
1. Introduction
Over the past decade, a huge scientific interest, both
theoretically and experimentally, has been focused
on carbon nanotubes (CNTs) due to their unprece-
dented properties arising from their unique one-
dimensional character. The combination of superb
mechanical, electrical and thermal properties makes
CNTs ideal reinforcing fillers for advanced com-
posite materials. But one of the major problem is
the fact that nanotubes aggregate in bundles as a
result of substantial van der Waals attractions and
homogeneous dispersion of CNTs in the host matrix
is probably the most fundamental issue for efficient
load transfer and good reinforcement [1–6].
Raman spectroscopy has been shown to be a power-
ful and nondestructive technique for the characteri-
zation of carbon-based materials including carbon
black (CB) and carbon nanotubes (CNTs) and it has
become an invaluable tool for understanding many
fundamental aspects of all sp2 carbons [7, 8]. The
diameter of nanotubes [9], the presence of disorder

in sp2-hybridized carbon systems [10] as well as the
effect of nanotube-nanotube interactions [11] on the
vibrational modes have been assessed using Raman
spectroscopy. Specific features such as the strong
frequency dependence on the excitation laser
energy of some Raman bands [12–17] or laser radi-
ation-induced effects [18–21] have been the subject
of extensive studies.
Raman spectroscopy of CNT-based composite
materials has been used to evaluate the state of dis-
persion and the polymer-filler interactions reflected,
by shifts or width changes of the peaks. On the
other hand, the sensitivity of some bands of CNTs
to an application of mechanical deformation to the
composite has also been used to quantify the load
transferred from the matrix to the nanotubes and
thus the interfacial adhesion [22–25].
This paper reports some investigations carried out
by Raman spectroscopy on multiwall carbon nan-
otubes (MWCNTs) and on MWCNTs/rubber com-
posites. For both materials, the dependence of Raman
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spectra on various parameters such as the excitation
laser energy or heating effects induced by the laser
power, will be discussed.

2. Experimental part
2.1. Materials
Multiwall carbon nanotubes (MWNTs) were pur-
chased from Nanocyl S.A. (Belgium). In this study,
we have used the Nanocyl 7000 series (purity:
90%) produced via the catalytic carbon vapor depo-
sition process without any further purification.
Their average diameter and length are around
10 nm and 1.5 µm respectively and their surface
area between 250 and 300 m2·g–1.
The matrix that hosts the nanotubes is an elastomer
based on a styrene-butadiene rubber (SBR) (Buna
VSL 5025-0 from Bayer, Germany) supplied by
Formix (Orléans, France). It contains 25 wt% of
styrene unit and a butadiene phase with cis (10%),
trans (17%) and vinyl (73%) configurations. It was
compounded with sulfur (1.1 phr), stearic acid
(1.1 phr), cyclohexylbenzothiazole sulfenamide
(1.3 phr), diphenylguanidine (1.45 phr) and zinc
oxide (1.82 phr), ‘phr’ means parts per hundred
parts of rubber by weight.

2.2. Composite processing
An appropriate amount of MWNTs was dispersed
into cyclohexane (in an approximate ratio 1:10 by
weight) by sonicating the suspension for 30 min
using a Vibra-Cell VCX 500 operating at 40%
amplitude with on and off cycles respectively equal
to 4 and 2 seconds.
The gum containing the SBR rubber and all the
ingredients of formulation was mixed separately in
cyclohexane under magnetic stirring until complete
dissolution then mixed with the MWNTs disper-
sion. The mixture may be submitted to a further
sonication for 30 min if global examination by opti-
cal microscopy still reveals nanotube agglomera-
tion on a micrometer scale. The sonication process
is followed by agitation under magnetic stirring
until evaporation of the solvent. Total removal of
any remaining solvent is achieved under vacuum
overnight at 50°C before the cross-linking process
and film formation. The unfilled and filled samples
were then cured into plaques at 170°C during
10 min under a pressure of 150 bar in a standard hot
press. The resulting films were around 300 µm thick.

