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Dept. of Engineering Sciences and Mathematics
Lule̊a University of Technology

Lule̊a, Sweden



Printed by Luleå University of Technology, Graphic Production 2014

ISSN 1402-1544  
ISBN 978-91-7583-203-6 (print)
ISBN 978-91-7583-204-3 (pdf)

Luleå 2014

www.ltu.se



“The evil that is in the world always comes of ignorance, and good intentions may do as
much harm as malevolence, if they lack understanding.”

Albert Camus
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Abstract

Carbon nanotubes (CNTs) have attracted an immense attention of the research commu-
nity since reporting on this system by S. Ijima in 1991. A “single-walled” CNT (SWCNT)
can be considered as a rolled-up single-layer graphene - a one atom-thick layer of carbon
atoms arranged in a hexagonal lattice. This cylindrical object being just about 1 nm in
diameter and up to a few centimeters long can be considered as a quasi-one-dimensional
system. Several nanotubes “inserted” one into another build a so-called multi-walled
CNT. CNTs exhibit outstanding mechanical, thermal and electronic properties which
make this material a promising candidate for numerous applications - reinforced com-
posite materials, nano-electronics, molecular sensors and drug delivery systems to name
just a few. CNTs possess tensile strength 10 and 5 times higher than that of steel and
Kevlar, respectively, that creates a great prospective for their use as reinforcing units in
materials subjected to high-impact dynamic loads/stress (bullet-proof jackets, for exam-
ple). Nonetheless, to date there are no reports on experimental study of CNTs behavior
at extreme dynamic loads which may substantiate such prospective. In addition, several
theoretical predictions indicate a possibility of CNTs transformation into new structural
forms at extreme pressures. The goal of this work is a systematic study of structural
properties and exploration possibility of synthesis of new materials from CNTs under
extreme pressures/stress.
In a set of experiments purified SWCNTs were subjected to high dynamic (shock) pres-
sures up to 52 GPa. Recovered from each pressure step sample was characterized by High
Resolution Transmission Electron Microscopy (HRTEM) and Raman spectroscopy. We
observed a gradual increase of defects concentration on the CNT surface with pressure
along with shortening and “un-zipping” of the tubes and an onset of the complete CNT
destruction at 26 GPa shock which sets-up a limit for certain practical applications of
this kind of material. Further increase of the dynamic load to 35 and 52 GPa led to CNT
transformation into a mixture of disordered sp2/sp3- bonded carbon atoms with nano-
sized graphene clusters. No CNT polymerization or coalescence was observed contrary
to some theoretical predictions. For comparison, we conducted a separate experiment on
the same CNT material under static compression up to 36 GPa in a diamond anvil cell
(DAC). The system evolution was monitored in-situ during the high-pressure run using
Raman spectroscopy. Examination of the material recovered from high pressure revealed
that certain fraction of the CNTs survived exposure to 36 GPa though similar damages
were introduced to the nanotubes as in the shock experiments evidenced by the Raman
spectra. This result testifies a substantial difference in the processes of CNT destruction
by dynamic vs static compression. A separate set of experiments in DACs was aimed at
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in-situ monitoring of the Raman spectra (in particular G-band) during pressure evolution
and establishing the level of static pressure which causes a complete destruction of SWC-
NTs from the same batch as used in similar experiments at the dynamic compression.
Pressure dependence of G-band, G(p), exhibited several peculiarities at approximately
15, 45 and 60 GPa which we associate with collapse of large (1.2 nm) and small (∼1 nm)
diameter CNTs, and an onset of nanotubes transformation to a new phase respectively.
Raman spectra of the sample recovered after 58 GPa static compression exhibit no RBM
signal, large G-band broadening and high D/G peak intensity ratio that testifies for CNT
destruction. Pressure increase to 100 GPa resulted in a substantial altering of Raman
spectrum of the recovered sample - appearance of characteristic features of highly disor-
dered sp2-and sp3-bonded carbons which may stem from interlinked nano-sized graphene
clusters. Change of CNTs structure results in the altering of their electronic properties
thus structure evolution of the CNTs with pressure may be followed by monitoring elec-
trical resistance change with pressure. In a series of experiments we conducted in-situ
electrical resistance (R) measurements of the SWCNTs under static pressures up to 45
GPa (temperature range 293 - 395 K) in a conductive DAC. Isobaric temperature depen-
dence of the resistance indicated that the nanotube sample is comprised predominantly
of semiconducting CNTs. A set of anomalies observed in R(p) at room temperature we
interpret as a sequential, diameter-dependent collapse of the CNTs. Raman characteri-
zation of the samples after the pressure cycling confirmed reversibility of these structural
transitions for at least certain CNT species accompanied by a substantial increase of
CNT defects density. No indication of nanotubes polymerization was observed.
Although thermal conductivity of individual CNTs is excellent (5 times better than that
of copper) heat conduction becomes far less efficient in “conventional” system, i.e. when
the tubes form bundles/ropes which may lead to a risk of CNT destruction by overheat-
ing. Therefore probing CNTs response to extreme heat (temperature) is important both
for testing capabilities of the nanotube material and developing methods of its proper
characterization. We followed temporal evolution of the Raman spectra of bundled SWC-
NTs exposed to high laser irradiance in both air and argon atmosphere. Temperature
threshold for CNT destruction in air appeared to be lower than that in Ar, the fact
indicating importance of the CNTs oxidation for their structural integrity. We show
that primary damage occurs in resonant with excitation laser CNTs which act as photon
energy absorbers. We show that smaller diameter and metallic nanotubes are less sta-
ble to high irradiance/heat flux than their large diameter/semiconducting counterparts.
Remarkably, some small diameter, non-resonant CNTs were destroyed indirectly, i.e. via
overheating induced by neighbor CNTs in resonance (photon absorbers). We demon-
strate the importance of laser heating effects on Raman characterization of nanotubes.
Even though carbon nanotubes exhibit susceptibility to extreme pressure/stress and high
laser irradiance/overheating their potential for use in very demanding applications is not
yet challenged: for example SWCNT destruction under dynamic compression occurs at
pressure exceeding 20 times the typical threshold levels in ballistic impact. Cold com-
pression of nanotubes also opens up perspectives of synthesis of new carbon phases with
superior mechanical properties.
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Introduction and Motivation

Carbon has been known to mankind for centuries, in the form of graphite and diamond,
yet it surprised the scientific community when fullerenes were discovered in 1985 and
the emergence of carbon nanotubes followed in 1991. Studies of graphene concluded
these series of breakthroughs in 2004. The fact that two Nobel Prizes (in Chemistry to
Sir. H. Kroto, R. Curl and R. Smalley in 1996 “for their discovery of fullerenes” and in
Physics to A. Geim and K. Novoselov in 2010 for their “for groundbreaking experiments
regarding the two-dimensional material graphene”) were awarded for investigations on
these intrinsically nanostructured materials demonstrated how important they could be
in the future because of truly outstanding properties they exhibit: an elastic modulus of
∼1 TPa, tensile strength of ∼50 GPa, thermal conductivity of ∼3500 W·m−1·K−1, and
an electric current density limit of ∼4·109A/cm2 to name just a few. Nevertheless the
behavior of this material under extreme conditions, such as ultra-high static or dynamic
pressure when structural integrity CNTs is being challenged, remains to a large extent
unknown. Similarly, nanotubes destruction can be caused by extreme heat and/or irradi-
ation fluxes. Even though the latter effects have been extensively studied experimentally
a number of principal questions such as influence of environment and photon energy on
structural stability of CNTs under laser irradiation, temperature threshold for CNT de-
struction remain unanswered.

Therefore focus of this work has been put on carbon nanotubes study under extreme
conditions of high laser irradiance/temperature and ultra-high load (pressure/stress) with
the following objectives:

• to investigate the electronic properties and to probe structural stability and in-
tegrity limits of the material at such conditions

• synthesis of new carbon materials under high pressure from nanotubes that may
exhibit such outstanding properties as ultra-hardness (exceeding that diamond)
similarly to nanostructured forms of carbon synthesized from fullerenes at high
pressures and temperatures

• to study influence of (gas) environment on structural integrity of CNTs at high
laser irradiance

• to verify the feasibility of ablating and etching of CNTs via laser heating and to
specify an efficient way of selective CNT ablation for separation of metallic and
semiconducting nanotubes for electronic devices.
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Chapter 1

Introduction to Carbon nanotubes

“Research can be undertaken in any kind of
environment, as long as you have the interest. I

believe that true education means fostering the
ability to be interested in something.”

Sumio Ijima

1.1 “Classical” structures of carbon

1.1.1 Graphite

Graphite is the carbon phase thermodynamically stable at ambient pressure and tem-
perature. In its crystallized form, it displays a laminar structure. It is composed of a
stack of layers called graphene. Each graphene plane is constituted of a 2D hexagonal
lattice of carbon atoms with a carbon-carbon bond length of 0.142 nm (in-plane lattice
parameter 0.246 nm). In a graphene plane, the orbitals of carbon atoms are sp2 hy-
bridized and form covalent bonding of the atoms. The energy of these bonds is high,
about 310 kJ/mol (0.32 eV/atom). Graphene plane itself can be considered as a material
and possessing astonishing properties, which makes it a strong candidate for development
of nano-electronics for example. The Nobel Prize in Physics 2010 was awarded jointly
to Andre Geim and Konstantin Novoselov “for groundbreaking experiments regarding
the two-dimensional material graphene” [1]. To obtain an hexagonal graphite crystal
(space group: Fmmm), planes of graphene should be stacked (ABA type stacking) with
an inter-plane distance of approximately 0.335 nm (see figure 1.1. Interplanar bonds are
of van der Walls type, which explains the existence of cleavage planes and are responsible
for the relative fragility of a pencil core for example. If the stacking is of ABC-type,
rhombohedral graphite is obtained. It is a metastable phase of the hexagonal form. If
the stacking is disordered, the interplanar distance increases up to 0.344 nm and the
material is called turbostratic graphite. It is also possible to obtain a hexagonal-type
graphite close to a single crystal by decomposition of carbonaceous gas followed by crys-
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4 Introduction to Carbon nanotubes

0.142 nm

covalent bond

graphene layer}
Figure 1.1: Crystalline structure of graphite. Each carbon atom possesses three neighbour atoms
situated in the same graphene plane. Bonding is sp2 hybridized.

tal growth/annealing under pressure [2]. This special form of graphite is referred to as
Highly Oriented Pyrolitic Graphite (HOPG).

1.1.2 Diamond

Diamond has fascinated mankind for centuries. It has been associated to beauty and
eternity. Diamond is a crystalline form of carbon with face-centered cubic Bravais lattice
(Fd3m space group). The lattice parameter is 0.356 nm and the carbon-carbon distance
of 0.154 nm, (see figure 1.2. In such structure carbon atoms are tetravalent and their
hybridization is sp3. From an electric point of view, diamond is an insulator but a strong
heat conducting material with a thermal conductivity between 2200 and 3320 W·m−1K−1.
It is transparent, its gap between valence and conduction bands being situated in UV
range (5.45 eV) [3]. Diamond possesses the highest hardness among all materials, which
makes it an excellent abrasive material used massively in industry. The special properties
exemplified above are a consequence of strong cohesion and high binding energy between
carbon atoms (360 kJ/mol).
As it has been stated previously, the thermodynamically stable phase of carbon at ambi-
ent pressure and temperature is graphite. Diamond is thus only a metastable phase that
will eventually transform in graphite. However, the kinetic of this process is so long that
the conversion of diamond into graphite at ambient conditions is negligible.
It is noted that another non-cubic form of diamond exists, it is a hexagonal-form (P63/mmc
space group) which is called lonsdaleite. It was discovered in 1967 in a meteorite crater in
Arizona (U.S.A). This form of diamond is extremely rare and is found as small-size crys-
tals originating from meteorites or synthesized under particular conditions of pressure
and temperature.
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0.356 nm

Figure 1.2: Component of a unit cell of diamond. Each carbon atom possesses four neighbours
atoms. Bonding is sp3 hybridized.

1.2 Novel structures of carbon

1.2.1 Fullerenes

Fullerenes was first synthesized and identified by Kroto, Smalley and Curl in 1985 [4],
who have been awarded Nobel prize of Chemistry in 1996 for their studies of this novel
material. The primal goal of their work was to determine the nature of carbon ‘clusters
present in interstellar space.
It has been stated previously that a graphene plane constitutes a perfect 2D material of
hexagons of carbon atoms. If defects are introduced in this plane, for example a pentagon
in the hexagonal lattice, the planarity of the graphene layer can be impaired and a curve
is induced as shown in figure 1.3. By increasing the number of pentagons in lattice, a
closed structure can be formed. Nonetheless, a geometrical rule should be respected:
to obtain such structure there must be 12 pentagons for any number of hexagons, see
figure 1.4. This is because Euler-Poincaré characteristic of a polyhedron is equal to 2.
These geometrically possible structures emerged in real world when Kroto, Curl and
Smalley were trying to simulate thermodynamic conditions of the formation of carbona-
ceous species inside giant stars [4]. They vaporized a graphite target in an hot plasma.
The mass spectroscopy analysis of formed products showed a large quantity of carbon
fragments made of few tenth to few hundredth of atoms. However, an especially a high
number of aggregates composed of exactly 60 carbon atoms was observed. They postu-
lated quickly that this cluster was a molecular closed cage C60. Kroto, Smalley and Curl
were awarded the Nobel Prize in Chemistry in 1996 for this work. This kind of molecule
were first named buckminsterfullerenes, a tribute to the architect Buckminster-Fuller
whose geodesic domes resemble C60. Other similar molecules were identified. Nowadays
the word fullerene also refers to all carbonaceous cage molecules such as C70, C76, C78,
C82, etc.
In 1990, Krätschmer developped a large-scale process to synthesize fullerenes by sublima-
tion of a graphite electrode using an electric arc [5]. The process is thus called synthesis
by electric arc-discharge.
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pentagon

Figure 1.3: Effect of a defect on a graphene plane. The presence of a pentagon induces a
curvature in the graphene plane.

1.2.2 Carbon nanotubes

Since the first study in 1991 [6], carbon nanotubes (CNTs) have attracted great attention
in both fundamental and applied research fields. CNT is in a cylindrical form, it can be
seen as a rolled plane of graphene. Its diameter is in nanometric scale while its length can
be of several centimeters [7], which leads to a length/diameter ratio of more than 107.
CNTs have unique properties. For example, their Young’s modulus can reach 1 TPa [8].
The maximum current density in CNTs is 10 µA/n2, being 1000 times higher than that
in copper [9], which may open new perspectives in the field of electrical transport.
CNTs can be characterized by the chirality which influences strongly their properties.
More efforts have been putting to study the unique properties of CNTs for their de-
velopment in new applications such as drug delivery or nano-electronics. However,the
implementation of CNTs into real products is difficult due to their complex structure.
For instance,the small diameter of CNTs makes them hard to study and manipulate
since few instruments are capable to perform accurate measurements or operations on
such small objects.
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Figure 1.4: Sketch of a C60 molecule on left panel and on right panel ”unrolled” C60 where the
12 pentagons necessary to the respect of Euler’s are numbered

Structure of CNTs

A CNT consists of one or several planes of graphene rolled into the shape of a cylin-
der. The nanotubes having only one rolled plane of graphene are named as single-walled
carbon nanotubes (SWCNTs), and those having two planes, double-walled carbon nan-
otubes (DWCNTs). Analogously, multi-walled carbon nanotubes (MWCNTs) for those
having more graphene planes.
The rolling of the graphene sheet can be defined by the angle of helicity, θ, and the di-

ameter of the tube. In addition one can use the chiral vector
−→
Ch (defined in equation 1.1)

by integers (n,m) called the chiral indices. They are a linear combination of the unit
vectors −→a1 and −→a2 in the Bravais lattice of graphene (figure 1.5).

−→
Ch = n−→a1 +m−→a2 (1.1)

The chiral angle and chiral indices be related by the following equations:

θ = arctan(
m
√

3

2n+m
) (1.2)

In addition, the diameter of the tube dt is directly linked to the chiral vector and indices:

d =
|
−→
Ch|
π

(1.3)
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A

O

B

B’

a1

a2

T

Ch

θ

armchair

zigzag

chiral

a) b)

Figure 1.5: a) Schematic view of hexagonal lattice of graphene.
−→
T vector is defined by the

distance (OB) and
−→
Ch vector is defined by the distance (OA). b) Illustration of armchair,

zigzag and chiral nanotubes. Adapted from [10]

d = a0

√
m2 +mn+ n2

π
(1.4)

where a0 = |−→a1 | = |−→a2 | = 0.249 nm

Figure 1.5 shows the different possibilities of folding the tubes:

• zigzag with chiral indexes (n,0) and chiral angle θ = 0◦

• armchair with chiral indexes (n,n) and chiral angle θ = 30◦

• chiral with chiral indexes (n,m) and n 6= m, and chiral angle 0◦ < θ < 30◦

The elemental lattice of a nanotube is the construction block which is reproduced on a
very large distance compared to the diameter of the tube. The length of the translation

vector
−→
T (as indicated in figure 1.5) gives the length of the lattice in the axis of the tube.

−→
T is defined by the distance (OB) in the direction perpendicular to

−→
Ch:

−→
T =

−2m+ n

bR
−→a1 +

2n+m

bR
−→a2 (1.5)

where bR is greatest common divisor of 2n+m and 2m+ n [10].
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Brillouin’s zone and electronic structure

As indicated in the previous section the chirality defined the structure of the CNTs in an
unique way. The diversity of structures leads to distinct electronic properties of the CNTs
which therefore also depends on the chirality. In order to understand this influence, one
should define first the Brillouin’s zone of the CNTs. It results from the Brillouin’s zone
of graphene as shown on figure 1.6. The application of periodic boundary conditions to

the
−→
Ch direction results in a quantification of the wave vector associated to this direction.

However, the wave vector in the
−→
T direction is continuous, because CNT is assumed to

have an infinite length.
−→
K1 and

−→
K2 are vectors of the reciprocal lattice of the CNT,

parallel and perpendicular to the axis of the nanotube, respectively:

−→
K1 ·
−→
T = 0 (1.6)

−→
K1 ·
−→
Ch = 2π (1.7)

−→
K2 ·
−→
T = 2π (1.8)

−→
K2 ·
−→
Ch = 0 (1.9)

−→
K1 and

−→
K2 can thus be deduced as:

−→
K1 =

2n+m

NbR

−→
b1 +

2m+ n

NbR

−→
b2 (1.10)

−→
K2 = −m

N

−→
b1 +

n

N

−→
b2 (1.11)

Taking the wave vector values in
−→
K1-direction as discrete while in

−→
K2-direction as contin-

uous, we obtained parallel lines in the Brillouin’s zone of the CNT (see figure 1.6). When
these lines go through the K-point of the reciprocal lattice of graphene, the CNTs are
metallic, corresponding to the crossing of energy band π and π∗ at the Fermi level, which
creates a null energy gap (see figure 1.7). The chiral indices (n,m) of metallic tubes are
such that mod[2n + m,3]= 3. When the lines do not going through the K-point, the
nanotubes are semi-conducting. The chiral indices of semi-conducting tubes are such
that mod[2n + m,3]= 1or2 for type I and type II, respectively. The position of K-point

is (
−→
b1 −

−→
b2 )/3, which explains that only one third of CNTs are metallic [12].

Figure 1.8 displays the density of electronic states for a (9,0) metallic CNT and a (10,0)
semi-conducting CNT, resulting from tight-binding calculations [13]. It is noted that
the density of states (DOS) is non-null at the Fermi level for the (9,0) metallic CNT
whereas there is a gap for the semi-conductor (10,0) CNT. Peaks of densities are called
van Hove singularities. Each chirality of CNT leads to a particular distribution of van
Hove singularities.
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Figure 1.8: Density of states in a a) (10,0) semi-conducting CNT and b) (9,0) metallic CNT.
Dotted line is the density of states in graphene. Adapted from [13]

Optical properties

Selection rules for electronic transitions in CNTs dictate that only few optical transitions
are allowed by the symmetry of the system. Indeed, the possible transitions standing
between the electronic states display the same Van Hove singularities for the conduction
band and the valence band. For example, the transition from c1 to v1 (see figure 1.8),
called E11, is allowed following the rule stating that only Eii transitions are allowed when
the polarization is with respect to the direction of the axis of the tube. Other transi-
tions, like E31 or E24, are not allowed in the case of this polarization. Another rule
stands for transverse polarization but those transitions are very weak since there is a
strong anisotropy of the polarization related to the axis of the CNT [14]. By calculating
energies of allowed transitions in CNTs with all chiralities, a Kataura plot can be ob-
tained [15], as displayed in figure 1.9. This plot helps to distinguish several important
features. Transition energies are usually inversely proportional to the CNT diameter. It is
also noticed that groups of transition energies form distinct groups of aligned points. One
category includes groups of tubes with (2n+m)= constant, which have similar diameters
but different chiralities. The other category includes groups of tubes with (n−m) = con-
stant. There are also groups of tubes with mod[2n+m, 3] = 0, 1 or 2 for metallic, type I
and type II semi-conducting tubes, respectively. These with mod[2n+m, 3] = 1 and with
mod[2n + m, 3] = 2 form subgroups of transition groups Eii, one being inferior and the
other superior. They alternate from one transition to the other, i.e. if (n−m)mod3 = 1
is an inferior subgroup of Eii transition, it will be superior subgroup of Ei+1,i+1 transition
(see figure 1.9). In order to make Kataura plot a useful tool for comparing experimental
measurements and theoretical calculations, it is necessary to correct calculated transition
energy. From an experimental point of view, a slight change of transition energy can be
observed with a change of environmental dielectric constant [16].
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Chapter 2

Characterization techniques

“Look at the resplendent colours on the soap bubbles!
Why is the sea blue?

