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High-resolution electron microscopy and inelastic light scattering
of purified multishelled carbon nanotubes
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Raman spectra of purified carbon deposits containing multishelled carbon nanotubes of average diameter

10—12 nm show narrow vibrational bands and no phonon softening in contrast to unpurified material. This is
in agreement with lattice-dynamical calculations using a semiempirical pseudopotential, which predicts no

significant phonon softening in this size range. Only a very weak disorder-induced vibrational band at 1356
cm (Io/Io=0. 04) is found for the unpurified as well as purified carbon deposits, which suggests that the

scattering is originated by structural defects rather than by size effects.

Carbon nanotubes are unique in their structure in that they
consist of concentric graphitic tubes with diameters of the
order of several nanometers and several micrometers in
length resulting in a large aspect ratio. The tubular structure
and anisotropy of the curved graphene sheets are expected to
give rise to unusual physical properties. It has been experi-
mentally found that carbon deposits generated on the elec-
trodes of an arc discharge contain not only a large fraction of
carbon nanotubes but also a large amount of multishelled
often faceted graphitic nanoparticles. Characterization of the
unique macroscopic physical properties of nanotubes clearly
requires purified materials. Ebbesen etal. have recently
shown that nanotubes can be purified from carbon particles
through oxidation at high temperature (750'C).

We have employed this oxidation purification scheme for
the isolation of nanotubes and used phonon Raman spectros-
copy to study the vibrational properties of purified nanotube
samples. Raman spectroscopy is particularly useful to probe
the microscopic structure averaged over a macroscopic
sample volume. Raman spectra of unpurified carbon nano-
tubes have been reported earlier. The in-plane stretching
mode at 1582 cm ' of graphite was found to be downshifted

by 8 cm . This phonon softening was thought to be a
unique feature of the phonon spectrum of nanotubes. How-
ever, closed-shell carbon particles show a similar down-
shifted phonon band. The phonon softening in closed-shell
carbon particles has been related to the spherical curvature of
graphene sheets by lattice-dynamical calculations. While the
average closed-shell carbon particle size (4—7 nm) in Ref. 5
is smaller than the average tube diameter (10—20 nm) found
in typical arc deposits and also, as curvature-induced phonon
softening is expected to be less important for nanotubes than
for spherical particles, we have examined in detail the pho-
non spectrum of purified nanotubes. Using high-resolution
electron microscopy (HREM) to monitor the purification and
to measure typical tube diameters and lengths, we recorded

Raman spectra of purified and nonpurified deposits. In con-
trast to unpurified material, we found no phonon softening of
the Raman-allowed phonon band at 1582 cm '. We show
that this fact is consistent with lattice-dynamical calcula-
tions, which predict no significant phonon softening in the
Raman spectrum of nanotubes in this size range (10—20 nm).

Carbon nanotubes have been synthesized in our labora-
tory in a conventional dc arc discharge (20 V, 80 A) in He
atmosphere (350 mbar) using carbon electrodes of 6 mm
diameter following the method suggested by Ebbesen and

Ajayan. The cylindrical deposit on the negative electrode
with a light-gray-colored very hard outer surface layer, con-
tained a soft black core. Scanning electron microscopy im-

ages of the soft black material consisting of mostly fibers of
100—200 p,m diameter and lined parallel to the cylinder axis
show loosely connected nanotubes. The black-core material
has been purified following a three-step procedure: (a) the
deposit has been dispersed in alcohol using ultrasonic agita-
tion to isolate larger fragments, (b) centrifuged, and finally,

(c) the solution with the dispersed material has been dried
and annealed at 650'C in air for 15 min. For HREM we
used a 300-kV Philips EM430 microscope [Institut Interde-
partemental de Microscopic Electronique (I M), EPFL] and
Raman spectra were recorded at 514.5 nm and 5 mW with a
Dilor spectrometer (Laboratoire de Metallurgic Physique)
with a typical spot size of 0.2 mm.

Figure 1 shows HREM images of the unpurified [Fig.
1(a)] and purified [Fig. 1(b)] material. The large number of
particles seen in the unpurified material is largely reduced
after oxidation of 650 'C. It is found that most of the remain-
ing smaller particles seen in the purified material are impu-
rities introduced during the oxidation step. Larger remaining
particles are found to be short, strongly oxidized nanotubes.
The tube endings were found to be opened. The size distri-
bution of the nanotubes before oxidation (Fig. 2) shows a
maximum at 10—12 diameter.
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TABLE I. Raman peak positions, peak half-widths, and rela-
tive intensity ID&G (Iz»G .=In /IG) of nonpurified and purified arc
carbon deposit (Fig. 3).

Error

Gt) g
(cm ')
~ 0.5

I /2 (o I /2

(cm ') (cm ') (cm ')
~ 0.5 ~ 1.0 ~ 2.0

Nonpurified

Purified

1580.3
1581.2

20.0
18.5

1356.0
1356.0

39.0
31.0

0.03
0.04

FIG. 1. HREM images of unpurified (a) and purified (b) carbon
nanotubes of the same arc deposit.