These processing conditions ensure a good disper-
sion of the carbon nanotubes in the elastomeric
matrix as revealed by the image obtained by trans-
mission electron microscopy (TEM) of a SBR com-
posite filled with 3 phr of MWNTs (Figure 1). The
image was obtained from a JEOL JEM-2010 Elec-
tron Microscope (Japan), operating at 200 kV.
Ultrathin sections (50–60 nm) were cut at –90°C by
using an Ultracut S ultramicrotome from Leica fit-
ted with a diamond knife from Diatome.

2.3. Raman spectra
The Raman spectra were recorded in the backscat-
tering geometry on a Labram HR (Jobin-Yvon,
Horiba Group, France) microspectrometer in con-
junction with a confocal microscope. Most of the
experiments were carried out with an excitation
wavelength of 514.5 nm from a tunable Argon laser
focused on the sample by means of a 100! objec-
tive of 0.9 numerical aperture. The spot is around
3 µm diameter while the beam intensity is 1 mW.
But as shown below other excitation wavelengths
or laser powers were used in order to show the sen-
sitivity of the Raman spectra to these parameters.

3. Results and discussion
3.1. Effect of tube-tube interactions on the

Raman modes of MWCNTs
The two main typical graphite bands are present in
the Raman spectrum of MWCNTs bundles: the
band at 1580 cm–1 (G band) assigned to the in-plane
vibration of the C–C bond (G band) with a shoulder
around 1604 cm–1, typical of defective graphite-like
materials and the band at 1342 cm–1 (D band) acti-
vated by the presence of disorder in carbon systems.
The Raman spectrum also exhibits a band at
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Figure 1. TEM image of the SBR-3 phr MWNTs composite



2683 cm–1 called the G" band and attributed to the
overtone of the D band. These bands have been
obtained on the as-received powder of bundled
MWCNTs. In Figure 2, the Raman spectrum of raw
nanotubes is compared to that deposited from solu-
tion to evaluate the separation of nanotube bundles.
The raw nanotubes were dispersed in cyclohexane
by ultrasonication during 30 min and the Raman
spectrum is taken after drop casting the solution on
a glass slide and evaporating the organic solvent.
With regard to the raw nanotubes, all the Raman
bands of the dispersed nanotubes are shifted to

higher wavenumbers indicating less intertube inter-
actions.
A debundling also occurs by penetration of polymer
chains into nanotube aggregates during composite
processing. In Figure 3 are displayed the Raman
spectrum of an unfilled elastomeric matrix, it is a
styrene-butadiene rubber (SBR) and that of a com-
posite filled with 5 phr of MWCNTs (phr = parts
per hundred parts of rubber by weight). With regard
to the spectrum of dispersed nanotubes represented
in Figure 2, a further upshifting is observed when the
tubes are embedded in the host matrix as a conse-
quence of a disentanglement and subsequent disper-
sion in the polymeric medium. As seen in Figure 3,
the Raman spectrum of the composite is almost
dominated by the bands of the nanotubes but some
bands of the SBR are still present especially those
located at 1005, 2856, 2917, 2995 and 3065 cm–1.
These polymer bands are also shifted to higher fre-
quencies with regard to those of the unfilled poly-
mer as consequence of physical constraints intro-
duced to the polymer chains by the presence of the
nanotubes.

3.2. Effect of the laser excitation energy on the
Raman modes of MWCNTs

One of the striking features of the Raman spectra of
sp2 carbon materials is the linear laser excitation
energy dependence of the wavenumber of the D and
G" bands. Their strong dispersive behavior has been
largely discussed in the literature [12–17] and inter-
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Figure 2. Raman spectra of bundled and dispersed multi-
wall carbon nanotubes (MWCNTs)

