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Studies of changes in the crystal structure of multi-walled carbon nanotubes
(MWNT) during the high-energy electron irradiation (Ee¼ 1:8 MeV) with doses
from 3.0 to 10.0 MGy are carried out by means of the analysis of the Raman
vibrational spectra. It is shown that defects generated by the electron beam
irradiation are accompanied by an increase in the interlayer correlations as a
consequence of interlayer links and local variations in the geometry of MWNT.
The generation of the structural defects leads to the drop in the integral intensities
of the G- and D-bands in the Raman scattering spectrum and to the splitting of the
G-band into several components. These results are supported by the manifestation
of new vibrational modes with increase in the fluence of irradiation which is an
indication of the reconstruction of the structure and geometry of MWNT and,
respectively, of their symmetry.
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INTRODUCTION

Most properties of nanoscale systems are radically different from those
of their bulk analogues due to the space confinement. Moreover, by
tuning the space restriction or by changing the concentration of
atomic scale defects, the substantial variability of different physical
characteristics can be achieved. Carbon nanotubes are typical exam-
ples of such systems demonstrating the variability of their properties
as a result of the space confinement. A single-walled carbon nanotube
(SWNT) can be considered as a roll-up of a two-dimensional (2D)
graphene sheet. The diameter of a SWNT is typically of the order of
nanometers with the aspect ratio exceeding 104, and its structure is
uniquely described by a pair of indices (n, m) that define the diameter
and chirality [1]. Depending on its structure, a SWNT can exhibit
either metallic or semiconducting properties with structure-specific
transition energies between quantized electronic states [1,2]. These
unique electronic features in combination with other remarkable
physical properties make SWNTs an ideal choice for a wide range of
nanoscale applications such as nanometer-sized conducting wires,
field effect transistors, and molecular electronics [3]. The electronic
transition bands of semiconducting nanotubes can be attributed either
to optical transitions between the van Hove singularities of the
valence and conduction bands of (quasi)-1D systems defined according
to the tight-binding approximation with a subsequent relaxation of
charged carriers [1,4,5] or to excitonic transitions [6–10] with inclu-
sion of multiparticle interactions, as follows from theoretical calcula-
tions [11,12]. A multi-walled carbon nanotube (MWNT) is composed
of a set of concentrically arranged SWNTs of different radii. Due to
van der Waals-type interactions between graphene sheets, the MWNT
can be qualified in a similar way [13] with some additional impacts
due to the intersheet interactions.

The Raman spectra of carbon nanotubes demonstrate many fea-
tures that can be identified by specific phonon modes and can provide
us with detailed information about their 1D feature and structural
imperfections [14]. The strong and nonmonotonic dependence of the
Raman spectra on the excitation wavelength displays the resonance
transitions of the electron excitation between the van Hove singulari-
ties jointly with the absorption=emission of relevant phonons [14,15].
Because of small aspect ratio, the optical transitions exhibit the van
Hove singularities with very large magnitudes giving rise to the
enhancement in the Raman intensity. As a result, the resonance tran-
sitions are well distinguished from the individual SWNT spectra
[16,17]. The so-called radial breathing mode (RBM), the graphene
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band (G-band), the diffusion band (D-band), and the G0-band are the
typical Raman-active phonon modes for nanotubes [16,17].

Transmission microscopy has shown that MWNTs of large diameter
contain a considerable amount of defects. The presence of defects is
also confirmed by variability of the fluorescence and Raman spectra
of individual SWNTs [18,19]. As recently demonstrated by analyzing
the Raman spectrum of the MWNT, the D-band and G-band are sensi-
tive to the defects generated by electron beam irradiation [20]. These
results were obtained by irradiating the polymer matrix containing
the MWNTs with a high-energy electron beam (Ee ¼ 3:5 MeV) of differ-
ent intensities. However, no systematic analysis of the spectral
properties influenced by defects and=or lattice imperfections has been
performed yet. Here, we demonstrate the sensitivity of the Raman
spectra of MWNTs on the amount of defects generated by electrons
of the energy Ee ¼ 1:8 MeV, which is high enough for the Frenkel pairs
to be generated, as has recently been established [21–23]. The
influence of the Frenkel pairs on the G-band, the D-band and the
G0-band is considered.

MATERIALS AND METHODS

MWNTs were produced by means of the HiPCO (High-pressure cata-
lytic decomposition of carbon monoxide) method with iron, cobalt,
and nickel oxides used as catalysts. Predictability of the nanocarbon
product formation is the advantage of this method. Parasitic carbon
forms (soot, amorphous carbon, etc.), which are characteristic of the
high-temperature processes of hydrocarbon conversion, are negligible
in this case, since the pressure of the carbon vapour at the process
temperature of 500� 40�C is small, and the formation of any notice-
able particles by their homogeneous condensation is thermodynami-
cally impossible.

Samples used for measurements of the Raman scattering spectra
were prepared by means of compression at 5 bars as tablets of 2 mm
in thickness.

For electron irradiation, the linear electron accelerator with doses
from 3.0 to 10 MGy was used. Raman spectra were obtained with a
monochromator (DFS-24) equipped with a 1200 lines=mm grating
and FEU-62 and FEU-100 detectors. The integration time was 2 h.
Each spectrum was recorded by accumulation of 3 scans. For the
Raman scattering, the 514.5 nm-irradiation of an Arþ laser (LGN-
503) was used. The laser beam was focused on a spot of about
0.1 mm in diameter. The power density of the laser irradiation was
always less than 5 W=cm2. Measurements were performed at room
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temperature. The X-ray diffractometry was used for visualization and
for studies of the structural changes of MWNTs.