What makes diamond glitter!
What makes Hubli So Special

Ask the right questions, and nature will open the
doors to her secrets”

Sir Chandrasekhara Venkata Raman

2.1 Raman spectroscopy

The Raman effect was discovered in 1928 by Raman and Krishnan during the study of the
light scattering phenomena in liquids [18] and by Landsberg and Mandelstam in analogous
studies of solids [19]. Raman was awarded the Nobel Prize in Physics in 1930. This effect
is defined by a frequency shift in the spectrum of of monochromatic light scattered by a
sample. Raman spectrum is a low intensity spectrum, which is hardly visible compared
to the scattered light spectrum without frequency change. It is a characteristic for each
studied sample and is linked to vibrations of the atoms constituting the observed sample.
Raman spectroscopy, with infrared spectroscopy and inelastic neutron scattering, is one
of the techniques probing vibrational properties of materials. It allows a qualitative and
quantitative (or semi-quantitative) characterization of samples.

2.1.1 Principles

In order to observe the Raman effect, a material is irradiated by a monochromatic light,
which is an electromagnetic radiation with a defined frequency. This radiation is called
excitation radiation and comes usually from a laser source. A fraction of photons consti-
tuting this radiation is reflected or absorbed. When the molecule is excited to a virtual
state then goes down to a real state, photons scattered in all directions of space. Most
of the scattered photons have the same frequency ν0 as the excitation radiation. This

13
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phenomena of scattering without a change of frequency is the Rayleigh scattering (fig-
ure 2.1). For less than 1/1000 of scattered photons, a change of frequency is observed and
it corresponds to the Raman effect. Considering νs the frequency of scattered photons
scattered, two cases can occur:

• νs < ν0 ⇒ νs = ν0 − νv leads to Raman Stokes scattering

• νs > ν0 ⇒ νs = ν0 + νv leads to Raman anti-Stokes scattering

In both cases, frequency shifts νv are equal to frequencies of Raman active vibrations of
the considered molecule. Raman spectrum contains different information that should be
presented for the convenience of users. Each peak or band can be characterized by:

• its position in the spectrum, which can be related to the frequency of a vibration
mode.

• its intensity, dependant of the number of diffusing molecules and of the considered
vibration mode

• its polarization state, which gives information about the symmetry of the corre-
sponding mode

• its profile, which allows the study of movements or interactions in condensed phases
or some determinations of temperature in gaseous phases

It is common to use, instead of the frequency, the wavenumber that is proportional to
the frequency following the equation 2.1:

ν =
ν

c
=

1

λ
(2.1)

where c is the celerity of light (3108 m·s−1) and λ the wavelength of the radiation
The conventional unit of the wavenumber used in studies using vibrational spectroscopy
is cm−1

Instead of using their absolute wavenumber νd = ν0 ± νv to characterize Raman peaks,
the number νv, which characterized the molecule and is independent of the excitation
frequency ν0, is preferred. It is this number which is called relative wavenumber, that is
equal to the shift of wavenumbers (in cm−1) between the Raman peak and the Rayleigh
peak, see figure 2.2.

2.1.2 Raman spectroscopy of CNTs

Raman scattering is a very weak effect but it can be enhanced by a factor of approxi-
mately 106 when it is in resonance. Resonance is attained when the excitation energy
matches an actual electronic energy state in contrast to the virtual energy state. CNTs
with different chiralities have different electronic transition energies. Consequently the
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only visible CNTs in Raman spectrum are those with electronic transition energies that
match the excitation energy. One can thus use the Kataura plot, as previously shown in
figure 1.9, to know what CNT species will be resonant with a given excitation energy.
The circumstances under which a CNT is in resonance are called resonance conditions.
Raman spectroscopy is widely used to characterize nanotubes because of several advan-
tages: 1) preparation of samples is simple (raw tubes gathered in powder gives good
signal in Raman spectroscopy even if individualized tubes can give more information);
2) it can be used to observe both metallic and semi-conducting tubes, contrary to other
methods like photoluminescence which can be utilized only for semi-conducting tubes
under certain conditions.
Several features can be distinguished in the Raman spectrum of nanotube. At low fre-
quencies (100-300 cm−1) the radial breathing mode (RBM) which corresponds to radial
vibrations (expansion-contraction of the tube) appears at different frequencies depending
directly on the diameter of the tube. The smaller the diameter of the tube, the higher
the frequency of RBM [20]. Tangential modes are also Raman active and are very useful
to characterize nanotubes. These modes appear between 1500 cm−1 and 1600 cm−1 and
are called G-band. In CNTs, this band is split into G+ and G− which correspond respec-
tively to longitudinal optical (LO) phonon in the axis of the tube, and transversal optical
(TO) phonon along the circumference of the tube. The frequency and intensity of these
modes are highly dependent on the diameter and chirality of the nanotube [21]. There
is an empiric equation which links Raman frequencies of G-band modes to the diameter
of the nanotube:

ω = ω0 +
β

dnt
(2.2)

where β and n are coefficients determined empirically. ω0 represents the frequency of
modes in graphite, which is also adjusted experimentally and does not correspond always
to the value of graphite frequencies because this would correspond only to an infinite
tube diameter dt.
The same formula can be applied for RBM or other bands by changing coefficients. In
general, if the nanotube is very small, its phonons energy is more different than the one
of graphite. Table 2.1 displays the coefficients values found in literature.

If one uses formula 2.2 in the case of G− band, the diameter of CNTs can be calculated
following equation 2.3:

dtM =

√
79.5

1591− ωtM
or dtSC

=

√
45.7

1591− ωtSC

(2.3)

Nonetheless, a better accuracy is obtained when calculating the diameter of each tube
from their RBM frequencies, which depend less on chiral angle (β) than G−:

dt =
248

ωt
(2.4)
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Mode ω0 frequency (cm−1) n exponent β coefficient of diameter (cm−1·nm)

RBM 0 1 248

D 1356 1 -16.5

G+ 1591 0 0

G− 1591 2 SC: -45.7; M: -79.5

Table 2.1: Empirical values of parameters for the equation 2.2 for RBM, D and G bands mea-
sured in SWCNTs [20, 22–24]. SC stands for semi-conducting and M for metallic.

The shape of G− band gives a good indication of the electronic nature of the nanotube.
In the case of metallic nanotubes, G− band has a lower frequency and is asymmetrical.
Even if associated to an anomaly of Khon [21], this band can be fitted with a Breit-
Wigner-Fano (BWF) following equation 2.5:

Iω = I0
(1 + (ω − ωBWF )/qΓ)2

1 + ((ω − ωBWF )/qΓ)2
(2.5)

where q is linked to the asymmetry while ωBWF , I0 and Γ represent BWF centre fre-
quency, intensity and width, respectively. This anomaly appears only when electronic
density is not null at Fermi level which only happens in of metallic nanotube [21]. Broad
width comes from interaction between TO phonons and continuous background of the
density of states of metallic nanotubes. Then, one can easily identify a metallic nanotube
if Raman spectrum displays this BWF shape for G−.
Not all phonon modes can interact with an exciton created by the photon absorbed in
the CNT. To discuss selection rules for first order Raman resonances, we consider the
general case of a chiral SWCNT in a coordinates system where Y is the direction of prop-
agation of the photon, Z is parallel to the axis of the nanotube and X is perpendicular
to it. By using the approximation of a dipole, selection rules of optical transitions in a
SWCNT are given by Eυ

µ → Ec
µ′ , where µ′ = µ indicates transitions allowed for polarized

photons with respect to Z and µ′ = µ±1 for polarized photons with respect to X [25]. In
the process of electron-phonon interaction, the phonon can scatter the electron from one
Brillouin’s zone to another. For phonons at the Γ point, ~q = m ~K1, with ~q the wavevector
of the phonon and m an integer. For the A-symmetry of phonon mode, m = 0 and for
Ej-symmetry of phonon mode, m = j. By combining processes of interaction, incident
photon - electron, electron - phonon and electron - scattered photon, we obtain the pos-
sible Raman processes:
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Eυ
µ

‖→ Ec
µ

A(ZZ)→ Ec
µ

‖→ Eυ
µ′ (2.6)

Eυ
µ
⊥→ Ec

µ±1
A(XX)→ Ec

µ±1
⊥→ Eυ

µ′ (2.7)

Eυ
µ

‖→ Ec
µ

E1(ZX)→ Ec
µ±1

‖→ Eυ
µ′ (2.8)

Eυ
µ
⊥→ Ec

µ±1
E1(XZ)→ Ec

µ

‖→ Eυ
µ′ (2.9)

Eυ
µ
⊥→ Ec

µ±1
E2(XX)→ Ec

µ±1
⊥→ Eυ

µ′ (2.10)

where two letters between brackets refer respectively to the incident and scattered polar-
ization. A mode can not be detected in configurations of polarization (ZZ) and (XX), the
E1 mode is detectable in configurations (XZ) and (ZX) and the E2 mode can be observed
in configuration (XX) [25]. These multiples G-modes (up to 6 modes) are not frequently
observed in literature [25–27], because specific experimental conditions seem necessary.
These modes are not all visible in general measurements which probe all configurations of
polarization by the nature of the measurement, since the transversal modes of polariza-
tion are weak. Suppression of transversal modes comes from depolarization (often called
“antenna effect” [21]). In static approximation for a cylinder of infinite length, there are

no charges induced by an electrical field with respect to Z-axis, so electric field ~E‖ is

equal to external field ~E. On the other hand, A field with respect to X or Y direction
induces charges on the cylinder faces. The resulting vector of polarization opposes the
external field ~E and reduces the electric field ~E⊥ [28]. The screened polarizability per
unit of length of nanotube in the perpendicular direction is described by:

α⊥(ω) =
α0,⊥(ω)

1 + 8 · α0,⊥(ω)/d2
(2.11)

where dt is the diameter of CNT and α0,⊥ is the non-screened polarizability [28]. This
explains why transversal modes of large nanotubes are more likely to be detected.
Some other modes of superior order exist. D-band appears between 1310 cm−1 and 1350
cm−1 and is very useful to characterize CNTs because its intensity is linked to the quan-
tity of defects in the nanotube. In fact this band is only visible when there is a break of
symmetry in the sp2-bonding of the hexagonal lattice of carbon atoms [29]. This band
appears in presence of amorphous carbon as well. In order to compare quantity of defects
in different CNTs samples, one can measure the D and G bands intensities ratio (ID/IG).
In the same way, 2D band (around 2650-2700 cm−1) is a second order mode (Raman
process implying two phonons). For armchair CNTs, this band possesses only one peak
but it doubles for other tubes and its energy increases when chiral angle θ diminishes.
This effect comes from the trigonal deformation of the network by the rolling of the tube
on itself [30].
Weaker bands forming the intermediate frequencies modes IFM (from 700 cm−1 to 1000
cm−1), and the M-band at around 1730 cm−1(linked to out of plane transverse optical
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phonons) are of second order and not studied often due to their very weak intensities.

2.2 Transmission Electronic Microscopy

2.2.1 Introduction

Transmission Electronic Microscopy (TEM) is a technic of microscopy based on the
diffraction of electrons which can have a magnification of 5 millions times. TEM principle
was used in 1931 by Max Knoll and Ernst Ruska to build first the TEM microscopes [31].
Ruska was awarded the Nobel Prize in Physics in 1986 for this work. If a sample with
low thickness is placed under a coherent electrons beam, the diffraction pattern in the
focal point of the objective can be observed. With another magnetic lens the Fourier-
Transform of this diffraction pattern leads to image of the sample.

2.2.2 Principles

There is analogy between TEM and classical light microscopy, the main difference is
the beam (wavelength) used (electrons for TEM, photons for optical microscopy). TEM
uses a system of magnetic lenses that allows to deviate or focus the electrons beam on a
very thin sample. The image (diffraction pattern) obtained can be seen on a fluorescent
screen, recorded on a photographic plate or detected by a CCD camera. TEM microscope
possesses two functions: an imaging mode and a diffraction mode. In imaging mode, the
beam of electrons goes through the sample. Depending on its thickness, density or
chemical nature a image of the irradiated area can be observed in transmission mode.
TEM is particularly important for research in biology to observe cells or thin slices
of organs. The diffraction mode uses the wave behaviour of the electrons (de Broglie
waves). When electrons meet ordered matter (crystals), they are scattered depending on
the atomic structure of the matter. Electron beam is thus scattered in several diffracted
beams which are recombined to form a diffraction image through magnetic lenses [32]
(see figure 2.3). The electron wave length defines spatial resolution of the TEM image.
A conventional Transmission Electron Microscope (TEM) is composed of:

• an electron gun composed of an electron source, a focusing system and an electron
accelerator

• an optical column containing magnetic lenses and diaphragms

• a sample holder

• an image recording system
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Figure 2.3: Sketch of the principle used in TEM

2.2.3 TEM of carbon nanotubes

The remarkable capabilities of TEM make observation field from microns to angströms
possible, which is very useful for the study of CNTs. For example, one can count the
number of wall in a multi-wall carbon nanotubes (MWCNTs), observe the structure of a
single-wall CNT (SWCNTs) after purification by oxidation or count the number of tubes
in a bundle, see figure 2.4 [33]. Electronic diffraction is also a strong tool allowing the
study of distribution of chiralities in a SWCNTs bundle. Some TEM studies has revealed
for example that no specific chirality dominates in bundles of arc-discharge CNTs [34].
TEM images also revealed also the structural damaging induced by dynamic pressure in
double-wall CNTs (DWCNTs) [35].
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10 nm

Figure 2.4: TEM image of a CNTs bundle in transversal cut [33]
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Chapter 3

Laser heating of carbon nanotubes

“Regardless of the prophetic value of Diracâs
description [on interference] his was probably the

first discussion... including a coherent beam of light.
In other words, Dirac wrote the first chapter in laser

optics.”

Francisco Javier Duarte

3.1 Introduction and motivation

As mentioned in chapter 2, Raman spectroscopy is a very powerful tool to study CNTs
in general and especially in high pressure experiments when coupled with a diamond
anvil cell for example. Although it is usually considered as a non-destructive technique,
one has to be careful since this characterization technique requests the use of a laser
source. If the power density of the source of irradiance becomes too high to be absorbed
or dissipated by the sample, destruction of the sample can occur. This is why under-
standing the mechanisms involved in the laser overheating in CNTs is of first interest.
Full understanding of overheating helps to detect and avoid such negative effect in ex-
periments. On the other hand, it is also interesting to probe the structural stability
of CNTs at high temperatures and compare the results with those obtained under high
pressure. From a more general point of view, there is a need for understanding heating
phenomena occurring in CNT bundles since this bundle state of tubes is the typical state
of CNTs when they are used in electronic units and composites for example. There is also
a possible difference between metallic and semi-conducting CNTs when responding to ex-
treme temperature and may be used for material purification. By knowing how different
species of CNTs behave under high temperature, we can use laser heating as a useful
technique to select and maintain one of the CNT species for specific purpose/applications.

23
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3.2 Thermal properties of CNTs

Thermal conductivity (κ) measured in a single CNT growing across a trench has a value
in the range of 2400-3500 W · m−1 · K−1 [36, 37], similar to κ of diamond (2200-3320
W · m−1 · K−1). Other theoretical and experimental studies on thermal conductivity
of indidivdual SWCNTs are exemplified in Table 3.1. However, if CNTs are in form
of bundles, the thermal conductivity decreases dramatically. A study on small bundles
containing 4-5 CNTs was reported that the thermal conductivity of these bundles can be
20 times lower than that of an individual CNT [38].
It has been shown that κ of the CNTs with length l increases proportionally to lβ where β
is a constant depending on the diameter of the tubes and is higher for smaller CNTs [39].
This relation will predict that κ tends to increase and tends to infinitely with increasing
CNT length. However, the growth of κ decelerates with the increase of l, the substrate
being responsible for this saturation. In fact, hot phonons transport the heat in CNTs
but they thermalize trough interphonon scattering, which can lead to the rise of a decay
length of phonons. The lattice of the tube is heated by the phonons as they thermalize
and later on heat is dissipated to surroundings of the tube. For CNTs that are not
isolated, the decay length of hot phonons is decreased and the resulting thermalization
happens sooner, leading to reduced thermal conductivity [39–41].
Another important factor is the one dimension structure of CNTs. Along the tube, the
thermal conductivity can be very high. However, across the tube it becomes considerably
low, over 100 times lower [42]. The presence of impurities, defects and soot can reduce
the thermal conductivity of CNTs [43,44].
These studies were performed for isolated CNTs but in the case when CNTs are in
contact with the substrate one has to take into account the effect of the substrate. The
ability of a sample to dissipate heat is strongly dependent on its thermal conductivity.
In the case that a sample can not dissipate heat as soon as it is heated, there will be an
immediate rise of temperature that will not stop until when heating and heat dissipation
are balanced. Therefore, in spite of the high thermal conductivity, a nanotube isolated
from surroundings will be more affected by heat compared to the CNT placed on a
substrate because the former is unable to dissipate heat as efficiently as the latter [45,46].
On the other hand, when CNTs are in bundles, the weak intertube bonding limits the
heat dissipation which explains why CNTs in bundles can be heated more easily.

3.3 Heating phenomena in CNTs

Heating a CNT will increase its internal vibrations leading to the increased length of the
inter-atomic bonds. As a result, the strength of the inter-atomic bonds decreases which
is translated in spectrum of CNTs by a shift of positions of vibrational modes to lower
frequencies (redshift) [53]. Among these modes, the G+ peak evolution during heating
is especially interesting since its position shift is linear with the temperature increase in
the SWCNTs as shown in figure 3.1. The redshift of G+-peak is 0.01-0.04 cm−1/K. This
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Reference Thermal coef-
ficient (W·m−1
·K−1)

Method Comments

Pop, et
al. [36]

∼3500 Electrical; self-
heating

Boundary

Li, et
al. [37]

2400 Electrical; self-
heating

Boundary

Yu, et
al. [47]

3000-7000 Electrical; micro-
heater

Ballistic; suspended

Chang, et
al. [48]

1100 Electrical; micro-
heater

Suspended

Fujii, et
al. [49]

1500-2900 Electrical -

Berber, et
al. [50]

∼6600 Theory: molecular
dynamics

KCNT < Kgraphene

Che, et
al. [42]

∼3000 Theory: molecular
dynamics

Strong defect
dependence

Lindsay, et
al. [51]

∼2500 Theory: Boltzmann
transport equation

KCNT < Kgraphene

Donadio,
et al. [52]

∼7000 Theory: molecu-
lar dynamics and
Boltzmann transport
equation

L>20 nm

Table 3.1: Theoretical and experimental values of thermal conductivity for individual carbon
nanotubes

value is higher with an increase of carbonaceous soot [44] and residual catalyst parti-
cles [54]. The shift becomes accentuated when the diameter of CNT is larger [55]. The
value of nominal reading of the shift of G+-peak is 0.025 cm−1/K [46, 56, 57]. G-band
peak position in double-wall CNTs is directly dependent of the temperature [58].
Other vibrational modes, RBM, D and 2D bands exhibit a redshift with temperature but
their temperature dependence is more complicated. In the case of RBM the complexity is
due to the fact that the increase of the length of bonds is not equal to the increase of the
radius of the tube. Heating causes an expansion of out-of-plane vibrations which leads to
the bending of out-of-plane bonds and thus to the contraction of the tube. Such bending
contribute to shift of RBM positions to lower frequencies, thus the overall shift resulting
from heating will be positive, negative or null depending on the chirality of the CNT [59].
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Figure 3.1: Example of G+ position shift with temperature in a sample of SWCNTs in bundles
during a laser heating experiment

In addition, it has been shown that the RBM profile alters with temperature which
implies that the resonance window of CNTs is temperature dependent [60, 61]. RBM
peaks are broadened when temperature increases, which is translated into the broad-
ening of resonance window [62, 63]. Eii reduction with temperature has been observed
in Raman spectroscopy in SWCNTs individually suspended in air [64]. The shift rate
of Eii measured in this study was from -5·10−3 to -0.12 meV/K and differed with the
temperature, CNT chirality and diameter. It was proportional to the temperature and
inversely proportional to the diameter. Theoretical [65] and experimental [66] study of
the temperature dependence of the band gap for semi-conducting CNTs between 0 and
300 K confirmed a low Eii shift rate at low temperatures with redshifts <0.04 meV/K.
Raman studies on bundles of semi-conducting tubes has showed that Eii for type I and
II semi-conducting tubes is redshifted and blueshifted, respectively [67]. Study on CNTs
films with absorption spectroscopy also revealed that the energy transitions can be red-
shifted, blueshifted or not shifted depending on the CNTs nature [68]. Nonetheless, the
study did not allow to separate the temperature from and other affecting factors such as
degassing of adsorbed molecules on the surface of CNT.
When a sample of CNTs is exposed to air, some adsorbance of water, oxygen and ox-
idizing agents will occur, degrading gradually the Raman signal of the sample. These
adsorbed species may be easily removed by a thermal annealing of the sample [69]. In
addition to the removal of the adsorbate, some improvement of structural order in SWC-
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NTs can also be realized by thermal annealing [70].