Figure 3 shows the vibrational Raman spectra of purified
and nonpurified carbon nanotubes of the sample shown in

Fig. 1. Both spectra are very similar with a narrow Raman-
allowed phonon peak at 1581 cm ' with a weak shoulder
extending to 1620 cm and a disorder-induced band at 1356
cm . The narrow linewidth and the low intensity of the
disorder-induced peak indicates a high degree of graphitiza-
tion and compares well with Raman spectra of pyrolytic
graphite. Table I shows the extracted line positions and peak
widths of Lorentzian fits to the spectra shown in Fig. 3. For
the purified material, one observes a slightly larger phonon
energy and smaller peak width of the allowed Raman peak
and also of the disorder-induced phonon band at 1356
cm . The relative intensity of the disorder-induced vibra-
tional band at 1355 cm ' is found to be very small

(ID /IG =0.04) for the unpurified, as well as for purified ma-
terial. This peak is significantly smaller than in other pub-
lished Raman spectra of unpurified nanotubes. ' In disor-
dered graphite the relative intensity is thought to be related
to the average in-plane graphene size. The mixed-phase char-
acter of the arc discharge deposits, however, suggests that the
relative intensity in unpurified deposits is dependent on de-

nanotube size distribution
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tails of the discharge process. We have observed more regu-
lar deposits and no gray inner inclusions if the discharge has
been run in a stable regime (20 V, 80 A). The unchanged
relative intensity of the 1350-cm peak (within experimen-
tal error) for purified and unpurified deposits (Fig. 3) sug-
gests that contributions from other forms of graphite present
before the oxidation are not significant and that graphitic
particles and nanotubes as observed in Fig. 1 contribute very
little to scattering in the 1350-cm energy range. Scattering
in this energy range originates presumably from defects in
the curved graphene sheets, tube ends, and remaining gra-
phitic particles.

For materials that contain a large number of graphitic car-
bon particles, we have observed, in the sequence of several
measurements on different deposits and locations on the
sample surface, a downshifted optical-phonon band (3—8
cm '). While this downshift can be seen by Raman spec-
troscopy, the very heterogenous particle and tube-size distri-
bution of the carbon deposits revealed no apparent different
average particle size in HREM images.

Figure 4 shows the second-order Raman spectrum of un-

purified [Fig. 4(a)] and purified [Fig. 4(b)j carbon deposits.
Apart from second-order scattering at 2450, 2700, and 3250
cm also observed in pyrolitic graphite, one observes a nar-
row band at 2900 cm for the purified material. Apart from
a hydrogen-induced stretching vibration at 2800 cm ', a
much broader vibrational band at 2950 cm ' has been ob-
served in more disordered forms of graphitic carbon. Since
the first-order vibrational spectrum of the purified material
does not show enhanced disorder-induced scattering in the
1350-cm energy range, it is concluded that the observed
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FIG. 2. Size distribution of carbon nanotubes shown in
Fig. 1(a).

FIG. 3. Unpolarized first-order Raman spectrum of unpurified
and purified carbon nanotubes. Same deposit as shown in Fig. 1.
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FIG. 4. Unpolarized second-order Raman spectrum of unpuri-

fied and purified carbon nanotubes. Same deposit as shown in

Fig. 1.

vibrational band at 2900 cm ' is due to hydrogen impurity
(C-H stretch) introduced apparently during the high-

temperature oxidation.
In order to estimate curvature-induced effects on the vi-

brational properties of graphene sheets, we have used the
semiem irical interatomic Tersoff pseudopotential for
carbon. Although this pseudopotential is known to lead to
overestimated optical-phonon energies compared to experi-
mental values, it has the advantage that structural changes
can be realistically implemented. Inclusion of only first-
nearest neighbors simplifies the calculation even more. In
order to obtain values that can be compared to experiments,
the calculated values are linearly scaled to the experimental
value for graphite. An analogous calculation had been carried
out earlier for spherical carbon nanoparticles, where the cal-
culated phonon softening for smaller particle diameters is in
excellent agreement with the average particle diameter as
observed with HREM. Figure 5 shows the calculated phonon
energy after minimizing the cohesive energy and solving the
dynamical matrix for a single curved graphene sheet as a
function of curvature radius. One of the bond directions in
the honeycomb lattice has been chosen to lie parallel or per-
pendicular to the tube axis, which implies that the tube ge-
ometry considered for the calculation has no helical struc-
ture. The cylindrical curvature splits the twofold-degenerate
in-plane phonon mode in graphite and induces softening of
the optical phonon. The downshift is sizable for tubes with a
few nm diameter (8—20 cm ') but is less than 1 cm ' for
tubes of 10 nm diameter. From the calculated eigenvectors it
is found that the stretching vibration parallel to the tube axis
is more sensitive to curvature than the stretching vibration
perpendicular to the tube axis. This can be qualitatively ex-
plained by the curvature-induced bond-angle changes in di-
rection of the eigenvector. For one set of bonds parallel to
the tube axis, a bond-angle reduction in the direction of the
eigenvector has the strongest effect on the phonon softening
(Fig. 5). In contrast, an eigenvector perpendicular to the tube
axis for bonds parallel to the tube axis has very little effect
on the phonon energy (Fig. 5). Although the calculated val-
ues are thought to be more accurate for larger diameters, it is
interesting to compare them with recent Raman spectra of
single-shell carbon nanotubes of —1.2 nm diameter.
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FIG. 5. Calculated zone-center optical-phonon energy in a
single graphene sheet in function of radius of curvature for tubes
with one of the bonds parallel (full lines) and perpendicular (dashed
lines) to the tube axis. Within a pair of lines, the upper branch

