotubes (DWNTSs), it is
possible to suppress only the Raman radial breathing mode and absorption peaks from
the outer (large diameter) tubes of DWNTSs. In contrast, Raman signals from the inner
shells showed no difference from the pristine DWNTSs. The stability of the inner shells
of fluorinated DWNTSs was also confirmed from the photoluminescence (PL) map and
the optical absorption spectra, which only showed the signals from the inner shells of
DWNTs, with no distinct change in the optical properties of the inner tubes after
fluorination. Our results indicate that once fluorinated, there exist only a weak, if not
none, interaction between the inner tube and the outer fluorinated tube, and proved that
fluorination can be used to suppress the optical properties of carbon nanotubes without
interfering the properties of inner tubes. Present finding can be important in electronic
and sensor applications, where keeping the inner tube from not having unwanted contact
with other substances that may distract inner tube’s own characteristics.
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Fluorination is known to be an useful method to modify the surface properties of
conventional carbons,* and therefore intensive studies related to the fluorination of
single and multi-walled carbon nanotubes (SWNTs and MWNTSs, respectively) have
been carried out from the theoretical®® and experimental®® standpoints, not only for
tailoring the electronic states of the tubes but also to improve the dispersability of
carbon nanotubes. Recently, mildly fluorinated SWNTs and their subsequent thermal
treatment demonstrated to be efficient to remove metallic SWNTs.® The systematic
structural characterizations on heavily fluorinated MWNTs also revealed’ that there is
some reversibility in the fluorination process, that is, fluorine atoms can detach from the
carbon network during the heat treatment process without damaging the carbon network.
Moreover, it became clear that depending on the fluorination level, fluorine
incorporated into carbon nanotubes has different bonding states known as ionic and
covalent bonding.

More recently, nanotube researchers have paid much attention to DWNTSs because
these coaxial tubules were shown to exhibit higher structural and emitting stability
when compared to SWNTs.*"** In addition, DWNT (the simplest MWNT) has been
utilized as an ideal theoretical model for studying the interaction and coupling behaviors
between concentric tubes.”**® Unfortunately, there is no experimental evidence for
understanding intertube interactions, because it is not possible to produce pure samples
of DWNTs (with 100 % purity and the total absence of SWNTs) using presently
available synthesis techniques. Even though some photoluminescence (PL) studies have
been reported for catalytically grown DWNTs containing small fractions of SWNTs"’
and high purity of DWNTs (ca. 90 %) using the selective removal of SWNTs via
oxidation treatments,™® it is not easy to completely discard the effects of SWNTs as
impurity.

In this study, we prepared high purity DWNT-derived buckypaper (> 95%) by
combining the catalytic chemical vapor deposition method and a subsequent oxidation
process.” Fluorination of the DWNT buckypaper was performed using a furnace with
DWNT buckpaper under fluorine gas flow, as detailed in other literature.”” For these
fluorinated DWNTSs, we carried out systematic optical studies, including PL, optical
absorption and resonant Raman scattering, and TEM/EELS observations. Our results
demonstrate that the PL map and absorption peaks only arise from the inner tubes of the
fluorinated DWNTSs, because the fluorinated outer DWNTs and remains of SWNTs
became optically inactive.

RESULTS AND DISCUSSION
FE-SEM and TEM images of pristine and fluorinated DWNT are shown in Fig. 1.
The FE-SEM image (Fig. 1 (b)) depicts the rather brittle nature of the fluorinated



sample exhibiting less tube flexibility. However, from the TEM images, there was no
clear change in the bundle structure including the co-axial morphology, and the fact that
the tubes were fluorinated was not clear. However, from the EELS analysis from single
fluorinated DWNT, we managed to detect the hump-like signal corresponding to the
ionization K-edge of fluorine (located at ca. 690 eV) (see Fig 2 (c)).

Although we were able to confirm that the DWNT sample was indeed fluorinated,
it was not clear whether all the layers were fluorinated or not. In such a case,
information obtained from the Raman radial breathing mode (RBM) is effective because
if a tube is fluorinated, the RBM corresponding to that tube disappears due to the
structural change and/or the change of the resonant energies experienced in the
graphene network of a nanotube. Fig. 3 (a) shows the low frequency Raman spectra for
both pristine and fluorinated DWNTS, respectively. We have acquired the Raman
spectra with three different laser lines: 532, 633, and 785 nm. We noted that the Raman
D-band (defect induced mode)*** was not observed for the pristine sample but became
clear after fluorination (not shown here), which suggests that certain amount of disorder
was introduced into the graphene network of carbon nanotubes due to the interaction of
F atoms with the outer nanotube surface. These interactions suppress the RBM because
it is difficult to maintain a perfect cylindrical shape after F atoms are covalently bonded
to the carbon atoms of the nanotube. In particular, in the RBM signal region, a lower
frequency (< 200 cm™) feature originating from the outer tube was not found after
fluorination, whereas the RBM from the inner tube (located at higher RBM frequencies)
remains almost unchanged. Furthermore, it is expected that when a nanotube is
fluorinated, the band-gap of nanotubes become larger than the energy of Raman probe
laser so that the resonant Raman signal should disappear. This again suggests that
fluorination has occurred selectively only at the outer tube of DWNTSs, and the inner
tube remained unaffected. In order to support the selective attachment of fluorine atoms
on the outer tubes of the DWNT, we measured the UV-vis-NIR absorption spectra from
individualized nanotube solutions (see Fig. 3 (b)). In this case, sharp absorption
multi-peaks provide strong evidence for individual carbon nanotubes in D,O. It is
noteworthy that the selective depression of absorption peaks at 1180 and 1375 nm is
closely related to the fluorinated outer tubes because this region is overlapped by the
E>, of the outer tubes and the E®; of the inner tubes. Here again, we proved that
fluorine atoms reacts with the outer shell preferentially and leaves the inner tubes intact.
In addition, TEM image simulation of the models with selectively and symmetrically
fluorinated outer shell of the DWNT (Figure 4) showed that no big difference is found
when compared with the TEM image of pristine DWNT, which was the case with the
actual TEM observation.