3.4 Laser heating and ablation of CNTs

CNT samples are exposed to a high-fluence laser radiation with a high energy during typ-
ical Raman characterization experiments. It implies a possibility to overheat the tubes
thus to change their original state that is supposed to be detected. Failure to perceive
and/or consider such phenomena can cause the misinterpretation of Raman spectra, lead-
ing to the false determination of CNT structures. One reported study actually shows such
false analysis, in which chiralities of CNTs were determined by using different excitation
energies. However, different laser powers (from 0.3 mW to 30.6 mW) were chosen [71].
A shift in G+ between spectra was observed,which clearly indicates overheating. Fur-
thermore, the corresponding RBM displaying high-frequencies signals (corresponding to
small-diameters CNTs) was recorded only in spectrum collected with the lowest laser
power. The determined chiralities were thus deemed as incorrect because some tubes
were destroyed especially when the highest laser power was used. It is therefore of vital
importance to avoid overheating, or perceive and account for overheating if happens, for
the proper characterization of CNT using Raman spectroscopy. For this reason, in all
studies of CNTs with Raman spectra carried out in our group, we first define a reference
regime where the laser power was low enough to prevent any unecpected modification of
CNTs induced by laser heating. The description of the ’reference regime’ method can be
found in our first paper on this subject as reference [72]. An important application of
this methhod is for the studies of functionalized CNTs with Raman spectra. It is because
when CNTs are laser ablated the Raman signal for all peaks is weaken. This sign is very
easy to be mistaken as from functionalization, since in functionalized CNTs the signal for
all peaks is also weaken except the D-band giving a high D/G bands intensities ratio. By
using the reference regime the signal can be assigned to functionalization accurately [73].
Common heating process can be characterized by thermal conductance and heat dissi-
pation. One more special influencing factor should be added when characterizing laser
heating, which is the light absorbance. More photon energy is absorbed by CNTs in
resonance with incident laser radiation compared to those are not in resonance [74, 75].
Laser energy can be absorbed more efficiently by amorphous carbon and other carbon
impurities than CNT [44]. Destruction of nanotubes via laser heating is an important
subject, which, however, has not been studied sufficiently, but it has been shown that
oxidation has a crucial role in this process [44,74]. High temperature at certain high irra-
diation levels will induce both reversible and irreversible chemical and structural changes
to CNT samples [75]. External factors such as the chemical environment surrounding
the tubes also influence the irradiation threshold. For CNTs with smaller diameters ir-
radiation thresholds for structural changes are lower [72,76,77]. This threshold level for
metallic CNTs seems to be lower than for semi-conducting CNTs [78]. These findings
imply that selective ablation of CNTs can be achieved by laser heating, which may be
used for purification and selection of CNTs. For example, a study presented the selection
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of specific chiralities in a mixture of CNTs by applying high laser excitation with an en-
ergy equal to the transition energy of unwanted CNTs [75]. Another study reported that
the destruction of all metallic tubes in CNTs thin films was completed via a specific laser
irradiation process, leading to portion of only semi-conducting CNTs which is promising
for electronic development, particularly in the design of field-effect transistor [78].
In addition to destruction, some studies reported that CNTs can coalesce at tempera-
tures above 1300◦C in vacuum generating tubers with larger diameter, and can also be
converted to MWCNTs at even higher temperatures [79, 80]. It is noted that samples
with different diameter distribution behaved differently when exposed to laser heating.
This observation leads to the statement that CNTs which are able to endure coalescence
possess a diameter not smaller than 1.4 nm (in the range of temperatures studied). It
was also concluded that amorphous carbon was produced in samples with broad diameter
distribution because of the chaotic rearrangement of carbon bonds [79].



Chapter 4

Carbon nanotubes under high
pressure

“Science is built up with facts, as a house is with
stones. But a collection of facts is no more a science

than a heap of stones is a house.”

Henri Poincaré

4.1 Introduction

CNT is considered as a one-dimensional nanomaterial, exhibiting outstanding mechan-
ical, thermal and electronic properties. For instance, Young’s modulus of SWCNT is
estimated to be 1 TPa [8], and tensile strength of CNTs is at least 10 and 5 times
higher than that of steel and Kevlar, respectively [81]. These outstanding properties
provide a great potential for the use of CNTs as reinforcing units in materials subjected
to high-impact dynamic loads/stress. However, experimental study of CNTs behavior at
extreme conditions, such as pressure and/or stress, is not sufficient to substantiate such
prospective. The study of CNTs under high pressure and/or stress therefore represents
a fundamental interest.
Studies of CNTs under high pressure were first conducted in the years 1990’s to un-
derstand the influence of the curvature in the graphene plane on the evolution of C-C
bonding and to observe possible phase transitions under such conditions. Some of these
studies also investigated transport properties and in particular the evolution of electrical
conductance of the CNTs under high pressure. Multiple studies thereafter provided a
large number of results, among which a phenomenon that CNTs can undergo phase tran-
sition under pressure, is discovered. This transition was associated to the change of shape
and collapse of the tube but the question of the behavior of CNTs after their collapse
remains opened. Polymerization or destruction and transformation in a new phase have
been proposed as alternatives to this question.

29
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4.2 Theoretical studies

One of the first theoretical study of single-wall CNTs under pressure was performed in
1999 [82] and used molecular dynamics calculations based on the tight binding model.
The molecular dynamics simulation consists of calculating the evolution of the structure
of a system of particles with time, serving as structural and dynamical models for the
comprehension of experimental results. In these simulations time evolves in a discrete
way to know the position and speed of particles at each time step. The determination
of interaction forces between particles allows to decide the evolution of speeds and thus
positions by using discretized classic Newton law of dynamic. The method used to cal-
culate interaction forces (or the potential from which they are determined) characterizes
the simulation. Molecular dynamics can be applied to isolated systems (molecules) but
also large-size systems. Nonetheless, the capacity of calculation is limited and the num-
ber of particles as well. This study revealed the importance of inter-tube interactions
like van der Waals forces. Although a phase transition was observed in experiment at
1.5 GPa, calculations did not predict such transition and no explanation was given on
its nature [82].
Subsequent studies using different methods include: classical molecular dynamics [83,84],
ab-initio calculations method [85–88], continuum models [89, 90], and a combination of
different techniques [91]. The obtained results display a strong disparity due to the
approximations of different models and constraints used for the method of calculation.
Nonetheless, a common result is found: the SWCNTs undergo a structural phase transi-
tion in spite of calculations methods used.
This transition can be represented by the variation of the shape of nanotubes section
which is considered to depend on the diameter and chirality of nanotubes, and pressure
conditions. Figure 3.1 shows different shapes of the section of a (10, 10) CNT bundle
under varied pressures.

Nanotubes are stable at ambient pressure showing circular section (figure 4.1 A), while
become metastable at a low pressure of around 1 GPa showing a hexagonal section (figure
3.1 B). The section turns into an oval shape at higher pressures (figure 4.1 C and E).
Some nanotubes can even have an irregular-shape section like peanut shape under very
high pressure of arpund 15 GPa as shown in figure

All studies mentioned above took an interest in geometrical properties of nanotubes
under pressure but few studies have tried to explore the change in their electronic prop-
erties induced by the different phases transitions. In 1996 Charlier et al. [92] investigated
electronic properties of polygonized tubes. They found that a transition from a semi-
conducting state to a metallic state can occur and all electronics properties of the CNTs
would thus be affected. Another study by Lammert et al. [93] of collapsed tubes exem-
plified in figure 4.3 revealed that the collapse can cause semi-conductor-metal transitions
or the reverse depending on the chirality of the tubes depending on the chirality of the
CNTs. Study conducted by Capaz et al. [91] in 2004 showed that ovalization of nan-
otubes under pressure possess modified electronic properties. Some other studies focused
on electronic properties of CNTs submitted to uni-axial stresses. For instance, Heyd et
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Figure 4.1: Different sections of a (10,10) CNT in a bundle under varied pressure [87]. A)
Shape stable at ambient pressure. B) phase is metastable at low pressure (approximately 1
GPa), followed by ovalization of C) or E) type at higher pressures. D) shape is obtained at very
high pressure of approximately 15 GPa
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Figure 4.2: Evolution of transition pressure in function of the diameter of the tubes (from [83].
Calculations used classic molecular dynamics. The transition pressure seems independent of
the chirality of the tube considered.
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Figure 4.3: An example of collapse of a CNTs (from [93]). Note that the tube considered has a
big diameter (2.7 nm).

Figure 4.4: Formation of interlinked CNTs structures: polymerization of the tubes (from [88].
a) shape is stable at ambient pressure and b) shape is stable at 7 GPa. The shape c) is considered
for pressure of around 3.5 GPa if inter-tubes bonding is possible.

al. [94] and Charlier et al. [95] indicated that the gap of semi-conducting CNTs decreases
with increasing stress leading to a possible semi-conductor-metal transition. On the con-
trary, electronic properties of metallic CNTs seem almost not affected by stress.

Besides the transition, change of shape and collapse of tubes, another key issue in
these theoretical studies is the question of reversibility of these structural changes upon
pressurization. In addition, the behavior of the CNTs under pressure after collapse
were also investigated. It has been suggested in 1998 by Chernozatonskii that CNTs
may polymerize [96].Later, polymerization was predicted under cold compression of
CNTs [85, 88, 90, 97–101] as depicted in figure 4.4. The polymerization pressure seems
to be diameter dependent as CNT with sufficiently small diameters may even polymer-
ize under ambient conditions [102, 103]. This means that in spite of the higher collapse
pressure CNTs with small diameters can have a lower degree of reversibility after pres-
surization than CNTs with larger diameters. Other potential limiting factors for the
pressure reversibility of CNTs structure is structural defect such as bond breaking and
disordering (such as cutting, unzipping) or graphitization of the tubes (transformation of
CNT into graphite), or the possible formation of new superhard carbon materials at suf-
ficiently high pressures. On the contrary, Monte-Carlo simulations of SWCNTs bundles
under pressure of 20 GPa and temperature of 4000 K predict coalescence of tubes [104].
This study indicated that this coalescence could occur after the collapse of tubes or di-
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Figure 4.5: Shift of XRD pattern peaks in function of pressure [105, 106]. Left plot displays
data with good hydrostaticity conditions (ethanol-methanol mixture as PTM) and right plot
conditions of uni-axial pressure.

rectly, depending on diameter of tubes, and led to graphitization of the sample when
temperature was increasing. Some sp3 interlink defects were observed though and were
considered responsible for the transformation of graphite structure to diamond under
treatment at the same pressure and temperature but for longer time [104].

4.3 Experimental studies

In 2000 Tang et al. used X-Ray diffraction to study CNTs under high pressure [107].
They claimed the existence of an irreversible transition at 4 GPa revealed by the disap-
pearance of the (10) peak. Sharma et al. [108] in 2001 observed as well this disappearance
but under higher pressures thus concluded to the occurrence of a reversible pressure at 10
GPa. The use of synchrotron source in the experiment allowed Kawasaki et al. [105,106]
in 2004 to obtain higher quality diffractograms. They observed a gradual decrease of
the intensity of the diffraction peaks with increasing pressure. No abrupt change, i. e.
appearance or disappearance of peaks, was detected, which excluded the possibility of
a structural phase transition. Their study also indicated the influence of hydrostaticity
conditions in the begavior of CNTs under pressure, as displayed in figure 4.5. The shift
of the peaks associated to different scattering planes depends of the use of pressure trans-
mitting medium.
Rols et al. conducted neutron diffraction experiments [109] in 2001 under pressures up
to 5 GPa. The experiment was conducted at non-hydrostatic conditions. Variation of
the (10) peak in the diffraction pattern was interpreted as a sign of a progressive poly-
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gonization of the tubes at pressures of approximately 5 GPa.
Several measurements of CNTs resistance under pressure were conducted [110–113]. The
results show existence of two regimes: one corresponds to a strong decrease of the re-
sistivity under pressures below 2 GPa. The other one corresponds to a slight resistivity
variation with the pressure. Under pressures above 2 GPa a drop of resistivity at low tem-
peratures was observed which was speculated as being a superconducting behavior [112].
Difficulties of these measurements come from the presence of metallic impurities which
are difficult to remove completely even bypurification.
Photoluminescence study of single-wall CNTs under hysdrostatic pressure led to the iden-
tification of the first and second van Hove optical energies (E11 and E22) for a pressure
range of 0 - 9.1 GPa [114]. The increase of pressure induced energy shifts of E11 and
E22, moreover, two independent pressure effects were observed. One comes from uniaxial
strain component with up or down energy shifts for structural factor q = 2 and 1 respec-
tively (where q = mod[(n −m, 3)]). The other one is due to environmental effects that
generate a downshift in energy for all CNTs.
SWCNTs films under pressure were studied by infrared spectroscopy [115]. The shift
of optical transitions Eii induced by increase of pressure was observed. In addition, an
anomaly of the evolution of this shift with pressure was found at 2 GPa and interpreted
as a sign of structural phase transition.
Raman spectroscopy is the most convenient method among experimental techniques to
characterize CNTs under high pressure. Coupled with a diamond anvils cell (DAC), it
allows to detect the structural changes of nanotubes under very high pressures and in
good hydrostatic conditions if desired. First Raman spectra study was performed in
1999 by Venkateswaran et al. [82] where the pressure transmitting medium (PTM) em-
ployed was a mixture of 4:1 methanol-ethanol, the excitation energy was 2.41 eV and
the CNTs in resonance with this energy were semi-conducting. The conclusion of this
study was that single-walled CNTs can experience a loss of resonance induced by the
pressure. Other high-pressure studies have followed [116–123]. A review of these studies
was reported in 2003 [124]. In these works different pressure transmitting media were
used including mixture ethanol-methanol, water, helium or none. Most of them are used
only one excitation energy, generally 2.41 eV. Depending on the studies, CNTs were
synthesized with different methods (arc-discharge, laser ablation, high-pressure carbon
monoxide decomposition (HiPCO), with or without purification). The existed results can
be divided into two contradicting groups: one group gathers studies with conclusion that
a phase transition characterized by disappearance or at least drastic decrease of RBM
signal and a change of slope with the evolution of G-band position as shown in figure 4.6
occurred between 1 and 3 GPa [82, 117, 120, 123]. This transition is supposed to coin-
cide with the one predicted by theoretical calculations. The other group gathers studies
showing the existence of a transition at higher pressure, around 10 GPa [119], which was
characterized only by the change of slope in evolution of G-band position with pressure,
while the disappearance of RBM signal was not interpreted as a sign of transition. Study
of Karmakar et al. [122] revealed that the changes of slope in the evolution of G-band
position with pressure are very sensitive to hydrostaticity of pressure, see figure 4.7. Dif-
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Figure 4.6: G-band frequencies of the Raman spectra of CNTs under pressure. On left panel the
shift of the position of G-band modes with pressure is perfectly linear for pressure inferior to 10
GPa [116]. On right panel, a slight change of slope in the evolution of position of G-band modes
with the pressure appears around 2 GPa, suggesting the existence of a phase transition [117].
Both studies were conducted with 514,5 nm laser in a mixture of 4:1 methanol-ethanol as a
PTM.

ferent pressure media were used in a study of SWCNTs under hydrostatic pressure, where
evolution of G-band was probed in-situ with two excitation wavelength of 514.5 nm and
632.8 nm [125]. This study reported the transition pressure in the range of 10-17 GPa
according to the change of slopes in G-band position evolution with pressure. It also
showed that the Raman spectrum of CNTs under high pressure was highly dependent on
the pressure transmitting medium used. This has been confirmed by another study with
tunable laser which probed the electronic transition energies (Eii) of CNTs under high
pressure and distinguish the environment effect from the pressure effect [126]. If these
Eii are shifted, the nanotubes in resonance with the excitation energy will vary which
eventually influences the G band position and shape. In addition to environmental fac-
tors, the variation of transition pressure values can also be explained by the difference of
sample composition of sample [127] or the excitation energy used for measurements [128].

High pressure experiments have not only been conducted on SWCNTs. DWCNTs under
hydrostatic pressure up to 35 GPa were probed by Raman spectroscopy [129]. Collapse
of DWCNTs was observed indirectly, i.e. via the change of slope of G+ position evolution
with pressure. The collapse occurred in two steps: first the outer tubes with diameter of
1.56 nm diameter collapsed at around 21 GPa and after the inner tubes with diameter of
0.86 nm diameter collapsed at around 25 GPa. This study also revealed that the filling
of CNTs increased the stability of tubes against collapse. The use of different PTM,
NaCl and paraffin oil, confirmed the influence of PTM on the G-band shift in SWCNTs
but there was no change of the collapse pressure with varied PTM in DWCNTs. Raman
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Figure 4.7: Shift of the position of G-band modes of CNTs under pressure in non-hydrostatic
conditions [122]. Contrary to experiment in [116], change of slope at 2 GPa is obvious. Thus,
this change can be the consequence of the absence of pressure transmitting medium.

spectroscopy on DWCNTs in non-hydrostatic conditions up to 23 GPa and 35 GPa was
performed with excitation wavelengths of 532 nm and 633 nm [130]. Here a direct ob-
servation of DWCNT collapse (outer, then inner tubes) via monitoring RBM bands was
observed. The study reported the recovery of sample under the pressure of 23 GPa, and
irreversible structural change under compression to 36 GPa.
What happens after the collapse of CNTs can be the formation of interlinked structure,
i.e., polymerization of CNTs, and the synthesis of new materials, as predicted by theoret-
ical calculations, see section 3.2. 4.2. In spite of theoretical predictions and report from
some studies, direct and unambiguous evidence from experiments for the polymerization
of the CNTs is still insufficient. Below are two examples that reported the polymerization
of CNTs after collapse. One is the polymerization of SWCNTs with an average diameter
of 1.2 nm under high pressure and temperature (HPHT) treatment (1.5 GPa and 700◦C)
indicated by Raman spectroscopy) [131]. The other one attributed irreversible transfor-
mation of SWCNTs with the diameter of 0.8-1.8 nm under the pressure of 35 GPa to
polymerization [132].
It was reported that superhard materials were obtained by compressing MWCNTs with
diameter of 1.8-5.1 nm under the pressure of 100 GPa [133] and by compressing SWC-
NTs with the diameter of 0.7-1.4 nm diameter SWCNTs to 35 GPa in combination with
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shear deformation leading to an estimated total of pressure/stress of 60 GPa [134]. High
Pressures High Temperatures, HPHT (pressure of 8.0 and 9.5 GPa, and temperature
above 800◦C and 900◦C) treatment on SWCNTs with a mean diameter of 1.2 nm re-
vealed a diamond-like phase of carbon. A similar study also reported the synthesis of
cubic diamond from iodine doped SWCNTs submitted to a HPHT treatment (14.5 GPa
and 1800 K) [135]. It was even claimed that a phase harder than diamond was formed
after compression of SWCNTs with a mean diameter of 1.2 nm under the pressure of 24
GPa combined with a shear deformation [136]. However, it was also reported that no
superhard phase of carbon was produced when pressurizing SWCNTs with a diameter of
0.7-1.4 nm to 62 GPa [137].
A previous shockwave experiment revealed the structural damage of DWCNTs at dy-
namic compression up to 36 GPa, indicating a lower stability of CNTs under dynamic
pressure which have to be further examined [35]. Quasi-isentropic dynamic compression
of MWCNTs revealed that that the cylindrical shape of CNTs was maintained after being
compressed under the pressure of 50 GPa [138]. Besides, the collapse of the inner tube,
diamond formation at the end-caps and structural damages on the outer tube walls were
also observed. Shockwaves experiment of MWCNTs under the pressure of 120 GPa led to
the destruction of most of the CNTs via graphitization but CNTs could still be observed
by TEM though this evidence appeared to be inconclusive [139]. Dynamic compression
of SWCNTs has not been reported yet. Further systematic study is needed to probe
structural limit and possibility of structural transformations, and possibly synthesis of
superhard forms of carbon.

4.4 CNTs under strain and stress

In addition to normal stress, the influence of other stress such as shear stress on CNTs
needs to be considered. It is particularly important to take this into account during
study of static compression at non-hydrostatic conditions which is the case of all the high
pressure experiments presented in this thesis work. Tight binding theoretical calculations
of density of states for deformed SWCNTs showed that van Hove singularities under
uniaxial and torsion strains exerted on the tubes can shift and that the band gap evolution
with strain exhibits a zig-zag pattern, thus altering metallic and semi-conducting nature
of the CNTs in periodic manner [140]. Other study combining theoretical calculations and
Raman measurements demonstrated that circumferential and axial strain components
were different, and that splitting of the vibrational modes under shear strain can be
observed, which they confirmed experimentally only for metallic tubes [141].
Axial strain experiments were conducted on CNTs bundles and Raman spectroscopy was
used for probing [142]. The application of a strain up to 17% induced a decrease of G
band frequency, which was explained by the elongation of carbon bonds and an increase
of RBM frequencies, as a characteristic of a decoupling of nanotubes in the bundle [142].
Evolution of G− band showed that for semi-conducting tubes, G− band position down-
shifted, and for metallic tubes G− band up-shifted and became more narrow under strain.
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Nonetheless, this change of shape of G− band of metallic tubes was not reversible with
strain and suggests that the cause of that change was only a result from nanotube-
nanotube decoupling.
Model of thick wall cylinder has been considered as a good explanation for the diameter
dependence of G-mode shift under pressure in CNTs [83, 126, 143]. For a tube with a
diameter d, and a thickness of w smaller than d, the axial and tangential stresses are
more important than the pressure p as given by:

σL =
(d+ w)2

4dw
· p

σT =
(d+ w)

2w
· p

(4.1)

σL and σT are not equal which means that the determination of the shift of G-mode with
pressure requires γ and β, where γ represents the hydrostatic strain parameter and β the
shear strain parameter (Grüneisen parameters). In a study of graphene under uniaxial
strain by Mohiuddin et al., it was considered that transverse strain can be obtained by
εT = −ν · εL, where ν is the Poisson ratio of the substrate supporting graphene and εL
the longitudinal strain, to eventually obtain γ = 1.99 and beta = 0.99 [144]. However,
another study of Ghandour et al. questioned this assumption for the calculation of trans-
verse strain because it considered this as a plain-strain problem, thus using εT = 0 in the
determination of γ and β [145]. This way they obtained γ = 1.34 and β = 1.31 which
are in better accordance with their data than if using Grüneisen parameters previously
determined by Mohiuddin et al. [145]. These revised γ and β are also valid for pressure
coefficient for supported graphene under uniaxial strain (experiment from [144]) but did
not fit experiment of graphene and graphite under high pressure. They explained these
differences in pressure coefficient by the effect of the environment, i.e. if there is the pres-
ence of condensed matter on one or both sides of the nanotube or graphene plane [145].
The influence of stress on the D-mode of carbon materials under high pressure was
studied in a DAC with moissanite (6H-SiC) and sapphire (Al2O3) anvils [146]. The
compression of DWCNTs in non-hydrostatic conditions revealed that the difference in G
and D modes frequencies stayed constant under stresses up to 6 GPa. In this stresses
range, the frequencies of combination modes 2D, D+G and 2G of DWCNTs had the same
correspondence to D and G modes frequencies as at ambient conditions i.e 2×D-mode,
D-mode+G-mode and 2×G-mode frequency respectively.