corresponds to a stretching vibration perpendicular (square) to the

tube axis and the lower branch a stretching vibration parallel to the
tube axis (circle).
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Single-shell carbon nanotubes within a matrix of disordered
carbon show a peak at 1564 cm, which has been tenta-
tively assi ned to the vibrational spectrum of single-shell
nanotubes. ' This assignment is in excellent agreement with
the calculated phonon softening of a tube with one of the
bonds perpendicular to the tube axis and with a diameter of
1.2 nm (Fig. 5). Multishelled carbon nanotubes contain tubes
with different diameters that contribute to the Raman spec-
trum separately. However, the intensity of the Raman peak
can be approximated by the number of bonds. Since the
number of bonds is proportional to the tube radius, tubes
with the largest radius will dominate the spectrum if the Ra-
man cross section is assumed to be constant for different tube
diameters. It is important to note that helicity in the tube
structure changes the local bond angle and hence will affect
the phonon energy, which results in helicity dependent soft-
ening and splitting of the in-plane optical phonons. Their
energies are expected to lie between the values of the two
geometries considered in Fig. 5.

We have attributed the phonon softening in closed-shell
carbon particles and nanotubes to curvature-induced bond-
angle deviations and found that these effects are not very
large ((1cm t) for particles or tubes with diameters larger
than 10 nm. It is important to consider also other factors,
such as changes in interlayer interactions, that might influ-
ence the vibrational spectrum. Due to the nature of vibra-
tional modes at the Brillouin zone center, the small separa-
tion (6 cm ') of the in-plane Raman-active E2s2 mode
(1582 cm ', out-of-phase motion) and the in-plane infrared-
active E,„mode (1588 cm, in-phase motion) has been
associated with the weak interlayer van der Waals
interaction. While no large interlayer interaction changes
are expected for the tube sizes considered here, the corre-
sponding phonon shifts are expected to be not larger than a
few wave numbers.

Apart from curvature-induced effects that soften and split
the in-plane optical-phonon mode, the evolution of the Ra-
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man spectrum of nanotubes with changing radius depends on
the following two main effects: (a) the nanoscale tube diam-
eter confines the in-plane phonons to the graphene tube and
hence the largest phonon wavelength perpendicular to the
tube axis is limited, and (b) the much reduced Brillouin zone
of the tube leads to folding of the phonon-dispersion
branches, giving rise to a number of zone-center phonon
modes. The size effect is small for larger tubes, since the
phonon-dispersion branches are flat near the Brillouin-zone
center and the tube circumference is much larger (r)0.5
nm) compared to the in-plane lattice constant (0.25 nm). For
tubes with a large diameter the additional zone-center pho-
non modes have mostly a low symmetry resulting in very
little scattering in the Raman spectrum. However, as the tube
diameter decreases, contributions due to zone folding are ex-
pected to become more important. Similar phonon-
confinement and phonon-folding effects have been investi-
gated in detail in epitaxial semiconductor superlattices. ' For
nanotubes with a smaller diameter (5 nm) one expects first to
see the splitting of the in-plane phonon mode and additional
zone-center modes for tubes with the smallest diameter.

In summary, we have isolated graphitic nanotubes from
nanoparticles through high-temperature oxidation. The pu-
rity of nanotubes has been verified by HREM from which an
average diameter of 10—12 nm has been found. Raman spec-
tra of the purified nanotubes reveal no phonon softening, in
contrast to some unpurified deposits that contained graphitic
carbon particles. Small scattering at 1350 cm is thought to
originate more from defects in curved graphene layers and
residual particles than from size-induced effects. High-
temperature oxidation is found to lead to a narrow hydrogen-
induced vibrational band. Lattice-dynamical calculations us-
ing a semiempirical pseudopotential predict no phonon
softening for tubes with 10 nm or larger diameters, which is
in agreement with the experimental findings.
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