Figure 3. Raman spectra of a styrene-butadiene rubber (SBR) (a) and that of a SBR composite filled with 5 phr of 
MWCNTs (b)



preted as a double resonance process involving a
laser-induced resonant transition of an electron

from the valence to the conduction band of carbon
materials. A scattered resonance can take place if
the electron is scattered by a phonon to a real state
and after an elastic scattering process by lattice
defects, the electron relaxes to the valence band
[26]. Resonant Raman scattering is characterized
by a strong enhancement of the detected signal
when real transitions are involved. The conceptual
difference between non-resonant, single-resonance
and double-resonance Raman processes has been
well explained by Thomsen et al. [27]. 
Figure 4 shows the Raman spectra of MWCNTs
and of the SBR/5 phr MWCNTs composite obtained
with three different laser excitation energies. For
laser excitation variation, we have used the
457.9 nm (2.71 eV) and 514.5 nm (2.41 eV) lines
from an Argon ion laser and the 785 nm (1.58 eV)
of a NIR diode laser. As observed in single –walled
carbon nanotubes (SWCNTs), the wavenumber of
the D band increases while the ratio of the intensi-
ties (ID/IG) decreases with increasing laser energy.
The energy dependence of #50 cm–1/eV (Figure 4)
compared well with the reported values of various
authors in the literature [13, 15, 17]. Interestingly, a
similar dispersive behavior is observed for the D
band of the nanotubes in the elastomeric matrix
although higher wavenumbers are obtained for each
excitation energy.

3.3. Thermal effects caused by incident laser
irradiation

Heating effects induced by the laser power of the
Raman experiment have been shown to cause
changes to the Raman spectrum of CNTs. Increases
of the incident laser power induce corresponding
increases in the temperature of CNTs resulting in
the shift to lower frequency for the radial breathing
mode and the G band in SWCNTs [18] and for all
the bands in MWCNTs [28]. Li et al. [18] suggest
that the ability to induce the temperature increase in
carbonaceous materials originates from the pres-
ence of impurities, defects and disorder in the sam-
ples. On the other hand, it has also been shown that
electrical heating induce downshifts in the Raman
frequencies, basically identical to those obtained by
laser illumination thus indicating that the change in
the Raman spectrum originates from laser-induced
heating effect. Zhang et al. [19] show that under
intense laser irradiation, the G band frequency of
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Figure 4. Raman spectra of MWCNTs (a) and of SBR-
5 phr MWCNTs composite (b) obtained with laser
wavelengths 457.9, 514.5 and 785 nm and depend-
ence of the wavenumber of the D band on laser
energy (c)



unpurified SWCNTs undergoes reversible variation
indicating that the tubes were not damaged in the
irradiation process. In addition, the integrated D
and G bands intensities ratio (ID/IG) decreases rap-
idly in the initial increase in laser power but remains
basically unchanged in the subsequent increase in
laser power indicating a lowering in the degree of
disorder. The authors conclude that intense laser
irradiation can lead to the loss of impurities and
results in a purified CNT sample. In a study by
Raman spectroscopy on the stability of carbon nan-
otubes to laser irradiation, Olevik et al. [29] men-
tion the particular sensitivity of CNT bundle mate-
rials to overheating due to inefficient cooling in this
system compared to invividual CNTs and show that
irreversible destruction of CNTs in the bundles can
occur at even low laser power density (0.15 kW/cm2).
From the above reported results, it appears that
laser induced effects are very important to consider
for the analysis of the Raman spectrum of CNTs.
Heating the sample by the incident laser radiation
may cause reversible changes but the original spec-
trum may not be recovered upon a decrease of the
laser power owing to a damage of the tubes. The
frequency downshifts induced by the local increase
of the sample temperature due to laser irradiation
have been associated with a lengthening of the C–C
bond resulting from the thermal expansion of the
material [30]. Nevertheless, changes in resonance
conditions, softening of the intra-tubular van der