Chapter 5

Laser heating and high-pressure
experiments (technique used in

present work)

“When a section is subjected to the effects of
discontinuity, the original relationship between

pressure and volume is suddenly changed.”

Pierre-Henri Hugoniot

5.1 Protocol of laser heating experiments

The sample of CNTs is placed on a glass slide inside a gas cell, as depicted in figure 5.1.
It is directly irradiated by the laser source in a way that a period at high power density of
laser is followed by a period at a low power density of laser, as shown in figure 5.2. Two
types of spectra are recorded: one type was under very low PD which is called “reference
conditions” because it assures that resonance conditions are the same before and after
any heating steps and the other type is taken during the high PD irradiation. The use
of gas-cell allows to obtain an inert environment by introducing a flow of argon (Ar) but
experiments in air are also conducted in this cell under the same conditions for compar-
ison. As mentioned in chapter 3, the temperature in CNTs can be directly determined
from G-band shift. Thus the position of G-band at reference conditions is used to check
whether the sample is cooled before after every heating step. It is also noted that in
order to prevent damage to the CCD camera used to collect the signal which becomes
extremely intense due to the ultrahigh power density of excitation source, the spectra of
CNTs during heating are acquired in short accumulation time.

39
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Figure 5.1: Schematic view of the gas cell used in laser heating experiments.
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Figure 5.2: Example of a protocol of heating experiment used in the work presented in this
thesis in which period at a high power density of laser (and thus high temperature) are followed
by a period with a low power density of laser. This cooling insures the presence of the same
resonance conditions as in reference.

5.2 Static compression: diamond anvils cell

Diamond anvils cell (DAC) is a setup usually used in high pressure science to reach
extremely high pressures (up to hundreds of GPa). Patented in late 1950’s by C. E. Weir,
E. R. Lippincott, A. van Valkenburg, and E. N. Bunting [147], this setup is composed of
two sharpened diamonds facing each other. The compression on the sample is realized
between the diamond anvils. These anvils are not directly in contact. A hard metal
(usually stainless steel or Rhenium) plate called gasket in which a hole is drilled, is placed
between the two diamonds tips. The hole in the gasket contains the sample. Thus, the
direct contact between diamond is avoided and the risk of scratching and breaking of the
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Figure 5.3: Scheme of the diamond anvil cell (DAC) used for static compression. Dimension
of diamond is usually 3-4 mm for the table and 50-200 microns for the culet (tip).

anvils is lowered. The principle of DAC is evident from figure 5.3. The cell that was used
in this work is called membrane-DAC [148]: some gas (Helium here) inflated a membrane
which expands and pushes the piston part of DAC. It is common to introduce ruby flakes
of small size (5 to 10 microns) in the sample chamber next to the sample in order to
probe the pressure. Ruby is aluminium oxide Al2O3 doped with chromium Cr3+ and it
possesses two very intense fluorescence peaks named R1 and R2. Their wavelengths are
linked to the pressure by following equation 5.1:

pGPa = 380.8 · (( λ
λ0

)5 − 1) (5.1)

where the pressure is given in GPa and wavelength in nanometers, λ0 being the wave-
length at ambient pressure [149]. In addition the presence of the doublet is an indication
of good hydrostatic conditions if the peaks are well resolved.
Another way of controlling pressure in the DAC is to monitor the Raman shift of the
diamond anvil, of which the frequency increases with a gain of pressure. The difference
in frequencies between singlet and doublet of the diamond signal can also gives an indi-
cation of the shear stresses developed in the anvil [150].
In addition to ruby chips, a pressure transmitting medium (PTM) can be loaded into the
sample chamber to provide hydrostatic pressure in the cell. Common PTM include wa-
ter, paraffin,ethanol-methanol mixture, argon, helium or nitrogen, each of them having
advantages depending of the requirements of experiment such as degree of hydrostaticity,
avoiding chemical reaction with sample and overlap of PTM signal with Raman spectrum
of a sample. For example water used as PTM provides good hysdrostatic conditions for
pressure of 1 GPa while this pressure can be up to 40 GPa if helium is used [151].
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5.3 Dynamic compression: shockwaves experiment

Shockwave experiment is not just another way to reach very high pressure (up to Megabars)
but also a way to observe an set of phenomena including very fast system evolution at
extreme stresses/temperature and the following relaxation. The time necessary to reach
maximum pressure is usually in microsecond range but can be reduced to a nanosecond.
The increase of temperature is moderate in dense solids but becomes the predominant
phenomenon in porous materials and in the case of very high pressure where thermal
expansion leads to the decrease of apparent density.
Theory of shockwaves has been developed in 1887 by Hugoniot [152, 153]. A shockwave
is defined by a wave of sudden pressure and temperature variations going trough the
medium. Shock front is the name given to the head of this wave. The pressure and tem-
perature of the material are higher behind this shock front than ahead of it. Assuming
conservation of mass, momentum and energy, Rankine-Hugoniot conditions link velocity,
volume and energy behind and ahead of shock front following the set of equation 5.2 [154]:

νs
νs−νp = V0

VH

ph − p0 = νsνp
V0

EH − E0 = (pH + p0)
V0−VH

2

(5.2)

with νp is the velocity of the particles behind the shock front, νs the velocity of the shock
wave, pH the pressure behind the shock front, p0 the pressure ahead of the shock front,
VH the specific volume behind the shock front, V0 the specific volume ahead the shock
front, EH the internal energy behind of the shock front and E0 the internal energy ahead
of the shock front.
The equation of state (EOS) in the shockwave can be then calculated with measurements
of νs and νp for a given medium at given starting conditions. Experimentally, the shock
wave emerges for example from the impact of a flyer on the sample. In this case, νp is
equal to the velocity of the flyer (measured in experiment). This velocity will always be
lower than the velocity of the shock front (also measured experimentally). For a given
velocity of flyer a particular νs will be generated in the matter. This equation of states
is called the principal Hugoniot which corresponds to a material under investigation. It
means that given a Hugoniot, the pressure and temperature in the shockwave can be
determined when velocity of the flyer is known.
The deformation of material is elastic in isentropic soft shocks, but strong shocks pro-
vokes an augmentation of the entropy. In the shock Hugoniot, the transition from purely
elastic state to elastic-plastic state is referred as the Hugoniot Elastic Limit (HEL). It
can be recognized as a sudden increase of the compressibility of the material. Structural
changes in the material are governed by pressure if compression is isentropic, but the role
of temperature increases as isentropy diminishes. A cooled system would stay in isen-
tropic conditions but cooling is excluded in the case of shockwave because the increase
of temperature is intrinsic. Nonetheless some processes allow the pressure to leave the
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Figure 5.4: On left panel, sketch of shockwave assembly used for dynamic compression of CNTs.
Explosive projectile system: 1- detonator; 2- plane shock wave generator; 3- explosives; 4-
focusing ring; 5- flyer; 6- supports. Recovery assembly: 7- momentum trap; 8- recovery ampoule;
9- stainless steel linear; 10- specimen; 11- baseplate. On right panel, photograph of the assembly.

Hugoniot, i.e. reach a lower temperature than the one of Hugoniot for the same pressure,
which leads to quasi-isentropic dynamic (QID) compression. One of these processes to
achieve QID compression is to facilitate reverberation of the shockwave. In this case,
the superposition of waves results in the increase of pressure while the temperature is
maintained far below the one found in the Hugoniot at the same pressure. This technique
is described in a shockwave study of fullerenes C60 [155]. Shockwave assembly used in
this work (similar to the one used in [155])is displayed in figure 5.4.

5.4 Resistance measurements in a plane-cone DAC

Plane-cone DAC is a special type using similar principle of applying pressure on a sample
as in gasketed DAC (described previously in section 5.2). But as its name states, this
system utilizes anvils of special shape - plane and cone as shown in figure 5.5. These anvils
are of carbonado type - a diamond-based material containing diamond, graphite and
amorphous carbon. This material is able to endure high pressure without being damaged
and has a high electrical conductivity. This allows in-situ resistance measurements under
pressure up to 50 GPa in the setup used in this work, but some studies have reported
the use of plane-cone DAC for pressures up to a megabar [156,157]. The force exerted in
plane-cone DAC is measured through a piezoelectric sensor linked to the cell. Coupled to
a multimeter, it gives the force applied to the anvils. The cell needs to be calibrated to
link this force to the pressure applied between cone and plane anvils. To do so, materials
with phase transitions which can be detected via a drop of resistance under a given
pressure are used [158].
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cone anvil

plane anvil

holder 
(insulator)

sample

wires to the 
multimeter

Figure 5.5: Sketch of the plane-cone DAC setup. The wires can be linked to a multimeter for
resistance measurements



Chapter 6

Conclusions and future work

6.1 Conclusions

The behaviour of single-wall carbon nanotubes (SWCNTs) under extreme conditions has
been studied.

1. Laser heating experiments allowed to determine temperature thresholds for de-
struction of the tubes that appeared to be strongly dependent on the surrounding
(gas) environment. The threshold is lower in air than in argon atmopshere which
demonstrates the role of oxidation in this process.

2. Metallic and small-diameters CNTs more sensitive to high irradiation than semi-
conducting and large-diameters nanotubes, respectively. The selective CNT de-
struction may be utilized in the development of methods of nanotube purification
of CNTs, for use in future electronic devices.

3. The observed indirect destruction of certain non resonant small diameters CNT
species was caused by overheating via heat flow from the neighboring CNTs in
resonance.

4. For the first time on SWCNTs were exposed to shockwave impact of up to 52 GPa
(0.5 MBar).

5. The onset of CNT destruction was determined at 26 GPa. The nanotubes were
completely destroyed at pressures above 26 GPa. This pressure is 200 times higher
than that exerted on bullet-protection materials under typical impact. further
underscores a high potential for nanotubes use in design of future high impact-
protection materials. SWCNT destruction under dynamic compression results in a
new material composed of nano-clusters of graphene and disordered sp2/sp3 bonded
carbon.

45
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6. The experiments on SWCNTs at static pressure in diamond anvil cells (DAC)
revealed that a sequential collapse of CNTs occurred up to 40 GPa, as revealed by
the evolution of G-band position with pressure. This result was also confirmed by
resistance measurements of CNTs under static compression to 45 GPa.

7. A anomaly in G(p) observed at 60 GPa we associated with CNT destruction. That
conclusion was verified by the Raman spectra of the material recovered from high
pressure which displayed features of both disordered sp2/sp3 bonded carbon mate-
rial.

8. Further pressure increase to about 1 Mbar results in formation of new structural
state which is presumably a mixture of interlikked nano-sized graphene clusters
with disordered sp2/sp3 bonded carbon.

9. No signatures of nanotubes polymerization was observed in resistance measure-
ments at high pressure. Indication of a partial, diameter selective CNT destruction
was detected via RBM profile change in the Raman spectra of the recovered mate-
rial.

6.2 Future work

1. The experiment protocol of laser heating can be extended to shorter initial heating
time which would allow to observe initial stages of CNT destruction and also probe
the influence of absorbed species on RBM signal intensity. The use of filled and
closed CNTs in laser heating experiments can be interesting to further probe the
influence of absorbed species.

2. Complimentary characterization of the new material obtained after cold compres-
sion of CNTs, for example, hardness measurements, X-ray photoelectron spec-
troscopy and HRTEM would help to reveal the structural features of the new phases
and the role of of sp3-bonding.

3. High pressure and high temperature treatments on CNTs can be carried out in
laser heating experiment in a DAC, and the results can be compared with those
from cold static compression.
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Summary of appended papers

Paper I

Laser-induced damage and destruction of HiPCO nanotubes in
different gas environments

Summary: The paper presents a study of the thermal and chemical stability of HiPCO-
produced single-walled carbon nanotube bundles to high laser power in air and argon.
The samples were exposed to 110 kW/cm2 during 8h with a 1.96 eV laser and the
temperature was monitored via downshift of G+-Raman peak. The structural changes
in the carbon nanotubes (CNTs) caused by laser heating were monitored by recording
their Raman spectra at ambient T (reference conditions) to ensure unaltered resonance
conditions. The initial temperature was estimated to be 550◦C and 870◦C in air and
argon, respectively. The Raman signal intensity from the CNTs radial breathing mode
(RBM) increased rapidly at the beginning of the laser heating both under air and argon
due to desorption of impurities for all but the smallest diameter CNTs. The temperature
dropped by 30% under argon and 60% under air due to destruction of the absorbers â
CNTs in resonance with incident radiation. The final RBM spectra exhibited intensity
loss only for the smallest diameter CNTs in argon atmosphere and for all but the largest
diameter CNTs in air. The results demonstrate the importance of (i) impurity desorption
from exterior and interior of CNTs; (ii) different temperature thresholds for the CNT
destruction due to oxidation and overheating; (iii) the role of photon absorbers on the
thermal stability of the sample. The small diameter CNTs are more easily destroyed than
large diameter ones. The metallic nanotubes also tend to have lower thermal stability.

Contribution: The author performed all laser-heating experiments, executed the ma-
jority of analysis and participated in paper writing.
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Paper II

Laser irradiation of bundled single-walled carbon nanotubes: role
of irradiance, laser wavelength and surrounding atmosphere

Summary: Carbon nanotubes (CNTs) have attracted an immense interest of the re-
search community because of the outstanding physical properties they exhibit. Among
those are thermal properties, but if individual CNTs, for example, demonstrate ther-
mal conductivity comparable to that of diamond it tends to decrease dramatically for
the CNTs in bundle state. Thus it is important to understand behavior of these CNTs
Bundles when exposed to high temperature. Raman spectroscopy is a common and
convenient way of characterizing nanotubes but a special care must be taken to avoid
overheating of the CNTs sample under investigation. HiPCO CNT bundles have been
exposed to high irradiance in two experiments with different excitation energies (1.96 eV
and 2.33 eV) and in different environments (air and argon). We report on the threshold
of reference conditions in order to avoid overheating and thus altering of CNTs observed
with Raman spectroscopy. In addition we observe destruction of CNTs by overheating
and distinguish effects of the environment and excitation energy on the temporal evolu-
tion of the SWCNTs Raman spectra. It is shown that altering of the CNTs is dependent
on the size as well as the semi-conducting or metallic nature and chirality of the tubes.
This opens good perspectives, for example in the domain for nano-electronics applica-
tions with a suitable process of selected ablation to purify metallic or semi-conducting
nanotubes.

Contribution: The author performed all laser-heating experiments, analysed all data
and participated substantially in paper writing.

Paper III

Single-walled carbon nanotubes under shock-wave compression:
limit of structural integrity and beyond

Summary: Carbon nanotubes (CNTs) with their outstanding mechanical properties
are considered for use in materials subjected to extreme impact load. Materials resistance
under such conditions can be probed by dynamic compression induced by shockwave.
High pressure induces collapse of the CNTs and could lead to their interlinking (poly-
merization) or/and coalescence. Shockwave experiment on other carbon nanomaterials
was shown to result in the synthesis of new phases, for example, diamond from fullerenes.
Here we show that an onset of small diameter (∼1nm) single wall CNTs destruction is
at 26 GPa. CNTs are completely demolished under 36 GPa where their transformation
to grapheme and amorphous sp2/sp3 carbon occurs. Our study questions the nanotubes
endurance to shock and emphasizes prospect of utilizing SWCNTs as reinforcing units
in the materials used as shields protecting from extreme impact (ballistic) load.
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Contribution: The author conducted some of the Raman measurements, analysed all
data and wrote the paper.

Paper IV

Probing structural integrity of single walled carbon nanotubes
by dynamic and static compression

Summary: The paper reports on a first study of single walled carbon nanotubes (SWC-
NTs) after application of dynamic (shock) compression. The experiments were conducted
at 19 GPa and 36 GPa in a recovery assembly. For comparison, an experiment at a static
pressure of 36 GPa was performed on the material from the same batch in a diamond
anvil cell (DAC). After the high pressure treatment the samples were characterized by
Raman spectroscopy and transmission electron microscopy (TEM). After exposure to 19
GPa of shock compression the CNT material exhibited substantial structural damage
such as CNT wall disruption, opening of the tube along its axis (“unzipping”) and tube
shortening (“cutting”). Dynamic compression to 36 GPa resulted in essentially complete
CNT destruction whereas at least a fraction of the nanotubes was recovered after 36
GPa of static compression though severely damaged. The results of these shock wave
experiments underline the prospect of using SWCNTs as reinforcing units in material

Contribution: The author performed the static compression experiment, analysed all
data and wrote substantially the paper.

Paper V

Cold compression of single-walled carbon nanotubes to 1 MBar

Summary: Structural integrity of small diameter single walled carbon nanotubes (SWC-
NTs) was probed in-situ via monitoring their Raman spectra under exposure to extreme
static pressures up to 1 Mbar (100 GPa). Several peculiarities observed in pressure de-
pendence of the CNTs G-mode we associate with a sequence of structural transformation
of the nanotubes which are partially reversible up to at least 36 GPa. Raman charac-
terization of the material recovered after compression to 58 GPa reveals complete CNT
destruction. Increase of peak pressure to 100 GPa resulted in material transformation
to a new structure which is presumably comprised of a mixture of disordered sp2/sp3

carbons with nano-sized graphene clusters interlinked via sp3-bonds. We discuss struc-
tural evolution of the system en-route this final structure which is anticipated to exhibit
hardness comparable to that of diamond.

Contribution: The author performed most of the high pressure experiments, and Ra-
man measurements on samples, in-situ and on recovered material, analysed all data and
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wrote the paper.

Paper VI

Effects of non-hydrostatic pressure on electrical resistance of
bundled single wall carbon nanotubes

Summary: The paper reports on the study of electrical resistance of SWCNTs at
pressures up to 34 GPa in the temperature range of 293-395 K. In the pressure range
10-25 GPa the rate of resistance change decreases considerably. Such behavior of the
resistance was associated with a structural modification of the SWCNTs or/and change
of the conductivity character at high pressure. Raman spectra of the samples recovered
after 30 GPa exhibit a large increase of defect concentration in the CNTs. Isobaric
temperature dependences of the CNT resistance R(T) measured in the temperature range
300-400 K reveal some changes with pressure whereas the semiconducting character of
the R(T) remains unaltered.

Contribution: The author performed the high pressure resistance measurements at
room temperature, analysed all data and wrote the paper.

Paper VII

Electrical resistance of single-walled carbon nanotubes under
high pressure

Summary: Electrical resistance of SWCNTs at pressure up to 50 GPa (0.5 MBar)
using conductive anvils in a diamond anvil cell. The electrical resistance of SWCNTs
decreased with increasing pressure and anomalies appeared in resistance evolution with
pressure, which confirmed the sequential collapse of CNT dependent on to their diameter
and abundance. Raman measurements on pressurized material showed the alteration
of RBM signal of CNTs, especially those with biggest diameter. The change of CNT
resistance was reversible indicating that neither polymerization nor destruction of CNTs
took place up to 0.5 Mbar, which testified a very high resilience of SWCNTs to non-
hydrostatic pressure/stress.

Contribution: The author performed the high pressure experiment and resistance
measurements, conducted Raman measurements on recovered material, analysed the data
and participated substantially in paper writing.
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We have studied the thermal and chemical stability of HiPCO-

produced single-walled carbon nanotube bundles to high laser

power in air and argon. The samples were exposed to 110 kW/

cm2 during 8 h with a 1.96 eV laser and the temperature was

monitored via downshift of Gþ-Raman peak. The structural

changes in the carbon nanotubes (CNTs) caused by laser

heating were monitored by recording their Raman spectra at

ambient T (reference conditions) to ensure unaltered resonance

conditions. The initial temperature was estimated to be 550 8C
and 870 8C in air and argon, respectively. The Raman signal

intensity from the CNTs radial breathing mode (RBM)

increased rapidly at the beginning of the laser heating both

under air and argon due to desorption of impurities for all but the

smallest diameter CNTs. The temperature dropped by 30%

under argon and 60% under air due to destruction of the

absorbers – CNTs in resonance with incident radiation. The

final RBM spectra exhibited intensity loss only for the smallest

diameter CNTs in argon atmosphere and for all but the largest

diameter CNTs in air. Our results demonstrate the importance

of (i) impurity desorption from exterior and interior of CNTs;

(ii) different temperature thresholds for the CNT destruction

due to oxidation and overheating; (iii) the role of photon

absorbers on the thermal stability of the sample. The small

diameter CNTs are more easily destroyed than large diameter

ones. The metallic nanotubes also tend to have lower thermal

stability.

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Raman spectroscopy is a powerful
and widely used tool for studying the intrinsic properties of
carbon nanotubes (CNTs). It was initially considered to be
non-destructive for CNTs and the laser irradiance was thus
seldom specified in the early studies. More recent exper-
iments however have shown that in spite of their remarkably
high thermal conductivity, bundled CNTs can be overheated
(destroyed) at even moderate laser irradiance levels. To
avoid this effect it is important to study CNT destruction
at elevated temperatures. Some such investigations were
performed earlier [1–3] but did not address the initial stage of
the process where the main part of the CNT destruction
seems to occur. The present study is aimed at clarifying
the importance of oxygen in the destruction process and
the influence of different factors (e.g. tube diameter and

electronic character) on their stability. The focus is placed on
the first critical minutes of laser-induced overheating.