Similar phenomena were found in the PL map (Fig. 5). Due to the limitation of the



instrument, we were only able to capture the information from the inner tubes of the
DWNTs. From the pristine sample (Fig. 5 (a)), three strong PL peaks were ascribed to
the inner tubes with chiralities (8,4), (7,6), and (7,5). After fluorination (Fig. 5 (b)), we
observed the strongest PL intensity corresponding to (7,5) tubes and the disappearance
of signals assigned to relatively small-sized tubes exhibiting diameters of ca. 0.7 - 0.8
nm. There are some possible reasons for the present change in the relative PL
intensities: Fluorine atoms have reacted with the SWNTSs that survived the purification
process, small diameter DWNTs with higher chemical activity have decomposed, or the
selectivity in the dispersion process has changed by fluorination. However, since
fluorinated SWNTs become optically inactive, the measured PL map can be considered
to be arising from the inner tubes of the DWNTSs, and not from the SWNT. Hence we
can safely conclude that the inner tubes of DWNTSs are visible in PL and the electronic
structure is not disturbed by the outer tube.

In the present study, we have shown that in the fluorination process of DWNTSs,
mainly the outer tube is fluorinated, and the inner tube remains almost unaffected by
fluorine atoms. When compared to SWNTSs synthesized with the CVD process, the inner
tube of a DWNT has a smaller diameter distribution due to the confinement and
interaction with the outer tube that limits the diameter of the inner tube. As
demonstrated in the present study, by choosing the proper fluorination conditions, it is
possible to passivate the outer tube, leaving the inner tube optically active. PL and
Raman studies demonstrated that screening effects of the inner tube chirality has
effectively taken place during the fluorination process. Passivated outer tube can act as a
nano-sheath that prevents the inner tube from interacting with other tubes, which can be
effective for producing CNT-based integrated circuits, where overlapping of CNTSs is
inevitable.
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METHODS

The synthesized high purity DWNT-derived buckypaper™ was thermally treated at
1200 °C in argon to remove the potentially incorporated SWNTs. Fluorination of the



purified DWNT was performed by passing fluorine gas (1 atm) at 200 °C for 5 hrs and
the stoichiometry of the fluorinated DWNTs corresponded to CFg3.?° Structural
characterization of fluorinated DWNTs was carried out by Raman spectroscopy (Kaiser
Hololab, 532 nm, 633 nm, and 785 nm), FE-SEM (JEOL JSM-6335F), and TEM (JEOL
JEM 2010FEF and 2100F). In order to obtain well-defined PL map and absorption
peaks,”>* we prepared homogeneously dispersed nanotube suspensions as follows**?:
1 mg of pristine and fluorinated DWNTSs were dispersed in D,O (10 g) with 50 mg of
sodium dodecylbenzene sulfonate (NaDDBS) under a strong sonication (ca. 470
W/cm?) for 1 hr. at 4 °C. Subsequently, we subjected these suspensions (containing
carbon nanotubes) to an ultra-centrifuge (489,000 g), and finally obtained
well-dispersed individual DWNTSs (pristine and fluorinated).
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Figure 1 FE-SEM and TEM images of pristine (a, ¢ and e) and fluorinated (b, d and f)
DWNTSs, respectively.
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Figure 2 (a) TEM image of a single fluorinated DWNT and its corresponding electron
energy loss spectra for (b) C-K and (c) F-K edges.
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Figure 3 (a) Low frequency Raman spectra of pristine and fluorinated DWNTSs using
three different laser lines (532, 633 and 785 nm), (b) UV absorption spectra of the
pristine and fluorinated DWNTs. The solid and dotted lines indicate the pristine and
fluorinated DWNTSs, respectively.

Figure 4 Cross-sectional (a) and longitudinal (c) models of the fully fluorinated outer
shell of the DWNT and their corresponded simulated images (b, d), respectively.
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Figure 5 Photoluminescence map for the pristine (a) and fluorinated (b) DWNTSs,
respectively.