Waals interactions or thermal expansion of the bun-
dles are other reasons invoked to account for the
dependence of Raman spectra on increasing tem-
peratures [20, 31].
We report here a study of the influence of laser irra-
diation on the Raman spectra of MWCNTs and of
MWCNTs/SBR composites. We have used five laser
power levels in this study corresponding to 1, 10,
25, 50 and 100% of the highest laser power which is
10 mW. In order to check if laser irradiation causes
reversible effects, the spectra were first taken at the
lowest laser power (1%) then the laser power was
gradually increased to 100% then decreased to 1%
again.
The Raman spectra of MWCNTs irradiated with
various laser powers at 514.5 nm are shown in Fig-
ure 5. The overall Raman signal increases with the
laser power but as shown in Figure 6, downshifts of
both D and G frequencies are observed with
increased laser power. The spectral variations induced
by laser heating are reversible, which means that
the nanotubes are not damaged by the irradiation
process. A difference in the peak position is obtained
for the lowest laser power on account of the poor
Raman signal and less accuracy in the determina-
tion of the wavenumbers.
A thermogravimetric analysis performed on MWCNTs
from room temperature to 800°C leaves a residue
that displays a Raman spectrum quite similar to that
observed in Figure 1 with D and G bands respec-
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Figure 5. Raman spectra of MWCNTs samples irradiated at 514 nm taken at increasing laser power from 1 to
100%·10 mW (a) and decreasing laser power from 100 to 1%·10 mW (b)



tively located at 1351 and 1588 cm–1. This result
shows that heating the nanotubes does not destroy
them which confirms the spectroscopic analysis if,
of course, Raman changes under laser irradiation
are induced by heating effects.
Raman spectra were also taken at the same spot on
SBR/MWCNTs composites for different laser power
densities going from low to higher power densities.
But for each sample, several experiments at differ-
ent spots were performed in order to confirm the
results. Features of interest are the positions of the
D and G bands that downshift, as for non-embedded
MWCNTs (Figure 6), with increasing laser power

and the laser-induced frequency shifts are reversible.
More surprising is the fact that above a given laser
power (10 mW·25% in the spectra of the SBR/5 phr
MWCNTs represented Figure 7a), the intensity of
the D band becomes lower than that of the G band.
The D band remains less intense than the G band
upon further increase of the laser power and also
after progressive decrease of the laser power from
the highest value (Figure 7b). This can be visual-
ized by looking at the dependence of the ID/IG ratio
on the laser power represented in Figure 8. ID/IG
decreases rapidly with increasing laser power but
remains almost unchanged in the subsequent
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Figure 6. Laser power dependences of the D (a) and G (b) bands of MWCNTs

Figure 7. Raman spectra of the SBR/5 phr MWCNTs composite irradiated at 514.5 nm taken at increasing (a) and decreas-
ing (b) laser power [10 mW·%]



increase. In contrast, ID/IG is almost unchanged in
the decreasing laser power cycle. This result is quite
similar to that obtained by Zhang et al. [19] in a
study devoted to the effects of intense laser irradia-
tion on Raman intensity features of SWCNTs. As
the ID/IG ratio reflects the degree of disorder, the
authors conclude that the irreversible change in
intensity resulting from intense laser irradiation
originates from sample purification. But why the
change in intensity of the D band only occurs in the
MWCNT composites and not in non-embedded
MWCNTs?
We think that overheating effects due to laser irradi-
ation are probably more important in the compos-
ites on account of the low thermal conductivity of
the surrounding matrix. Despite the high thermal
conductivity of individual nanotubes – around
6000 W/(m·K) for SWCNTs) and around
3000 W/(m·K) for MWCNTs [32], the SBR matrix
can be considered as a thermal insulator since its
thermal conductivity, around 0.120 W/(m·K), is
only enhanced by 70% by addition of 10 phr of
MWCNTs. So the heat generated by light illumina-
tion is not dissipated resulting in high temperature
increase of nanotube and purification.

4. Conclusions
In this work, Raman spectroscopy has proved to be
a convenient and useful method for carbon nan-
otube characterization. Nevertheless local increase
of the sample temperature due to laser irradiation

may cause irreversible changes in the Raman spec-
tra making difficult the correct spectra acquisition
and interpretation.
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