2 Experimental The comparative study was made
under air and under argon. HiPCO-produced CNTs were
ultrasonically dispersed in DMF at a concentration of
1mg/ml for 30min. A droplet of the solution was placed
on a glass slide and dried in an oven at 50 8C. For the
experiment in argon, the glass slide was placed in a gas flow
cell providing a slow (to avoid cooling) Ar gas flow during
the experiment to ensure an oxygen free environment.
The cell was mounted on the microscope stage of a WiTec
CRM-200 confocal Raman imaging system for Raman
data collection. The irradiance of a 633 nm (1.96 eV) He–Ne
laser was initially set to 7 kW/cm2 to avoid laser heating
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(the reference conditions) with further increase to
110 kW/cm2 for 10min and then set back down to
7 kW/cm2 for recording another set of the ‘reference’
Raman spectra. The process was then repeated on the same
sample area (spot) with increasingly longer holding times
at 110 kW/cm2 laser irradiation. Probing the same sample
spot at the reference conditions allowed us to compare the
absolute intensity of the consecutively collected Raman
spectra. The spot size was 3mm in diameter and its position
was monitored before and after the experiment to ensure
irradiation of the same sample area. The details of the time
variation of laser irradiation through the experiments
are shown in Fig. 1. This time protocol was used in both
experiments.

Raman spectra were also collected in the high irradiance
(HI) regime in order to estimate the sample temperature from
the downshift of the Gþ mode from its position at reference
conditions using a coefficient of 40K/cm�1 which is an
avarage from several previous studies [1, 3, 4].

3 Results and discussion Figure 2 shows the time
dependence of the sample temperature in the HI regime for
both experiments. The initial temperature was estimated to
550 8C and 870 8C in air and argon, respectively. As the laser
irradiance was kept the same both under air and argon flow,
the lower initial temperature for the sample placed in air
indicates a smaller number of heat absorbers (CNTs in

resonance) in the irradiated spot. Intensities of the Raman
spectra confirm this assumption. The relative overall
temperature drop was greater for the CNTs irradiated in air
– 60% from a starting temperature of 550 8C versus 30%
from an initial temperature of 870 8C for Ar. The fact that
the initial sample temperature was higher in argon yet the
temperature drop is much greater under air underscores the
importance of oxidation in the process of CNT destruction
caused by laser irradiation. As follows from Fig. 2, a faster
temperature decrease occurs during the first 60min of both
experiments. This process is under argon accompanied by a
removal of a large fraction of the defective CNTs which is
evidenced by 75% decrease in D/G intensity ratio of the
Raman spectra during the first 10min of the experiment. On
the contrary, during the same time for the sample under air
the D/G ratio remains essentially unaltered indicating
creation of new defects likely due to the sample surface
oxidation. More importantly, the D/G ratio further gradually
increases reaching at the end of the experiment 1.6 times its
initial value which indicates an extensive oxidation process.
Beyond the first 60 minutes, T decreases more slowly
indicating a temperature treshold for CNT destruction of
about 700 8C and 300 8C for Ar and air, respectively.

The CNT destruction is monitored via changes in the
radial breathing mode (RBM) spectra taken at the reference
conditions shown in Fig. 3. By comparing the starting and
final spectra collected in air and argon, we can conclude that
the CNTs in air were destroyed to a larger extent than those
in argon. Using the inverse relationship between RBM
frequency and CNT diameter [5] and comparing the CNT
diameter distribution and laser excitation energy in our
system with the Kataura plot [6] the electronic properties of
the tubes can be deduced. Specifically, CNTs resonant with
He–Ne laser excitation having diameter larger than �1 nm
(RBM frequency below 240 cm�1) are metallic and those
with smaller diameter (higher frequencies) are semiconduct-
ing. A striking increase in the intensity on the early stages of
the laser heating process is evident from theRaman spectra in
Fig. 3 (10min of irradiation). We associate this effect with
desorption of species (e.g. carbonaceous impurities, gaseous
adsorbents) from the surface and residual water or solvent
molecules from the CNTs interior [7, 8]. This effect is
present under both air and argon flow and is CNT diameter
dependent. The smallest diameter CNTs do not show any
intensity increase at all whereas some larger diameter CNTs
exhibit up to 3–4-fold intensity gain.

In order to analyse the differences in response to laser
irradiation of the CNTs with different diameter and
electronic properties in detail, we performed peak fitting of
the Raman spectra which revealed several trends. Time
dependence of the normalized (to the initial, time¼ 0)
peak intensities for the selected peaks representing
typical behaviour of the CNT species in the system under
investigation is shown in Fig. 4.

The peak fitting reveals the importance of CNT
diameter: CNTs with large diameter survived the prolonged
laser heating even in air while CNTs with the smallest
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Figure 1 Irradiance variation with time during the experiments.
The 7 kW/cm2 and 110 kW/cm2 regions correspond to the reference
and HI regimes, respectively (see text for details).

Figure 2 (online colour at: www.pss-b.com) Temperature varia-
tions with accumulated heating time in the HI regime for the
sample in air (squares) and argon (circles).
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diameter were completely destroyed in air and partly
removed under argon. The fact that some CNTs are
destroyed under argon can be tentatively explained by
chemical reactions with sorbed species and/or thermal
decomposition of the defective CNTs. Comparison of the
three semiconducting nanotubes in Fig. 4 under air and argon
underscores the role of diameter. The tube with ca. 0.78 nm
diameter is themost sensitive to laser heating followed by the
tube with a diameter of ca. 0.82 nm. The HI regime spectra
(not shown) reveal that the smallest diameter CNTs (non-
resonant) are destroyed by indirect heating through the
heat transfer from the surrounding CNTs in resonance with
incident 1.96 eV photons [2].

In general, a very fast Raman intensity gain in the
beginning of laser heating (ca. first 10min) is mostly
pronounced for the CNTs in resonance at high T due to very
efficient desorption of the impurities from their surface. This
process is followed by an intensity drop, the rate of which
depends on the CNT species demonstrating CNT destruction
which was initially obscured by the intensity gain due to

desorption. The CNT destruction (decrease of the number of
light absorbers) is also evidenced by the average sample
temperature drop on the same time scale. CNTs that are in
resonance at HI conditions show a strong signal increase
after 10min of heating while CNTs not in resonance at HI
conditions show no or only a weak signal increase. Notably,
the RBM signal from the largest (1.24 nm) diameter tube
shows a greater increase in air (at lower T) than under argon
because the resonance conditions for that particular chirality
are more favourable at lower T. Similarly, no initial Raman
signal increase associated with the impurity desorption was
observed for the CNTswith the smallest diameters which are
not in resonance at highT. Thus, the increase fromdesorption
is small compared to the CNT destruction caused by laser
irradiation for those CNTs and as a result only an intensity
drop is observed.

The T decrease brings time dependence to the resonance
conditions at HI conditions and thus to the signal increase
caused by desorption of impurities. CNTs that go into
resonance with decreasing T can show a signal increase even
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Figure 3 (online colour at: www.pss-
b.com) RBM spectra taken at reference
conditions in argon (left panel) and air
(right panel) at the start of the experi-
ments, and times indicated. The dashed
line separates the metallic (M) and the
semiconducting (S) CNTs.

Figure 4 (online colour at: www.pss-
b.com) Variations of the RBM inten-
sities for the six selected CNT species
with irradiation timeunderargonandair
(left and right panel, respectively). The
intensitiesarenormalized to theirvalues
at the experiment start.
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though a fraction of them are being destroyed. A well
defined trend of diameter dependence can be noted
for the metallic CNTs but only in air; the Raman signal
increase due to impurity desorption for the CNTs in
resonance at HI condition completely obscures the CNT
destruction in argon.

Influence of the CNT electronic properties on their
stability to laser irradiation can be demonstrated by the
example of metallic CNTs with 1.1 nm diameter versus
slightly smaller 0.9 nm diameter semiconducting nanotubes:
the normalized intensity time decay of latter CNTs is slower
than that for the former metallic species which is also an
indication of higher chemical reactivity of the metallic
CNTs. On the contrary, the same CNT species behave
similarly in Ar which testifies for their fairly equal thermal
stability under the conditions of our experiment.

4 Conclusions The experiments show that laser-
induced CNT destruction is mainly caused by oxidation,
contrary to the situation under an inert environment (Ar)
where CNT destruction is a purely thermal process
which occurs above certain temperature threshold (about
700 8C). Determined temperature threshold for oxidation is
much lower (ca. 300 8C) and is consistent with earlier results
[1, 2, 7]. Our experiments demonstrate that defect density in
CNTs can be reduced by annealing at high temperature in
an inert atmosphere. It has also been demonstrated that the
small diameter CNTs are more prone to overheating than the
larger diameter ones. The strong effect of foreign species

adsorption on and inside the nanotubes on the Raman signal
was detected. Similar results were observed during anneal-
ing of water-filled HiPCO CNTs [8].
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Laser irradiation of bundled single-walled carbon nanotubes: role of 
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ABSTRACT 

Carbon nanotubes (CNTs) have attracted an immense interest of the research community because of 
the outstanding physical properties they exhibit. Among those are thermal properties, but if 
individual CNTs, for example, demonstrate thermal conductivity comparable to that of diamond it  
tends to decrease dramatically for the CNTs in bundle state. Thus it is important to understand 
behavior of these CNTs Bundles when exposed to high temperature. Raman spectroscopy is a 
common and convenient way of characterizing nanotubes but a special care must be taken to avoid 
overheating of the CNTs sample under investigation. HiPCO CNT bundles have been exposed to high 
irradiance in two experiments with different excitation energies (1.96 eV and 2.33 eV) and in 
different environments (air and argon). We report on the threshold of reference conditions in order 
to avoid overheating and thus altering of CNTs observed with Raman spectroscopy. In addition we 
observe destruction of CNTs by overheating and distinguish effects of the environment and 
excitation energy on the temporal evolution of the SWCNTs Raman spectra. It is shown that altering 
of the CNTs is dependent on the size as well as the semi-conducting or metallic nature and chirality 
of the tubes. This opens good perspectives, for example in the domain for nano-electronics 
applications with a suitable process of selected ablation to purify metallic or semi-conducting 
nanotubes. 
 
I. INTRODUCTION 

Over the last two decades, carbon nanomaterials have captured the interest of many 
different research communities owing to their great interest from many theoretical, experimental 
and applied points of view1-3. Carbon nanotubes (CNTs) and graphene are appealing due to their 
unique electronic and mechanical properties particularly in the case of single-walled CNTs (SWCNTs). 
Although CNTs may have become less fashionable now than graphene, they are still the subject of 
intense study aimed at improving their purity and quality, at optimizing methods for the synthesis 
purely metallic or semiconducting CNTs with a narrow diameter or chirality distribution. Great 
progress has been achieved in separating CNTs and strides are being made to directly grow tubes of 
limited chirality distribution. All these are necessary steps for practical applications, for which two 
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challenging hurdles have yet to be overcome: i) for electronic applications, an efficient way of 
producing 100% metallic or semi-conducting nanotubes in reasonable quantity using a scalable 
process and ii) a huge effort in metrology to fully characterize the samples, their homogeneity and 
their intrinsic quality. 

Raman spectroscopy was early recognized as a method of choice to obtain valuable 
information on CNT samples and several excellent reviews have treated this subject over the past 
years.4-7 Due to the nanometric confinement of the electronic wavefunction along the diameter of 
CNTs, certain number of peaks are created in the electronic density of states (DOS): the so-called 
“van Hove singularities” (vHs). These are responsible for the electronically resonant effect observed 
in Raman spectroscopy. The separation between the singularities varies according to the tube 
diameter. For any given laser wavelength, only certain specific-diameters SWCNTs are in resonance 
with the incident light and contribute to the observed Raman spectrum. The plot of the resonant 
energies versus tube diameter constitutes the Kataura plot and allows determining which laser 
energy would be appropriate to detect a given type of SWCNT.  Three most interesting features in a 
typical CNT Raman spectrum are i) the radial breathing modes (RBM) around 150-300 cm-1 that have 
their vibrational frequency inversely related to the tube diameter,  ii) the defect (D) band around 
1300-1350 cm-1, the intensity of which depends on the number of defects present in the tube’s side-
wall and ii) the graphitic modes (G bands) around 1500-1590 cm-1 that have some spectral specificity 
for metallic and semi-conducting CNTs. These interesting features make Raman spectroscopy a most 
useful technique for obtaining information on the diameter distribution inside a CNT sample, on the 
number of defects present on CNT side-walls, and on the relative contribution of metallic and semi-
conducting CNTs. Coupled with other techniques such as TGA-MS, XPS, HR-TEM and visible-NIR 
absorption spectroscopy, Raman spectroscopy is undoubtedly contributor to the metrology 
(methodology) of characterizing CNTs.  

We can underline the basic requirements ensuing directly from this last statement: the 
experimental protocol must be well defined for this technique so much used in the analysis of CNT 
samples. Though Raman spectroscopy is often presented as a non-intrusive and non-destructive 
technique, it has nevertheless been noted that this is not always true: the laser irradiation of a 
sample may induce strong modifications of the overall sample. Researchers working with very 
sensitive mineral species such as iron oxides/hydroxides are well aware of this fact. For CNTs, many 
studies have pointed out the fact that a too high irradiance of the laser focused on the sample can 
heat it and change its spectral features. However, as we will report in this work, we can still find 
articles in which people have used incredibly high irradiance values and did not take account of the 
resulting effects. It is also sometimes quite difficult to find the basic information related to the 
working conditions used in Raman spectroscopy. The laser irradiance at the sample and the laser 
energy must always be indicated if one wants to report reliable and reproducible data, but we will 
show in the present work that the surrounding atmosphere also plays a role, and certainly other 
parameters such as the nature of the substrate on which the tubes are deposited should always be 
indicated. 

The laser heating effects observed in Raman spectroscopy by various authors led to another 
interesting idea: can we selectively destroy some CNT of specific nature (metallic or semi-conducting) 
or maybe of specific chirality using appropriate light wavelengths and irradiation conditions? Several 
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recent studies are now available in the literature based on this idea. A general understanding of laser 
irradiation effects however is still lacking, and we have been engaged in this challenge for several 
years. The present article is devoted to the study of three parameters (among many others) that can 
influence the laser irradiation effects observed on CNT samples: the laser wavelength (i.e., the 
energy of the incident photons), the laser irradiance and the nature of the surrounding atmosphere. 
We have put much effort into properly controlling both the irradiance on the sample surface and the 
experimental working conditions so as to ensure reproducible data which is a challenge in this kind of 
study.  

In what follows, we will first give (Sec. II) a short overview of what has been published 
concerning laser heating effects in CNTs. In Sec. III, we present the protocol we have used, followed 
by our results in IV. 

II. OVERVIEW OF LASER-INDUCED HEATING EFFECTS IN CNTs 

 Laser heating of a carbon sample during Raman spectroscopy analysis of CNTs can have a 
number of Raman-observable effects. Even for a “clean” sample containing no carbonaceous 
impurities, catalytic residue or sidewall functions, the effects will be different for SWCNTs, DWCNTs 
and MWCNTs depending on the number of walls, the defect content, the surrounding gas, or on the 
nature of the substrate. In the case of SWCNTs and DWCNTs, bundling and CNT chirality also play 
significant roles. The situation may become even more complex in the case of real-world samples 
when functional groups or amorphous carbon are present on the sidewalls or when there are also 
metallic impurities or residues. The thermal effects may be reversible or irreversible depending on 
the wavelength  energy of the incident photons, on the surface power density, i.e., the irradiance 
(KW/cm2) or on  the length of time to which the sample is subjected to the beam  In this brief 
overview, we will deal primarily with SWCNT samples. 

Before looking at the above-mentioned factors, we first note that individual SWCNTs are 
quite thermally robust.8,9 Among the first papers to treat the thermal effects of laser irradiation (at 
514 nm) on electric arc-produced MWCNTs was that of Huong et al.10  They noted that all bands (D, 
G, G’) change upon increasing the temperature from 293 to 363 K. They determined the temperature 
by recording the Stokes and anti-Stokes Raman lines around 120 cm-1. This was criticised in a later 
paper11 because of the proximity of this line to the Rayleigh line.  These latter authors11 used 632.8 
nm irradiation and a surface power density (hereafter referred to as the “irradiance)) between 32 
and 640 W/cm2 on two types of CNTs. These authors examined the D, G and G’ bands and made 
careful measurements of the T dependence through using the Stokes to anti-Stokes ratio using all the 
examined lines for both samples. In spite of the very low irradiance, the authors found a significant 
negative variation of frequency with T for all the peaks examined.  While data were not explicitly 
given, they indicated similar frequency shifts with T using 488 and 514.5 laser lines.  Many 
investigations followed these initial works to put more precise figures on the temperature 
coefficients of these peak frequency changes and to overcome the difficulties raised later about 
using the Stokes to anti-Stokes ratio to determine the temperature. Indeed, this ratio has been 
indicated as requiring precaution since resonance does not occur at the same lines in the two 
modes.12  
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Li et al.12 made the first study on SWCNTs (arc discharge), using 514.5 irradiation and 
irradiance values from 102 to 104 W/cm2. The authors used a Linkham heating stage to control the 
sample temperature and found the G and overall RBM T-coefficients to be about -4 10-2 cm-1/K and -
1.4 10-2 cm-1 /K respectively. Many works over the following years often gave somewhat different T 
coefficients for the G band: - 0.012 cm-1 /K 23 , - 0.03 cm-1 /K 13,14 or 0.019 18 for HiPco samples, -
0.019±0.007 and -0.030±0.007 cm-1 /K for a purified and unpurified laser ablation samples 
respectively15. Chiashi et al.16 did a very nice study using three laser wavelengths on four types of 
samples and fitted their data to a single equation but the overall T coefficient from 400 to 1000 K is 
about -0.03 cm-1 /K. The determination of this T coefficient is important since in many subsequent 
studies, direct measurement of the G band frequency was used as a thermometer. We retain, for use 
in our following treatment that a coefficient of -0.03 cm-1 /K is satisfactory. 

Several authors other than ref 7 have also treated the question of a possible down- or up-
shift in frequency of the RBMs. Ci et al.17 found for DWCNTs a greater downshift for larger than for 
smaller diameter CNTs. For HiPco SWCNTs, Raravikar et al.18 showed an opposite trend. Uchida et 
al.19 indicated that the frequency of all RBM peaks  tend to decrease with increasing temperature, 
the coefficient ranging from =0.003 to =0.022 cm-1/K. Zhou at al.20 carried out an experimental and 
theoretical study of individual SWCNTs and bulk DWCNTs and observed a linear decrease in RBM T-
coefficient as the frequency rose, whereas the T-coefficient varied very little for individual SWCNTs. 
The greater increase in T-coefficient for larger diameter SWCNTs was also found by McNeil et al.15 

We can therefore conclude from the above that the relative changes in RBM frequency [e.g., 
( d /dT)/  (295K)] are much greater than those of the G band.  Most of the above works, under the 
experimental conditions that were used concluded that these frequency shifts with temperatures up 
to 600 or 800K were reversible, at least under inert atmospheres. 

 Under higher irradiance conditions under less inert atmospheres and due to the resonance-
enhanced absorption, many irreversible effects have been noted in the literature. Laser irradiation 
during Raman spectroscopy studies have been indicated as being a means to clean the samples 
through removal of adsorbates.13   Under higher irradiance conditions, selective removal of certain 
species in a bulk sample is often cited as being due to their small diameter14   or to the fact that 
metallic SWCNTs are more reactive than their semiconducting counterparts.21,22  or simply of 
resonant as opposed to non-resonant tubes.24,25 

The presence of carbonaceous or catalyst residue also plays a role in the thermal stability of 
SWCNTs. One work23 showed that different carbonaceous species might react differently to the 
effects of thermal irradiation laser-provoked so that laser irradiation could be used to purify a 
sample. This was shown to be even more prevalent when impurities were present. The work of 
Smalley’s group26 showed that residual amounts of catalyst could play a second catalytic role in 
removing carbon materials from an impure sample.  
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III. SAMPLE PREPARATION AND EXPERIMENTAL METHODS 

The samples to be studied were prepared as follows. 2 mg of HiPco SWCNTs were suspended 
in 2 mL of a dimethylformamide  (DMF) solution. Bath-sonication was done for 60 min at 600 W. A 
drop of the suspension was then put on a glass slide and the solvent was evaporated until complete 
drying. The SWCNTs are bundled on the glass slide surface. More than 10 spectra at room T were 
taken at various locations on the sample to verify that the RBM profile under these reference 
conditions did not change significantly. Figure S1 in the supporting information shows an example of 
two spectra taken with two different samples (i.e. different drops of CNTs on the glass slides) under 
argon or air, at low power density and before any irradiation effects. The great similarity between 
the spectra, including the RBM profiles, shows that we succeeded in defining reproducible working 
conditions with these HiPco CNTs. This suggests that the overall sample is quite homogenous despite 
the fact that the tubes are in bundles and not individualized. We choose to avoid working with 
individualized tube since this would require use of a surfactant, the molecules of which might 
interact with heated CNTs and thus might introduce complex chemical reactions. More original 
(“initial”) characterizations of these HiPco SWCNTs are reported in the supplemental material. 

As concerns the spectroscopic study, we used a confocal Raman microscope (Witec CRM-
200) equipped with a cooled CCD detector, a grating with 1800 gr. mm-1, a microscope X20 objective 
with a numerical aperture of 0.40 and a long working distance of 9 mm, and two laser wavelengths 
(532 and 633 nm). It is indeed interesting that the spectra taken with the 532 nm laser wavelength 
are essentially representative of the metallic CNTs in resonance with the incident laser light, while at 
633 nm both resonant metallic and semi-conducting CNTs are probed.  To estimate properly the laser 
irradiance on the sample, the detector of the power-meter was placed directly on the microscope 
stage. We estimated the laser spot size by determining the point spread function (PSF) of the 
microscope equipped with the X50 objective. To do so, we used a calibration grid made by stripes of 
gold on silicon wafer. The width of the gold stripes was 10 µm, and the height was 400 nm. The exact 
profile of the stripes was obtained by AFM measurements in the contact mode. The steps of the 
stripes were almost vertical since the size of the area between end of silicon and the summit of the 
gold stripe was only 40 nm. The calibration grid was imaged using the Raman mapping facility in the 
Witec software. We then compare the profile of the gold stripes obtained by Raman and AFM 
techniques. The gold stripes can be modeled as a step function in Raman spectroscopy due to the 
limit of diffraction of the microscope objective. The PSF function was modeled as a Gaussian since 
the laser beam was perfectly Gaussian and the Witec optics is of very good quality. The laser spot-
size was then estimated by taking the width of the PSF function at 36% of its maximum (1/e). We 
obtain a diameter of 3.4 µm. 