RESULTS AND DISCUSSION

The MWNTs of the length of hundreds of nanometers were obtained as
shown in Figure 1. The strong resonance enhancement in the Raman
spectra makes it possible to observe the Raman spectrum of nanotubes
of a single type when the energy of the incident or scattered light is in
resonance with the energy of a particular excitonic transition. The
Raman spectra obtained by using the laser excitation at 514.5 nm
are presented in Figure 2. Three characteristic bands of MWNTs are
visible in the vicinity of 1353 cm�1 (D-band), 1589 cm�1 (G-band),
and 2693 cm�1 (G0-band) (Fig. 2a) [24,25]. The D band is associated
with the disorder-induced mode of graphene carbon, while the G-band
is attributed to in-plane vibrations [24]. The G0-band is resulted from
the two-photon scattering and characterizes the ordering of the
graphene structure [24–26].

FIGURE 1 Visualization of a typical MWNT by means of TEM which was
used for measurements.
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It is worth to note that all these resonance bands become weaker, as
the dose of electron irradiation increases. This observation allows us to
conclude that the amount of defects responsible for a distortion of the
periodic structure of carbon nanotubes gradually increases with the
dose of irradiation. Due to the complex composition of a Frenkel defect
which contains both the interstitial atoms and vacancies in the carbon
network, some changes in the interplanar spacing d002 are evidently
expected. The changes in the lattice constant are also expected, as it
follows from our recent X-ray diffraction data (not shown). From the
shift of the diffraction maximum related to d002 to the larger angles,
we can conclude that the lattice constant decreases with increase in
the dose up to 4.0 MGy and slightly increases when the doses are in
the range from 6.0 to 10.0 MGy.

In addition to the decrease in the intensity, all bands shift to higher
energies (see Fig. 2). In contrast to the small doses of 0.5, 1.0, 1.5, and
2.0 MGy used in [27], where no band shape changes were observed,
the Raman spectrum in our case essentially changes at large irradiation
doses. The maxima of the D-, G-, and G0-bands in the samples prior to
their irradiation are at 1353 cm�1, 1589 cm�1, and 2693 cm�1, respect-
ively, and shift to 1354 cm�1, 1595 cm�1, and 2698 cm�1 positions, when
4.0 MGy of irradiation has been applied. The shift of all bands

FIGURE 2 Raman scattering spectra of a MWNT in the initial (nonirradiated)
state (1) and after the electron beam irradiation with doses of 3.0 (2), 4.0 (3), 6.0
(4), 80 (5), and 10.0 MGy (6); kex ¼ 514:5 nm;Ee ¼ 1:8 MeV.
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demonstrates some irregularity with a further increase of the irra-
diation. The maxima of the D- and G-bands are positioned at 1359 cm�1

and 1598 cm�1 at 10.0 MGy, respectively (see Fig. 3), while the G0-band
is not visible anymore. A decrease in the G0-band intensity is consistent
with a reduction in the degree of ordering of the graphene structures and
the formation of carboneous side-products on irradiation [24].

In contrast to the results indicating the changes in the D-band
observed for SWNTs and the graphene sheets as a result of irradiation
with c-quanta [28], the changes of the G-band caused by the 0Aþ0 and

0Eþ2 vibrational modes are also distinguished [29–31].
Decomposition of the D- and G-bands into the components is shown

in Figure 3. Depending on the irradiation dose, the G-band clearly

FIGURE 3 Decomposition of the Raman scattering spectra of the initial
(nonirradiated) state of a MWNT (a) and those obtained after the electron
beam irradiation with doses of 3.0 (b), 4.0 (c), 6.0 (d), 8.0 (e), and 10.0 MGy
(f) in the vicinity of the G- and D-bands.
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splits into several components. At a lower dose (Fig. 3b), two compo-
nents are clearly visible in the vicinity of 1584 and 1609 cm�1. The
higher frequency component was attributed to the defective graphene
mode, the D0-band [26]. The relative intensity of this mode with
respect to that of the lower-frequency G-band component clearly
increases for the highly irradiated sample (Fig. 3f), by indicating an
increase in the disorder of the nanotube structure. It should be noted
that an additional low-frequency component in the vicinity of 1542–
1533 cm�1 appears at higher irradiation doses (Figs. 3c, d, and f). This
feature broadens considerably (full width at half maximum, FWHM¼
86 cm�1) at the 10.0-MGy dose (Fig. 3f). Such spectral changes can
be attributed to the charge transfer processes [25] as a result of the
presence of defects.

Changes of the G-band shape due to a large dose of irradiation allow
us to conclude about differences in the radiation damages, as was
already assumed previously. If we proceed from the assumption about
an increase in the interlayer ordering with increase in the dose of
irradiation, then it is necessary to assume that the irradiation contri-
butes to the structural variability in some parts of MWNTs and to a
change in the type of the hybridization of electronic states with
increase in the concentration of sp3-bonds which are responsible for
the formation of links of separate graphene layers.

It is worth to note that both effects obtained in our experiments, i.e.,
the obvious decrease in the intensities of the Raman bands and their
shift to larger energies by increasing the irradiation doses (Fig. 2),
were not obtained by using the electron beam of higher energies
[20]. In that case, the D-band shifted to lower energies, while the pos-
ition of the G-band was unchanged. Their intensities also did not
decrease, and even some increase in their intensities with increase
in irradiation doses was evident [20]. These differences in the changes
of the Raman spectra induced by the electron beams with different
electron energies could be considered as an indication that the defects
generated by irradiation at different electron energies should be differ-
ent in their origin. As follows from our results, the electron energies of
1.8 MeV are responsible for the generation of Frenkel defects, while
defects of another type are generated when the twice greater electron
energies (3.4 MeV) are used in the beam.
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