The heating protocol is summarized in Figure 1 for the He:Ne laser (632 nm). Irradiation at 
high power density (HPD) (110 kW cm-2) is carried out for increasingly longer periods of time 
separated by constant periods of time under a low power density (LPD) (7 kW cm-2) irradiation. The 
LPD value designates the maximum value of power density that could be used to irradiate a sample 
over several hours with no spectral change and no heating. This is thus the “reference” level. The 
HPD corresponds to by the maximum laser power available on the set-up for He:Ne laser. Spectra at 
LPD were always taken at the end of the LPD period, to ensure power stability. Most of the spectra at 
HPD were taken 2 minutes after the beginning of the irradiation period, excepting the last one taken 
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at the end of the final HPD period. In what follows, the indicated times at LPD and HPD irradiation 
correspond to the cumulative lengths of irradiation, which therefore represent the dose of photons 
to which the sample has been submitted. 

 

Figure 1: heating protocol for the He:Ne laser at 633 nm. Numbers above arrows correspond to 
labels of the acquired spectra 

The heating protocol for the frequency-doubled YAG laser at 532 nm was almost the same 
except that the LPD and HPD acquisition times are slightly different than those indicated in figure 1 
although te HPD and LPD levels were the same. It should be noted that the HPD at 633 and 532 nm 
correspond to a flux of 3.51×1023 and 2.95 ×1023 photons.s-1.cm-2 respectively. 

Raman spectra taken at LPD and HPD can be used to determine the temperature rise in the 
sample under the laser spot. Indeed, the position of the SWCNT G+ band around 1590 cm-1 is quite 
temperature-sensitive and downshifts as the temperature increases. For example, the comparison 
between the spectrum taken at LPD at time 0 min and the spectrum at time 2 min at HPD for the 633 
nm laser wavelength under air is indicated in Figure 2. The shift noted by d is then used to calculate 
the temperature rise, assuming a “red shift” of 0.025 cm-1 per degree27-29. In order to track this shift, 
we proceed to the fitting of G band with a Lorentz-function for G+ band and one Lorentz-function 
and one Breit-Wigner-Fano function for G-. Thus, we follow evolution of the position of the G+ 
between spectra at LPD and HPD. 
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Figure 2 : definition of the downshift parameter d used to calculate the temperature reached by 
the sample under HPD. 

The results discussed below involve a study of both the effect of the two laser wavelengths 
indicated above and of the gas environment surrounding the SWCNTs during HPD laser irradiation: 
argon or air. Under ambient air, the SWCNT sample was simply placed on the glass slide within the 
spectrometer. For the study under argon, the sample was introduced inside a homemade gas flow 
cell and kept under a constant laminar flow of argon at a flow rate of 15 mL/hour 

IV. RESULTS AND DISCUSSION 

Figure 3 reports the Raman spectra taken with the 532 nm laser wavelength under air at the 
reference LPD following the HPD protocol of figure 1. Only the data for D (1350 cm-1), G (1450-1590 
cm-1) and G’ (2620 cm-1) bands are shown in this figure, the complete analysis of radial breathing 
mode (RBM) is presented later in the article. 

 

Figure 3: Raman spectra in the D/G band region for HiPCO CNTs taken under air with the 532 nm 
laser at low power density. The inset shows the G’ band region. 
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Figure 3 illustrates many important effects of cumulated HPD irradiation. The contribution in 
fitting of G-band of the broad Breit-Wigner-Fano band around 1420-1530 cm-1 is continuously 
reduced with increasing length of HPD irradiation time, and this change is irreversible as show in fig. 
3 for the spectra taken at LPD conditions. This band is due to the electron-phonon coupling processes 
in metallic CNTs. Its intensity decrease means that some metallic CNTs are destroyed in air when 
irradiated by the 532 nm laser light. The G+ band around 1590 cm-1 is reduced as well while the D-
band remains almost unchanged. The intensity ratio ID/IG therefore increases, which confirms that 
laser irradiation under air creates new defects on CNT side-walls and the surviving CNTs are 
damaged. Another interesting point in Figure 3 is the decrease in intensity and a small upshift of the 
G’ band position. The G’ band intensity and wavenumber depend on the presence of electronically 
resonant metallic tubes. If the scattered photon of the G’ band is in resonance conditions with the 
optical transition E11

M of the metallic tube, there is an enhancement of the G’ intensity, as shown by 
Kim et al. several years ago in a systematic study30 []. The effect was demonstrated using an Ar+ laser 
emission at 514 nm (2.41 eV) but their conclusions remain true for the 532 nm (2.33 eV) laser light if 
we examine this energy in the Kataura plot [reference]. The G’ band intensity decrease (Figure 3) 
therefore confirms the destruction of some metallic nanotubes during irradiation by the green laser 
under air. These results are also observed for G and G´bands of spectra taken with 633 nm laser. 

Figure 4 plots the G+ band intensity and the calculated temperature of the sample under the 
HPD conditions time for the 633 nm laser wavelength, under argon and air. In the former case, the 
G+ intensity decreases rapidly and then stabilizes. The local temperature is initially 860°C and then 
decreases gradually with increasing irradiation time to reach 600°C. The rapid decrease of the G+ 
intensity is certainly related to the destruction of the most sensitive CNTs that may have a high 
number of defects [cite our PSS b paper]. These tubes therefore undergo a fast thermal destruction 
process, while the other CNTs are not destroyed under argon. The sample’s temperature slowly 
decreases with irradiation time, due to the further destruction of more CNTs that are also strong 
laser absorbers (through the electronic van Hove singularities). Laser irradiation may also damage 
carbonaceous impurities but this HiPco sample does not contain much of them. Under air, the G+ 

band gradually decreases during laser irradiation. The starting temperature is only 550°C since the 
destruction under air of the most sensitive tubes is certainly very fast and the time to acquire the 
first Raman spectrum is too long to follow this initial degradation. Therefore these CNTs acting as 
light absorbers disappear quickly and the initial temperature is inferior i. The regular decrease of the 
G+ band intensity is accompanied by a decrease of the local temperature which is due also to the 
destruction of the laser light absorbing CNTs. The presence of oxygen and water molecules in air 
favors the destruction of CNTs heated by the laser light through photo-oxidation or thermally 
induced oxidation processes. 

 The same kind of study was conducted with a higher photon energy laser at 532 nm. Figure 5 
plots the evolution of the G+ band intensity and the calculated local temperature under argon and 
under air in HPD conditions. While in air (fig. 5 (b)) the conclusions are the same as those using the 
633 nm laser light, under argon the situation is more complex. Indeed in fig. 5(a), the G+ band 
intensity initially rises, then suddenly drops and finally increases more or less regularly with 
irradiation time. The local temperature first decreases from 800° to 550°C, then slightly increases 
when the G+ band intensity drops, and then decreases and finally rises again at longer irradiation 
times. These strange oscillatory effects may be the combination of a destruction process of very 



9 

 

sensitive CNTs (perhaps the same as those destroyed under argon using the 633 nm excitation 
wavelength) and an annealing effect. Metallic nanotubes can efficiently conduct the heat deposited 
during laser irradiation and thus heat their surroundings, including neighboring CNTs, carbonaceous 
impurities or molecules adsorbed on the CNT. The destruction of impurities or the desorption of 
adatoms or -molecules at the beginning of laser irradiation enhance the G+ band intensity first. This 
will be corroborated later by study of the RBM bands (see next paragraph). Contrary to the effects of 
annealing, a destruction of the most sensitive CNTs (those that initially contain more defects or those 
which are more strongly resonant) is also observed and can be responsible for the drop of G+ 
intensity at 50 min of irradiation. When this rapid destruction slows down due to the “consumption” 
of these defective tubes, the annealing process will overcome it and the G+ band intensity will 
increase again. In measurements taken with 633 nm laser in the experiment under argon the 
increase of G+ is not observed in the beginning, instead there is directly a drop of G+ intensity and 
then a slight increase, much lower than the one observed in measurements with 532 nm laser.  

 

Figure 4: G+ intensity and calculated temperature under HPD conditions for CNTs irradiated at 633 
nm under argon or air. Time indicated on x-axis corresponds to labels of HPD spectra taken (see 

Fig. 1) 
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Figure 5 : Estimated temperature and G+ intensity under HPD conditions for CNTs irradiated at 532 
nm under argon or air. Time indicated on x-axis corresponds to labels of HPD spectra taken (see 

Fig. 1) 

 

In order to test this explanation, the RBM modes have been studied in detail. Figure 6 (a) 
shows three RBM spectra obtained with the 633 nm laser under LPD conditions after three different 
irradiation times all under an argon flow. There is a huge increase of the RBM intensities between the 
initial spectrum (0 min irradiation) and that for 10 min irradiation, while fig. 4(a) shows a fast 
decrease of the G+ band intensity. This means that the CNTs that are destroyed during irradiation at 
HPD are not those probed at LPD conditions. The latter are in fact annealed during this process for 
low irradiation times under argon flow. The fast ramping in the beginning of irradiation (first bar in 
Figure 4(a)) is thus a kind of flash treatment that has burned the carbonaceous impurities and 
desorbed foreign molecules. This promotes the increase in RBM intensity under “LDP” temperature 
since the tubes may be cleaned and more photons can reach them instead of being absorbed by the 
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impurities. After this initial laser-induced cleaning process, longer irradiation times initiate the 
progressive but very small decrease of the RBM intensity. In addition to a destruction of the tubes, 
the long heating times might contribute to some debundling process and thus small changes in the 
RBM intensities31. Figure 6 (b) exhibits the global evolution of the RBM intensities versus irradiation 
time in a two-dimensional plot coding the RBM intensity with a colored scale indicated in the figure.  
First the intensity of the signal increases after 10 minutes of heating and then it decreases 
continuously. Nonetheless we can distinguish the third band which around 260 cm-1 which displays a 
the initial annealing after 10 minutes, then a decrease until 60 minutes, then intensity increases 
again before finally going down after 380 minutes of heating. The smallest tubes represented by the 
RBM peak at 285 cm-1 are destroyed almost completely, their signal disappearing.  

 

 

Figure 6: a) Evolution of the RBM intensity versus irradiation time in the Raman spectra of the 
HiPco SWCNTs taken at low power density with the 633 nm laser and under argon flow; b) a two-

dimensional plot coding the RBM intensity using the colored scale-bar indicated on the right. 

 The same kind of study was also realized with the 532 nm laser excitation. Figure 7 plots the 
results obtained. Figure 7(a) clearly indicates that a cleaning process is also operating at 532 nm 
under argon flow, as was observed in the data obtained with the lower energy laser. A more detailed 
analysis of Figure 7(b) reveals the “intensity oscillation” phenomenon reported above for the G+ 

a) 633 nm / Argon / LPD

b) 2D plot
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band intensity in Figure 5(a). This is particularly obvious for the data centered around 270 cm-1. We 
retrieve oscillations of G+ band at the same heating times (50 and 250 minutes of heating). One can 
also see that the evolution is not strictly the same for the whole set of RBM peaks probed here. For 
instance, the small RBM contributions of the tubes around 240-250 cm-1 do not alter as much as the 
other tubes for the longest irradiation time (485 min). This confirms what has been observed with 
633nm laser, semi-conducting tubes are less destroyed than metallic even if they are smaller. The 
fact that this dependence of nature of CNTs is more clearly observed with 532nm would be due to 
the fact that semi-conductors CNTs act as light absorbers (saturable absorbers, A. Martinez, Z. Sun, 
Nature Photonics 7, 842-845 (2013)) which prevents them from being destroyed via a photo-induced 
process contrary to metallic tubes and this phenomena is enhanced with an higher irradiance energy.  

 

 

Figure 7: a) Evolution of the RBM intensity versus irradiation time in the Raman spectra of the 
HiPco SWCNTs taken at low power density with the 532 nm laser and under argon flow; b) the 2D 
plot of this evolution as in Figure 6(b). 

 Figure 8 reports the 2D plots of the RBM intensities versus irradiation time for spectra taken 
under the HPD conditions and under argon flow. These spectra pertain to CNTs that are electronically 
resonant under HPD irradiation conditions, i.e. at high temperature. For the data obtained using the 

a) 532 nm / Argon / LPD

b) 2D plot
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red 633 nm laser excitation, after a moderate but fast decrease of the RBM intensity due to the 
destruction of the most sensitive CNTs (initially with a high number of side-wall defects), the effects 
of annealing or cleaning processes are quite obvious, with a strong increase of many of the RBM 
intensities. This clearly confirms the beneficial role of a high irradiation times with the 633 nm laser 
on a HiPco sample under an argon flow to remove impurities, damaged tubes and also to desorb 
foreign molecules. These RBM data are fully coherent with the evolution of the G+ band in Figure 
4(a). The fast initial decrease of the G+ band correspond to the fast destruction of the initially 
damaged and most sensitive CNTs. After their removal, the high local temperature stabilizes and the 
annealing/cleaning process occurs, leading to RBM and G+ intensity increases. It is interesting to note 
that the RBM intensity rise is comparatively more pronounced than that of the G+ band, maybe due 
to a higher resonance condition after cleaning the tubes. For example we can distinguish few peaks 
of RBM that becomes especially intense, for example at a frequency of 213 cm-1, corresponding to 
metallic (n,m) tubes with eV transition energy which becomes more resonant as this transition 
energy is upshift at high temperature. 

 

Figure 8 : 2D plots of the RBM intensity changes in HPD spectra taken at (a) 633 nm and (b) 532 nm 
and under an argon flow. 

 The data obtained for 532 nm laser excitation are different. Indeed, they indicate the same 
kind of oscillatory effects observed on the spectra taken at LPD, but the destruction of the decrease 

a)

b)
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of RBM intensities at longer irradiation times is more pronounced. It means that the tubes 
electronically resonant at HPD conditions are really destroyed, despite the fact that the surrounding 
atmosphere is composed of an inert gas. This is quite surprising and unexpected. We propose that 
the residual water molecules present in the tubes can be desorbed at long irradiation time due to the 
heating of the tubes during several hours under a gas flow. It is known that water can be an oxidant 
at high temperature32. These water molecules can then react with CNTs and destroy those that are 
electronically resonant at HPD conditions, maybe through a photo-oxidation process31.  

 The role of the surrounding atmosphere has also been investigated in the present work. 
Figure 9 shows the 2D plots of the RBM intensities for LPD and HPD conditions, using the two laser 
wavelengths, and under air rather than argon flow.  The most obvious change is that at long 
irradiation times, CNTs are destroyed under air whatever the laser wavelength used. The data 
obtained with 633 nm laser still show an small annealing effect at the beginning of the irradiation but 
the RBM intensities then drop again. Using the higher energy green laser at 532 nm, the annealing 
effect is not observed and only rapid CNT destruction is observed under both LPD and HPD 
conditions. The destruction certainly arises from a photo-oxidation process with the O2 molecules 
present in the air. The data of Figure 9 clearly demonstrate the role of laser energy in this process. 

 

Figure 9 : 2D plots of the RBM intensity versus irradiation time under air for LPD (top) and HPD 
(bottom)  conditions and two laser wavelengths, 633 nm (left) and 532 nm (right). 

 One might wonder if the data collected under argon flow and those collected under air might 
be examined together. Figure 10 (a) shows the RBM data obtained at 633 nm under LPD and HPD  

a)

b)

c)

d)
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irradiation and Figure 10(b) plots the RBM intensity versus irradiation time under air for two RBM 
contributions with different conditions of resonance: one corresponds to CNTs resonant only under 
LPD conditions (283 cm-1) while the other contribution comes from tubes resonant under both LPD 
and HPD conditions (213 cm-1) . Figure 10 (a) is a good example of the change of the resonance 
conditions between LPD and HPD conditions, principally coming from the difference in temperature. 
If we select a tube with a RBM at 283 cm-1 (c.f., arrow on fig. 10(a)) that is resonant at LPD but not at 
HPD, we see that its intensity in air at LPD simply disappears through an oxidation process. Yet as 
also shown on fig. 10(a), this tube is not directly heated at HPD during laser irradiation since it is not 
Raman resonant under these conditions. The oxidation process is therefore thermally induced by the 
neighboring tubes in the bundles that are heated at HPD due to absorbtion of photons which are in 
resonance/are resonant. To our knowledge, this is the first evidence of an indirect oxidation reaction 
on CNT produced by thermal diffusion, though in a recent study such effect was used to melt gold 
nanoparticles. If now we follow what happens to a tube in strong resonance at HPD (e.g., the RBM 
contribution at 213 cm-1), we see that under air, this tube is annealed in the beginning of irradiation 
with significant RBM intensity increase while at longer irradiation times the oxidation process 
(certainly a direct photo-oxidation with O2) becomes dominant and the RBM intensity decreases.  
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Figure 10 : (a) RBM profile at LPD and HPD under argon for HiPco tubes irradiated at 633nm (before 
heating for LPD spectrum, after 2 minutes heating at HPD) (b) the RBM intensity change versus 
irradiation time using 633 nm laser under air. 

 

In an attempt to generalize the analysis made in Figure 10, we have made a spectral decomposition 
of the RBM data using a set of Lorentzian functions, for example 16 of them were used to fit data 
acquired with 633 nm laser while spectra obtained with 532 nm laser were fitted with 15 peaks of 
similar parameters. Figure 11 shows an example of such decomposition. Fitting the data enabled us 
to precisely follow intensity of each resonant CNT versus irradiation time for the two laser 
wavelengths, the two HPD and LPD conditions under the two atmospheres (argon flow and under 
air). The data for several typical RBM contributions are presented in Figure 12 for argon atmosphere 
and in Figure 13 for air. 
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Figure 12: Normalized RBM-amplitude evolutions under air coming from spectral decomposition. 
Amplitudes before first step of heating are taken as reference in case of LPD conditions (top) and 
amplitudes of spectra in the beginning of the first heating step are taken as reference for HPD plots 
(bottom) 
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Figure 13: Normalized RBM-amplitudes evolutions under air coming from spectral decomposition. 
Amplitudes before first step of heating are taken as reference in case of LPD conditions (top) and 
amplitudes of spectra in the beginning of the first heating step are taken as reference for HPD plots 
(bottom) 

The relative increase of RBM intensity at 633 nm under argon atmosphere due to the 
annealing/cleaning up process depends on the nature of the tubes. One can notice that the CNT 
species exhibiting the highest intensity increase in LPD  conditions (219 cm-1 and 255 cm-1) are 
neighbors of the tubes with highest increase in HPD conditions (215cm-1 and 252 cm-1), revealing the 
effect of thermal diffusion in the desorption of foreign molecules. In fact, tubes corresponding to 
215cm-1 and 252 cm-1 are in better resonance at HPD conditions because their transition (see 
supplementary info). They indeed absord heat from irradiance and transmit to neighboring tubes, 
inducing destruction we observe at LPD conditions. An interesting point is that tubes of comparable 
size, at peaks of 240cm-1 and 255 cm-1 do not display the same behavior, the latter one showing an 
RBM intensity that increases dramatically while the other tubes signal stabilizes. Knowing that tubes 
corresponding at 240 cm-1 are metallic and these showing RBM signal at 255 cm-1 are semi-
conducting. This shows again that in inhert atmosphere, where the process of destruction is 
independent of oxidation, the nature of tubes have a strong influence on the annihilation of CNTs 
and semi-conducting tubes seems to be less likely to be destroyed than metallic tubes. 
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Under argon at 532 nm: at HPD the same oscillatory behavior is observed just as previously, with 
competition of both annealing and destruction of tubes. But as seen at LPD conditions, annealing is 
occurring just at beginning and a combination of destruction and debundling takes place mainly. In 
this case the energy absorbed by the tubes is higher and the destruction process would occur more 
likely but on the other hand, a high irradiance energy induces a higher desorption of foreign 
molecules on tubes and thus, the enhancement of tubes by this purification is more important and 
compensates destruction occurring at the same time, resulting in oscillations of intensities of RBM 
peaks. 

Under air, at 633 nm some tubes can show just the annealing process at HPD (data 192 cm-1); this 
could indicate a diameter selective process of destruction of the tubes. Knowing that the first spectra 
at HPD were taken after 2 minutes of heating we can assume that the annealing process for the 
tubes in resonance at HPD is occurring during a very short time for the smaller tubes and its effects 
are overlapped by the destruction occurring at the same time. Nonetheless, the neighbors of these 
smaller tubes, in resonance at LPD, are less affected by the destruction because they are affected in 
an indirect way via thermal diffusion. This explains why we observed the increase of signal due to 
annealing effect in LPD conditions. Concerning the biggest tubes, they are less affected by the 
destruction process as we can see on LPD conditions spectra while the signal from the smallest tubes 
(252 cm-1) does not display any increase before decreasing to zero level. This indicates a sensitivity 
related to the diameter for the destruction process in air atmosphere with a low energy irradiation. 
But generally, after a first annealing, there is CNTs destruction.  

Under air at 532 nm: We can observe a decrease of RBM intensities at HPD conditions and also at 
LPD conditions therefore even tubes that are not resonant at HPD undergo a thermally induced 
oxidation process in air due to the local heat delivered from the CNTs in resonance which act as the 
heat absorbers. In this case, the high energy irradiance which saturates energy absorbing tubes faster 
and the oxidation process that can occur in air atmosphere, induce a destruction process so efficient 
that the initial intensity increase due to desorption of foreign species cannot be observed. 
Nonetheless, we can still observe a higher resistance to destruction from the big tubes compared to 
the smaller ones (262 cm-1, 271 cm-1) 

 

V. CONCLUSIONS 

A critical review on the available experimental data on the CNTs response to high laser irradiance 
was done. In addition, Raman experiments with different laser excitation been performed in order to 
characterize phenomena occurring during laser heating of bundled SWCNTs in different (gas) 
environments. 

An extensive study of the phenomena occurring during laser heating of bundled SWCNTs was 
performed. A special emphasis was put on clarifying dependence of these phenomena on laser 
photon energy and gas environment surrounding the nanotubes.  

We demonstrate that two main processes occur during heating of the CNTs induced by high 
irradiance: first, CNTs annealing during which the carbonaceous impurities are partially destroyed 
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and other molecules adsorbed on the surface and even filled the nanotubes interior are desorbed, 
results in Raman signal increase. Second, further irradiation leads to the Raman signal decrease 
which implies the CNTs destruction due to inefficient heat dissipation in bundles contrary to the case 
with nanotubes in individualized state. The onset of CNT destruction by laser overheating sets in at a 
certain irradiance which defines temperature threshold of the process.  

This last condition reveals major differences in We show that nanotubes destruction is strongly 
dependent on the surrounding atmosphere. For example, under air the CNTs destruction goes much 
faster than the inert atmosphere (Ar) which emphasizes role of oxidation in the process.  Small 
diameter (less than 1 nm) nanotubes are more sensitive to oxidation – such CNTs are being 
destroyed even via indirect overheating (not absorbing the photons). The CNTs size sensitivity to 
laser irradiation is not so evident in Argon atmosphere where CNT destruction is pure overheating 
effect. On the other hand the electronic properties of the nanotubes have a strong impact on their 
response high laser irradiance: the metallic nanotubes are destroyed faster that the semiconducting 
counterparts, the property which may be used for CNTs purification (separation of semiconducting 
and metallic nanotubes). 

Finally, energy of incident photons have a high impact on the nanotubes destruction under laser 
irradiation. For example, we observed faster decay of Raman signal from the CNT bundles 
illuminated with 2.33 eV photons due to CNT destruction than under similar irradiation with 1.96 eV 
photons. In addition the desorption of foreign species from the CNT surface is more efficient in the 
former case leading to the Raman signal increase which competes with signal drop due to nanotubes 
destruction.  
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Supplementary information 

1) Determination of chiralities in resonance with 1.96 eV excitation 

 
Figure S1: Kataura plot obtained from experimental studiesi,ii,iii in the 1.96 eV energy range. 
Colored lined indicated the excitation energy (solid line) and the limit of resonance window 
(dashed lines). Black dashed lines correspond to frequencies used in peak fitting of RBM at LPD 
(see Fig. S2) while grey lines are frequencies of RBM appearing at HPD (see main paper text for 
description of LPD and HPD conditions) in spectra collected with 1.96 eV. 



 
Figure S2: peak fitting of RBM of spectra collected in air at LPD with 1.96 eV. The number of 
peaks are indicated for a better reading of Tab. S1 

Peak 
number 

Peaks 
position (cm-

1) 

Chirality Diameter (nm) Electronic nature 

1 188 (12,6) 1.24 M 
2 193 (13,4) 1.21 M 
3 201 (14,2) 1.17 M 
 205 (10,7) 1.16 M 

4 209 (11,5) 1.11 M 
5 216 (12,3) 1.08 M 
6 220 (13,1) 1.06 M 
 235 ?   
 240 (9,5) 0.96 SC type II  
 245 ?   

7 248 (10,3)  0.96 / 0.92  SC type II 
8 252 (9,4) 0.92 SC  
9 255 (11,1) 0.91 SC type II 

10 258 (7,6) 0.90 SC type II 
11 261 ?   
12 282 (7,5) 0.82 SC  
13 296 (8,3) 0.77 SC 

Table S1: Results of attribution of chirality to RBM frequencies used in peak fitting of spectra 
collected with 1.96 eV. Data associated to RBM peaks only visible at HPD conditions displayed in 
italic bold, yellow values are from theoretical workiv,v  



 
2) Determination of chiralities in resonance with 2.33 eV excitation 

 

Figure S3: Kataura plot obtained from experimental studiesi,ii,iii in the 2.33 eV energy range. 
Colored lined indicated the excitation energy (solid line) and the limit of resonance window 
(dashed lines). Black dashed lines correspond to frequencies used in peak fitting of RBM at LPD 
(see Fig. S2) while grey lines are frequencies of RBM appearing at HPD (see main paper text for 
description of LPD and HPD conditions) in spectra collected with 2.33 eV. 

 



 
Figure S4: peak fitting of RBM of spectra collected in air at LPD with 2.33 eV. The number of 
peaks are indicated for a better reading of Tab. S2 

 Peaks position 
(cm-1) 

Chirality Diameter (nm) Electronic nature 

1 184 (13,6) 1.32 SC type II 
2 195 (14,4) 1.28 SC type II 
3 206 (16,0) 1.25 SC type II 
4 215 (8,8) 1.09 M 
5 223 (8,8) / (9,6) 1.09 / 1.02 M 
6 229 (9,6) 1.02 M 
7 233 (9,6)  1.02 M 
8 238 (10,4) 0.98 M 
 242 (7,7) 0.95 M 

9 245 (11,2) / (12,0) 0.95 / 0.94 M 
10 252 (12,0) 0.94 M 
11 259 (8,5) 0.89 M 

 262 (8,5) / (7,6) 0.89 / 0.89 M / SC type II 
12 265 (8,5) 0.89 M 
13 271 (9,3) 0.85 M 
14 274 (10,1) 0.82 M 
15 277 ?   
16 291 (9,2) 0.79 SC type II 
17 313 (6,5) / ? 0.75 SC type II 



Table S2: Results of attribution of chirality to RBM frequencies used in peak fitting of spectra 
collected with 2.33 eV. Data associated to RBM peaks only visible at HPD conditions displayed in 
italic bold, yellow values are from theoretical workiv,v  
 

Kataura plot has been determined from experimental results of Telgi, Fantiniii and Araujoiii 

displaying Eii in function of frequencies of RBM in Raman spectra of CNTs. Horizontal red lines 
indicates excitation laser energy window and vertical black dotted lines the frequencies of RBM 
detected in our reference sample (after peakfitting) at LPD conditions while vertical dotted grey 
lines indicated frequencies of RBM peaks present only at HPD conditions. The bundled state of 
the CNTs was taken which implies Eii downshift (depending on chirality)ii whereas RBM 
frequencies are upshifted in comparison to individual nanotubes. That was taken into account 
in the analysis. The association of a single chirality with several frequencies could be the result 
that our CNTs are in forms of bundles instead of individualized tubes and that the signal is then 
not a sharp single peak. Also the error on frequency induced by experiments (up to 1 cm-1) and 
the freedom of fitting (average of 1.5 cm-1) must also be taken into account to explain the 
match between frequencies of Kataura plot and of the measurements. 
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Summary 

Carbon nanotubes (CNTs) with their outstanding mechanical properties are considered for use in 
materials subjected to extreme impact load.  Materials resistance under such conditions can be 
probed by dynamic compression induced by shockwave. High pressure induces collapse of the CNTs 
and could lead to their interlinking (polymerization) or/and coalescence. Shockwave experiment on 
other carbon nanomaterials was shown to result in the synthesis of new phases, for example, 
diamond from fullerenes. Here we show that an onset of small diameter (~1nm) single wall CNTs 
destruction is at 26 GPa. CNTs are completely demolished under 36 GPa where their transformation 
to grapheme and amorphous sp2/sp3 carbon occurs. Our study questions the nanotubes endurance 
to shock and emphasizes prospect of utilizing SWCNTs as reinforcing units in the materials used as 
shields protecting from extreme impact (ballistic load). 

 

Introduction  

Carbon nanotubes (CNTs) have attracted much research attention due to their excellent mechanical, 
thermal and electronic properties. High pressure studies of CNTs have been a subject of interest 
during 15 years now but still many questions of interest remain. Pressurized CNTs go through 
structural phase transitions (SPTs) at tube radius dependent pressures. The first STP is a cross section 
deformation onset from circular to oval at some critical pressure usually denoted Pc.  Pc is expected 
to show a Pc~d3 dependence according to continuum elasticity theory1,2,3,4 and simulations on both 
single walled (SW)CNTs5,6,7,8 and double walled (DW)CNTs9,10. In some reports Pc is referred to as the 
“collapse pressure” though it is clear from the context that it in fact is the onset of collapse that is 
intended. The collapse pressure Pd is identified as the pressure where the tube cross section assumes 
a peanut shape and the wall separation reach the graphite interlayer distance. Pd ≈ Pc for CNTs with 
large diameters implying an abrupt CNT collapse while Pd>Pc for CNTs of smaller diameter resulting in 
a continuous transition to the collapsed state8,11. Pd is expected to depend linearly on Pc so that Pd ~ 
d3 but with a higher proportionality constant7,10,12. In addition to diameter Pc and Pd are expected to 
be affected by factors such as bundling symmetry13,14, structural defects4,15 and filling of the tube's 
hollow interior16,17,18. In particular DWCNTs are expected to have higher Pc and Pd than SWCNTs that 
are of the same diameter as the inner tube of the DWCNT9. 

 



Beyond collapse another key issue is the question of reversibility upon pressurization. It has been 
suggested that CNTs may polymerize19and more specifically polymerization has been predicted for 
cold compression of CNTs20,21,22,23,24,25. The polymerization pressure seems to be diameter dependent 
as CNT with sufficiently small diameters may even polymerize under ambient conditions12,26. This 
means that in spite of their higher Pc CNTs of small diameters can show a lower degree of structure 
reversibility after pressurization than CNTs with larger diameters. Other potential limiting factors for 
the pressure reversibility of CNTs is introduction of structural defects such as bond breaking and 
disorder or graphitization of the tubes or possibly formation of new forms of carbon at sufficiently 
high pressures. An alternative to polymerization has been investigated: Monte-Carlo simulations of 
SWCNTs bundles under pressure of 20 GPa and temperature of 4000K predict coalescence of tubes27 
which  could occur directly or after CNT collapse depending on the tubes diameter. It is leading to 
graphitization of the sample when temperature is increasing. Some sp3 interlink defects are 
observed though and are considered as the seeds for transformation of graphite into diamond which 
occurs in same high pressure high temperature treatment but for longer time. 

 
No unambiguous experimental evidence of CNT polymerization has been reported to date. 
Nevertheless, several attempts were made – nanotube polymerization was claimed after high 
pressure, high temperature (HPHT) treatment to 1.5 GPa and 700°C of 1.2 nm mean diameter 
SWCNTs28 and irreversible transformation of 0.8-1.8 nm diameter SWCNTs after 35 GPa have been 
also attributed to polymerization29. Superhard materials have been obtained experimentally by 
compressing 1.8-5.1 nm diameter MWCNTs at 100 GPa30 and by compressing 0.7-1.4 nm diameter 
SWCNTs to 35 GPa in combination with shear deformation leading to a total of 60 GPa of 
pressure/stress31. HPHT treatment to pressures of 8.0 and 9.5 GPa and temperatures above 800 and 
900°C respectively of 1.2 nm mean diameter SWCNTs has revealed a diamond like phase of carbon. 
Claims have even been made of a phase harder than diamond after compression of 1.2 nm mean 
diameter SWCNTs to 24 GPa combined with shear deformation32. It has also been shown that no 
superhard phase of carbon is produced when pressurizing 0.7-1.4 nm diameter SWCNTs to 62 GPa33. 

 
Our previous study of SWCNTs revealed dramatic differences in nanotube response to dynamic vs. 
static compression - the SWCNTs under static compression to 35 GPa display high structural stability 
whereas completely destroyed by 36 GPa of dynamic compression34. Similar differences in behavior 
have been observed with DWCNT compressed to 36 GPa35. Nonetheless the study of carbon 
nanotubes under dynamic compression has been rarely reported, while literature provides numerous 
studies of shocked C60-fullerenes36,37,38. Phases transformations of C60 under shock compression has 
been determined37, fullerenes being stable between 13-17 GPa, with a fast reconstructive 
transformation to graphite occurring near 17 GP and a continuous transformation to an amorphous 
state is observed above 50 GPa. Another study has found that C60-films under shock pressure of 69 
GPa and high temperature of 2200 K can form a carbon phase comprised of amorphous cubic 
diamond and n-diamond crystallites (50-350 Å diameter)38. Nonetheless this new carbon phase with 
‘‘tilelike’’ structure  transforms back to highly disordered carbon on pressure release. But it has also 
been shown that diamond can be synthesized from fullerenes with shock-wave of pressure range 24-
40 GPa, leading to 0.1-1.0 microns diamonds, without intermediate diamond like phases such as n-
diamond and hexagonal diamond, mixed with C60-fullerite, graphite and amorphous carbon36.  

In previous study35 small (0.7-1.2 nm) diameter SWCNTs were completely destroyed  by 36 GPa shock. 
We report here a systematic study of SWCNTs after exposure to dynamic compression in the range 
19-52 GPa. These experiments allowed us to explore the possibilities of CNT polymerization, 
coalescence and transformation into new superhard carbon phases recently predicted theoretically. 



Experimental methods 

SWCNTs produced via the high pressure carbon monoxide disproportionation (HipCO) process were 
purchased from Nanointegris. The range of diameters is from 0.7 nm to 1.2 nm, with a mean 
diameter of 1 nm. The fraction of residual metallic catalyst particles in the sample was about 5%. 
After pre-compression of CNT powder to a density of 1.3 g·cm-3, sample was placed into a stainless 
steel recovery assembly of planar geometry. Fig. S1 in supplementary information shows a picture 
and a schematic view of the shockwave assembly used in the dynamic compression experiments. 
More details of the experimental procedure can be found elsewhere34. The unknown equation of 
state of the SWCNTs was approximated with the one of C60 fullerite39. Shock pressure ramping to 19 
GPa, 26 GPa, 36 GPa and 52 GPa was accompanied by a temperature increase to 750 K, 850K, 1200 K 
and 1500 K respectively.  A new sample was loaded for each experiment (shock pressure) but always 
from the same source batch. After the high pressure treatment the samples were characterized using 
transmission/scanning transmission electron microscopy (TEM/STEM) and Raman spectroscopy. To 
assure statistical significance of the results dozens of high resolution (HR) TEM/STEM images were 
collected with a JEOL ARM200F microscope using an 80 kV accelerating voltage. Raman spectra were 
recorded from at least 10 different points on each sample surface with a resolution 4 cm-1 using a 
632.8 nm laser excitation. Shocked samples were first observed ”as recovered” and then after drying 
the sample on a glass substrate following dispersion in a 1% water solution of sodium 
dodecylbenzene sulfonate (SDBS). Special care was taken to avoid laser heating effects. 
 

 
Results & Discussion 

Raman spectra of the samples recovered from different shock pressures are presented in Fig. 1 First, 
we follow evolution of RBM signal in the spectral range 150 cm-1 and 300 cm-1: well defined and 
intense in the reference sample (the signal even stronger than D band) it decreases in intensity in the 
sample recovered from 19 GPa and weakens further in the sample recovered from 26 GPa. 
Nonetheless most of the material recovered after 26 GPa shock does not display any RBM signal, 
which is why we term in Fig. 1 the Raman spectrum collected from this material as “26 GPa no CNTs”. 
RBM cannot be observed in recovered sample from the higher shock pressures (36 and 52 GPa). No 
shifts of RBM frequencies from their position  in the reference sample observed in the samples 
recovered after 19 and 26 GPa, i.e. as long as CNTs survived the compression, their diameter remain 
unchanged thus no nanotubes coalescence occurred. 

 



 

Figure 1: Raman spectra of HiPCO CNTs recovered from dynamic compression at indicated pressures: 
RBM (180-300 cm-1) and D and G band (1200-1700 cm-1) frequency range (left panel) and 2D band 
frequency range (2250-3500 cm-1) (right panel). 

Another interesting feature of the spectra is increase of D-band intensity, which is firstly observed in 
the 19 GPa sample where the differences in shape and intensity are dramatic compared to the 
reference sample: D/G+ intensities ratio goes from approximately 0.05 to 0.42 and D band shape 
becomes asymmetrical with a shoulder appearing on high frequency side at about 1360 cm-1. This 
new contribution can be associated with disordered (amorphous) carbon resulting from partial CNT 
destruction.at high pressure. The increase of D-band intensity is more and more pronounced as 
shock pressure increases and becomes dominating in the sample recovered after 36 GPa. However, 
D-band shape changes again at higher pressure, in the sample recovered after 52 GPa. More 
importantly, the D-peak becomes more narrow than in the sample after 36 GPa, and the shoulder at 
higher frequency side disappears. This evolution of the D peak shape is a sign of change of contents 
of the different structures induced by shock pressure. The D-band can indeed be fitted with three 
different peaks called D1, D2 and D3 at 1305 cm-1, 1330 cm-1 and 1360 cm-1 respectively. This is 
shown in Fig. 2 where Raman spectrum of the sample recovered after 52 GPa shock exhibits 
characteristic peaks from different carbon phases present in the sample after the CNT destruction. 
Thus the change of profile from 36 to 52 GPa is due to the fact that D2 contribution to the D band is 
superior and overcomes the two other D1 and D3 previously dominant. The second resonance of D-
band in graphene plane D’-band around 1615 cm-1 40 evolves as follows: intensity is increasing as 
pressure is increasing. This is another sign of disorder brought into the system, it can be observed 
when tubes are still present and even after their destruction. 

Fig. 2a) displays part of the sample recovered after 26 GPa shock in form of a “flake” of 
approximately 300 microns. Remarkably this flake possesses both areas where CNTs can be found 
and where the nanotubes are destroyed which is evidenced by the Raman spectra (Fig. 2 b, c, d) 
collected across the sample. That is an unambiguous evidence for the onset of CNT destruction. 
Evolution of the RBM at across the flake does not give indication of a diameter-selective destruction 
process. Indeed, the %area of contributions of each tube do not change significantly from reference 
sample to recovered after 26 GPa shock sample, the highest pressure where CNTs can be found. All 
RBM contributions are present even if the signal is in general less intense – the spectrum collected 
from point 2 in Fig. 2a (Fig. 2b). On the other hand, the Raman spectrum taken from point 3 (Fig. 2a) 
does not display any RBM, which evidences the CNTs destruction in this place.  Importantly, the RBM 



disappearance is correlated with increase of the D/G peak intensity ratio – D-peak is even more 
intense than G-peak in point 3. Because RBM frequencies can be linked directly to diameter of CNTs, 
we can say that the destruction of tubes is not diameter-selective since intensity of all RBM peaks 
decrease and then disappear simultaneously. One could also argue that local difference of 
temperature may cause such differences but the fact that destruction is not diameter-selective 
excludes annihilation of the tubes by overheating by laser (like it was observed during laser ablation 
of CNTs). 

 

Figure 2: a) Image of a flake from recovered sample after 26 GPa shock. Numbers in the image 
indicate positions of the Raman spectra collection with correspondent RBM, 2D and D/G-band part of 
the spectra in b), c) and d) respectively. Details of the peaks decomposition d) are presented in 
supplementary information (Fig. S6,Tab. 3). 

Turning to G-band, the G+ and G- parts are well defined in the reference sample, with G+ a very sharp 
peak and G- a broad low frequency part associated to metallic tubes and a sharp peak associated to 
semi-conducting tubes (Fig. 3, bottom panel). After 19 GPa, the spectrum of recovered sample does 
not display such distinction between G- and G+, the two parts of G band seems to merge, but G-/G+ 
intensities ratio does not change substantially. But G+, and G- peak width is increasing. It is interesting 
to notice the dramatic differences of G band between area with CNTs and area without CNTs in the 
recovered after 26 GPa sample (Fig. 2 d)). In fact, there is disappearance of the low frequency part of 
G- (around 1530 cm-1) and the width of higher frequency component of G- (around 1550 cm-1) is 
increased dramatically (1,6 times from one to another area). The latter fact gives us clear indication 
that this signal (around 1550 cm-1) is coming from a phase different from the CNTs and that the high 
frequency of G- has disappeared, just like lower part of G-, which is to be correlated to the 
disappearance of RBM signal. We will call this G1 while peak at frequency 1580 cm-1 is called G2 and 
the one at 1600 cm-1 is called G3. Similarly, because CNTs are destroyed at 36 GPa, the signal D1 and 
G2 (1310 and 1600 cm-1) cannot be attributed to CNTs. Therefore Raman spectra of the material 
recovered from higher shock compression are characteristic of new carbon phases (Fig. 3 (top panel) 
and Fig. S8, Tab. 5 in Suppl. Information). 



 

Figure 3: D- and G-band peaks decomposition of the reference and recovered after 52 GPa shock 
material (bottom and top panel, respectively).  

High frequency part of the Raman spectra (2250-3500 cm-1) is shown on the right panel of Fig. 1. 2D 
band in the reference CNTs sample is intense and narrow and positioned at 2605 cm-1. Some other 
weaker bands can be distinguished: the signal at 3180 cm-1 which corresponds to 2G, another very 
weak at 2880 cm-1 which can be linked to combined modes of D+G bands. The spectrum of the 
sample recovered after 19 GPa, exhibits the peaks at the same frequencies but the 2D band is 
broadened and symmetry is lost: a shoulder at higher frequency appears, giving a clear indication of 
new contribution to the 2D band. These new peaks are at 2660 cm-1 which corresponds to second 
order band of D2 (1330 cm-1), and the other one at 2720 cm-1 which is a second order peak of the D3 
(1360 cm-1), confirming the appearance of damaged materials. In addition, some new 2G peaks are 
appearing at 3110 and 3160 cm-1 which corresponds respectively to 2G1 and 2G2 (2*1550cm-1 and 
2*1580 cm-1). Finally a broad and intense peak emerges around 2910 cm-1 which can be attributed   
to D2+G2 which means that this D2 and G2 corresponds to bands from same material: only 
possibility to assign is then graphene (D band 1330 with 633nm and G band 1580 cm-1 41. It could also 
be combined mode of D1+G3 (1305 cm-1 + 1600 cm-1) which is assigned to CNTs at low pressures of 
19 and 26 GPa or sp2-ordered phase at higher pressures or D3+G1 (1360 cm-1 + 1550 cm-1) which 
would be amorphous carbon material42. The remaining middle band (1480 cm-1) and low frequency 
bands (1150 cm-1, 1247 cm-1) could be attributed to sp3-rich phase, the pair 1150 cm-1 – 1480 cm-1 
is a sign of sp3-bonds in nano-crystalline diamond 43,44,45 while band at 1230 cm-1 has been reported 
for four-fold-coordinated bonds of microcrystalline diamond46 which could mean that D band at 1310 
cm-1 (D1) may be originating from hexagonal diamond47,48 and only remaining band will be the G-
band at 1600 cm-1 which corresponds to nano-crystalline graphite40 (Fig. S9, table 6, Suppl. 
Information). 

The Raman analysis results are confirmed by the TEM images presented in Fig. 4. The reference 
material (left panel) consists of high purity SWCNT bundles. TEM of the material recovered after 



dynamic compression to 19 GPa shows shortened and partially crushed (“unzipped”) tubes. As for in 
Raman measurements, 26 GPa is a key pressure where the image area can reveal intact CNTs (top 
right picture in Fig. 4) but also broken tubes accompanied by disordered carbon phase and graphene 
coming from unrolled CNTs (Fig 4, bottom left panel). No CNTs are observed on the TEM images of 
material recovered after a 36 GPa shock although presence of the nanoclustered graphene between 
disordered carbon is evident which is consistent with the Raman data. At 52 GPa, we have 
confirmation that few-layers graphene becomes the dominant phase in the sample, coexisting with 
disordered sp2/sp3 carbon. Nonetheless, signs of sp3-bonded carbon in form diamond or diamond-
like phases has not been identified.   

 

Figure 4: From left to right: TEM images of the reference and recovered after dynamic compression 
to 19 GPa and 26 GPa materials with survived CNTs (top raw), 26 GPa (no sign of CNTs), 36 GPa and 
52 GPa (bottom raw). 

Conclusions 

SWCNTs of small diameter (~1 nm) have been submitted to dynamic compression at different 
pressures up to 52 GPa and recovered material has been examined by Raman spectroscopy and 
HRTEM/STEM. Our shock wave experiments emphasize the prospective of using SWCNTs as 
reinforcing units in the materials exposed to extreme dynamic impacts. - A typical pressure 
generated during bullet impact of a helmet is about 100 MPa (0.1 GPa) which is about 200 times less 
than the limit of structural integrity of SW nanotubes (26 GPa) determined in our study. The tubes 
exposed to 19 GPa of dynamic compression partly preserve their integrity but become damaged via 
cutting and unzipping. The process of destruction begins at a threshold pressure of 26 GPa where a 
mixture of broken and intact tubes is found. The CNTs destruction results in formation of new carbon 
phases in the sample as evidenced by change of the profile of D and G band due to appearance of 
characteristic peaks of graphene and amorphous carbon. Appearance of new bands (pair 1150 cm-1 – 



1480 cm-1 and 1240 cm-1) in the Raman spectra at this pressure indicates presence of sp3-bonded 
carbons in the structure. The tubes destruction is completed at 36 GPa where RBM signal disappears 
and TEM images reveal only disordered carbon and clustered graphene. At 52 GPa, the same mixture 
of different carbon phases resulting from broken CNTs is found but in different ratio: the graphene 
clusters seems to be the dominating material which is bringing more order. Neither signs of 
polymerization nor coalescence of the tubes has been observed up to a 0.5 Mbar of shock pressure.  
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Supplementary information 

1) Shockwave assembly 

   

Figure S1: Left panel, sketch of the experimental cell used for dynamic compression of CNTs.  Explosive projectile system: 1- 
detonator; 2- plane shock wave genera-tor; 3- explosives; 4- focusing ring; 5- flyer; 6- supports. Recovery assembly: 7- momentum 
trap; 8- recovery ampoule; 9- stainless steel linear; 10- specimen; 11- baseplate. Right panel: image of the assembled cell. 

 

Figure S2: Shock wave reverberation in recovery assembly resulting in pressure ramping (left panel). Pressure evolution with time in 
the sample (right panel). 

 

2) Determination of chiralities of the CNT material used in the experiments. 

“Kataura” plot which defines electronic energies (Eii) of CNTs dependence on their diameter/ RBM 
frequencies from the experimental data1,2  (Figure S3)  was used to determine chiralities of the CNTs 
present in the sample under investigation. The bundled state of the CNTs was taken which implies Eii 
downshift of approximately 0.5 meV2 whereas RBMs are upshifted in comparison to individual nanotubes. 
That was taken into account in the analysis. The results of chiralities assignments are summarized in Table 1, 
along with the difference between the experimental RBM frequencies of individual CNTs from the Kataura 
plot and bundled nanotubes, and the corresponding diameter and electronic nature. 
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Figure S3 Kataura plot from experimental results of Telg1 and Fantini2 displaying Eii in function of frequencies of RBM in Raman 
spectra of SWCNTs. Horizontal red lines indicates excitation laser energy (1.96 eV) window and vertical black dotted lines the 
frequencies of RBM detected in our reference sample (via peakfitting) 

 

Table 1: Summary of chiralities assignment of RBM measured in our sp HiPCO sample, according to Kataura plot presented in Figure 
S2. M stands for metallic and SC for semi-conducting tubes. 

RBM frequency 
(cm-1) 

Chirality assigned Diameter (nm) Electronic nature 

199 (13,4) 1.205 M 
207 (10,7) 1.175 M 
222 (12,3) 1.077 M 
259 (10,3) 0.923 SC 
287 (7,5) 0.818 SC 
297 (8,3) 0.771 SC 

 
 
 
 
 
 
 



3) Peak decomposition of the Raman spectra of CNT material recovered after 
dynamic compression. 
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Figure S4 Decomposition of D/G bands part of the Raman spectrum of reference sp HipCO sample. D band is fitted with one Lorentz 
function at 1300 cm-1, G- is fitted with one Breit-Wigner-Fano function at 1520 cm-1 and one Lorentz function at 1550 cm-1 and G+ is 
fitted with one Lorentz function at 1590 cm-1 

 

a) Low shock pressures, the CNTs are present in the recovered material 

Raman spectra of the material recovered after 19 GPa and 26 GPa shock are shown in figure S5. RBM is 
slightly decreasing but the most interesting changes occur in the D/G bands area. First, there is an increase 
of intensity and a change of shape of D band. Area of D-band is multiplied by 3.5 compared to reference 
material. This increase of D-band traduces the introduction of defects in the CNTs.  Appear of a high-
frequency shoulder in D-band is due to a contribution from frequency of approximately 1360 cm-1 and that 
will be called D3 band, while D1 will be used to refer to contribution appearing at 1310 cm-1. This new D3 
band we associate with amorphous carbon material originating from partial CNT destruction induced by 
shock compression3. The increase of defects in the system is also confirmed by the appearance at 1615 cm-1 
of D’ band4. Broadening of the G- and G+ contributions are also a sign that CNTs are damaged. There are 
also very weak bands at lower frequencies (1150 and 1240 cm-1 respectively L1 and L2) which can also be 
attributed to damaged material inside the system. It could be related to some sp3 content induced by 
defects in the lattice of the tubes like found in diamond and diamond like material5,6,7. This would be 
argument for assignment of 1310 cm-1 D1 band to the presence of traces of hexagonal diamond8,9. The 
trend continues at higher pressure of 26 GPa, D-band is still prominent and G- and G+ become broader, 
damages to the CNTs are increasing but their structure is still intact.  
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Figure S5 Decomposition of D/G bands area of Raman spectra of the material recovered after shockwave experiment at 26 GPa 
where CNTs can be found (top), after 19 GPa (middle) and reference sample (bottom) 

 

Table 2: Positions and percent of total area of the Lorentz peaks used in decomposition of the Raman spectra of the reference 
material and material recovered after shock experiment at 19, 26 GPa. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 Peaks L1 L2 D1 D2 G-1 G-2 G+ D’ 
Reference Position 

(cm-1) 
x x 1310.7

5 
x 1530.0

0 
1553.5

1 
1593.3

2 
x 

% area x x 7.12 x 31.60 11.60 49.66 x 
Shock 19 Position 

(cm-1) 
1152.4

8 
1234.3

3 
1309.1

0 
1358.2

8 
1525.3

2 
1550.3

0 
1591.6

7 
1615.8

7 

% area 3.89 4.11 25.41 7.75 7.97 10.89 35.54 4.34 
Shock 26 with 

CNTs 
Position 

(cm-1) 
1152.4

8 
1234.3

3 
1307.8

6 
1358.1

8 
1520.5

9 
1554.3

8 
1593.1

8 
1611.9

5 

% area 2.46 2.67 29.24 5.70 9.33 14.40 33.07 3.12 



b) Shock pressure 26 GPa as the onset of CNT destruction. 
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Figure S6 Deconvolution RBM area of Raman spectra of recovered material after shockwave experiment at 26 GPa where are 
destroyed (top), another highly damaged (according to D/G ratio) region of 26GPa experiment recovered sample where CNTs are 
present,  another less damaged area with CNTs of recovered sample after 26 GPA and of reference sample (bottom). 

 

Table 3 Positions and percent of total area of the Lorentz peaks used in decomposition of RBM part of the Raman spectra of 
recovered material after shock experiment at 26 GPa and reference material for comparison. 

 Peaks 1 2 3 4 5 6 

Reference Position 
(cm-1) 

197.22 206.63 221.96 259.08 286.87 297.20 

% area 16.90 10.98 24.82 41.87 5.00 0.40 

Shock 26 
CNTs 

Position 
(cm-1) 

199.10 210.37 220.46 257.96 288.11 296.75 

% area 19.69 5.97 33.31 37.57 1.74 1.69 

Shock 26 
inter 

Position 
(cm-1) 

199.30 210.58 220.55 258.18 285.16 298.32 

% area 19.64 6.95 22.81 41.85 1.42 7.30 

Shock 26 
No CNTs 

Position 
(cm-1) 

x x x x x x 

% area x x x x x x 

 



Regarding the D/G bands area we can observe development similar to what has been said previously for 
low pressures in the area 1 from figure 2 a) in main paper. The spectrum reflects damaged CNTs, with G- 
and G+ broadened and the rise of the D3 and D’ components in addition to the increase of intensity of D1. 
One has to note also the presence of new bands at 1150 cm-1 (called L1) and 1240 cm-1 (called L2) that has 
been explained previously as sign of sp3 C-bonding coming from defective lattice of the CNTs. In the area 2, 
the Raman spectrum of the recovered material in the looks very similar but displays a higher D band, with 
D1 and D2 intensities increasing. Another band which we refer to as M-band appears at 1475 cm-1 and has 
to be linked to the one at 1150 cm-1 and 1240 cm-1 which are rising as well. This traduces a higher 
contribution from sp3 C-bonding in the system because 1150 cm-1 and 1475 cm-1 are couple bands which 
appears with sp3-bonding carbon atoms5,6,7. In the x-area, the total D-band is now equal in intensity with G-
band and a new contribution in D-band becomes visible, D2 at a frequency of 1330 cm-1. D’-band is also 
increasing significantly. This reveals a transformation of the material into a highly defected system. Another 
major change spotted in x-area spectrum is the change of shape of G-band. The peak at 1550 cm-1 cannot 
be attributed to G- anymore: in fact the FWMH of this peak is more than doubling, representing another 
material than CNTs and in addition we do not see the other G- contribution at 1520 cm-1 as well as the G+ 
peak at 1590 cm-1. This is why this peak is called G1 in this case and is attributed to G-band of amorphous 
carbon material. Instead of the G+ of CNTs, we have appearance of two other materials G-bands at 1580 
cm-1 (G2) and 1600 cm-1 (G3). The couple D2 and G2 can be assigned to signal of D and G bands of 
graphene10. The middle-band at 1475 cm-1 as well as the low frequencies bands at 1150 cm-1 and 1240 cm-1 
raise also considerably. 
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Figure S7 Decomposition of D/G part of the Raman spectra of recovered sample after 26 GPa shock experiment with reference 
sample (bottom) for comparison. Above reference is recovered sample area where CNTs are present, then a spectrum of another 
area with CNTs but more damaged and on top panel an area where CNTs are destroyed. 



 

Table 4 Positions and percent of total area of the Lorentz functions used in deconvolution of D/G bands part of the Raman spectra of 
recovered material after shock experiment at 26 GPa and reference material for comparison. 

 Peaks L1 L2 D1 D2 D3 M G-1 
Reference Position 

(cm-1) 
x x 1310.75 x x x 1526.00 

% area x x 7.12 x x x 31.60 
Shock 26 

CNTs 
Position 

(cm-1) 
1152.12 1234.86 1312.21 x 1358.30 1469.32 1521.90 

% area 6.07 6.85 33.53 x 16.43 7.46 3.81 
Shock 26 

inter 
Position 

(cm-1) 
1153.12 1239.65 1309.41 x 1355.34 1469.21 1522.40 

% area 4.82 6.30 31.05 x 14.62 5.19 4.61 
Shock 26 
no CNTs 

Position 
(cm-1) 

1157.6 1247.8 1302.4 1333.7 1358.8 1476.8 x 

% area 7.6 8.0 21.1 5.6 19.5 9.3 x 
 Peaks G-2 G1 G2 G+ G3 D’ 

Reference Position 
(cm-1) 

1553.51 x x 1593.32 x x 

% area 11.60 x x 49.66 x x 
Shock 26 

CNTs 
Position 

(cm-1) 
1558.49 x x 1595.65 x 1621.28 

% area 5.71 x x 16.67 x 3.58 
Shock 26 

inter 
Position 

(cm-1) 
1558.17 x x 1595.69 * 1620.30 

% area 8.02 x x 22.40 * 2.91 
Shock 26 
no CNTs 

Position 
(cm-1) 

x 1549.6 1580.8  1600.8 1620.7 

% area x 8.8 7.0  8.5 4.5 

 

c) High pressures = with no CNTs in recovered material 

As mentioned before, first evidence of the destruction of the RBM at 26 GPa is the absence of RBM signal in 
the area 3. There is neither sign of RBM on spectra of the recovered materials after shockwave of 36 GPa 
and 52 GPa. The evolution of D/G bands is also revealing the high proportion of defects. In fact the general 
D over G intensities ratio is increasing more and more from 26 GPa to 52 GPa. Nonetheless, the shape of D 
band evolves significantly and becomes sharper, due to the variation of ratio between the three 
contributions D1, D2 and D3. D1 and D2 are main contributions in recovered sample in area 3 of 26 GPa 
experiment while spectrum of sample recovered after 36 GPa shock displays more balanced D1, D2 and D3, 
with an important growth of D2.  In fact, D2 at 1330 cm-1 is the dominating peak in D-band in recovered 
material after 52 GPa shock. In parallel to the D-band changes, G band also go through a change of shape 
because of difference of proportions of G1, G2 and G3 contributions. Whereas G3 is the leading input of G-
band in 26 and 36 GPa spectra, G2 becomes at 52 GPa the most intense peak of G-band, while the shoulder 
at high frequency is due to a significant rise of D’ intensity at 1615 cm-1. One has to note also that L1 and L2 
bands contributions do not change dramatically but M-band is slightly intensifying. From this evolution it 
can be said that the system after shockwave of 26, 36 or 52 GPa is the same mixture of different carbon 
structures but in different proportions. The material possessing linked to the couple D2-G2 seems to be 



favored by a higher pressure since it possesses the higher Raman signal after 52 GPa experiment. One 
should not neglect the effect of temperature which increases with a higher shock-pressure. We can then 
propose an annealing effect which explains that ordered few-layer graphene becomes the main material in 
the sample after 52GPa shock. 
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Figure S8 Deconvolution of D/G part of the Raman spectra of recovered sample after shockwave experiment at 52 (top),36 GPa 
(middle) and 26 CNTs in area where CNTs are not present (bottom) 

 
Table 5 Position and area % of Lorentz functions used in deconvolution of the middle part of the Raman spectrum of recovered 
material where no CNTs can be found. 

 Peaks L1 L2 D1 D2 D3 M G1 G2 G3 D’ 
Shock 

26 
no 

CNTs 

Posi-
tion 

(cm-1) 

1157.6 1247.8 1302.4 1333.7 1358.8 1476.8 1549.6 1580.8 1600.8 1620.7 

% 
area 

7.6 8.0 21.1 5.6 19.5 9.3 8.8 7.0 8.5 4.5 

Shock 
36 

Posi-
tion 

(cm-1) 

1154.7 1242.7 1305.7 1332.1 1359.7 1477.6 1549.6 1581.4 1600.8 1620.5 

% 
area 

7.6 6.5 23.9 11.5 18.6 6.3 6.0 4.4 11.8 3.3 

Shock 
52 

Posi-
tion 

(cm-1) 

1150.0 1248.7 1307.2 1332.2 1357.1 1478.5 1553.3 1581.5 1601.0 1618.4 

% 
area 

5.1 7.8 6.7 24.2 15.5 12.0 3.9 11.1 6.3 7.4 



4) Peakfit of 2D-band range (2000-4000 cm-1). 
 
In general, the high frequencies part of the Raman spectra can be seen as a mirror of the D/G bands part 
with some overtone bands (like 2D band) or combination modes (D+G for example). It is then natural to 
observe in the reference material spectrum a sharp and intense peak at around 2605 cm-1 which 
corresponds to 2D of the CNTs (2*1300 cm-1), another one at approximately 2885 cm-1 can be attributed to 
D+G (1300+1590 cm-1) and a last one at 3180 cm-1 which is assigned to 2G+ (2*1590 cm-1), but these two 
other bands are very weak compared to 2D. The band at lower frequency around 2480 cm-1 is attributed to 
graphite in plane defect and is common to carbon nanomaterials. The spectrum of recovered material after 
shockwave of 19 GPa displays the same bands but 2D is decreasing and broadening while D+G is increasing, 
due to the huge increase of D band. Another contribution rises at 2660 cm-1 which corresponds to 2D of 
graphene (2*1330 cm-1). It is interesting to note that this 2D band is visible even at 19 GPa while D-band of 
graphene itself (called D2 previously) can only be seen at 26 GPa and above. This is due to the fact that 2D 
is usually very high in graphene. After 26 GPa, in area where CNTs is present (corresponding to area 1), 
same bands can be found and another band emerges at 3255 cm-1 which corresponds to 2D’, translating 
here the rise of D’ at 1615 cm-1 observed previously on Figure S7. The transition to material where CNTs are 
destroyed is crystal clear on the spectrum of area 3 of recovered sample after 26 GPa shockwave. The 
profile of high frequencies part is totally different, the features from the tubes 2D, D+G disappear and 
contributions from new materials become visible: peaks at 2600 cm-1, 2660 cm-1 and 2720 cm-1 
correspond respectively to overtone of the new contributions od D-band previously described 2D1, 2D2 
and 2D3. In the same way, the new peaks emerging in G-band, G1, G2 and G3 give overtone modes visible 
at 3100 cm-1, 3180 cm-1 and 3200 cm-1 respectively. In addition, the most prominent band is seen at 2910 
cm-1 which we can assign to combination mode of D1+G3, D2+G2 and D3+G1 which explains that its 
intensity of the highest of all bands  of high frequencies part. Evolution of spectrum after 36 GPa is 
translated by the increase of 2D2 and also 2D’, this increase continuing on spectrum after shock at 52 GPa, 
2D2 becoming the principal band of this high frequencies part and 2D´being also higher in intensity than 
other 2D or 2G, which is coherent with the observation od D/G bands part of spectrum. This is again a sign 
of dominance of graphene proportion in the mixture of carbon materials after shock experiment at 52 GPa. 
The rise of 2D’ is not inconsistent with the increase of order because D´ is more important in few-layer 
graphene. 
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 Figure S9 Deconvolution of high frequencies part of the Raman spectra of ref (bottom) and recovered sample from 19 to 52 GPa 
(top), 2 spectra are presented for 26 GPa experiment, one in area where CNTs are found and the other where they are not observed. 

 
Table 6 Position and area % of Lorentz functions used in deconvolution of the high frequencies part of the Raman spectrum of 
recovered material.  

 Peaks 1 2 3 4 5 6 
Reference Position 

(cm-1) 
2478.15 2607.22 x x 2887.34 x 

% area 12.76 77.24 x x 5.07 x 

Shock 19 
 

Position 
(cm-1) 

2477.45 2596.07 2660.78 x 2877.45 x 

% area 11.06 51.00 8.95 x 23.67 x 
Shock 26 

CNTs 
Position 

(cm-1) 
2477.84 2604.43 2661.06 x 2881.79 x 

% area 8.59 49.94 4.65 x 22.25 x 
Shock 26 
no CNTs 

Position 
(cm-1) 

2483.19 2593.83 2658.26 2719.88 x 2907.56 

% area 2.67 13.08 6.76 4.40 x 39.96 
Shock 36 Position 

(cm-1) 
2488.72 2596.48 2657.19 2719.42 x 2910.66 

% area 3.92 6.94 11.38 2.57 x 39.37 
Shock 52 Position 

(cm-1) 
2490.75 2594.95 2659.85 2718.20 x 2912.04 

% area 4.36 2.86 17.34 2.10 x 29.98 



 Peaks 7 8 9 10 11 
Reference Position 

(cm-1) 
x x 3180.01 x x 

% area x x 4.90 x x 
Shock 19 

 
Position 

(cm-1) 
x x 3173.72 x x 

% area x x 5.30 x x 
Shock 26 

CNTs 
Position 

(cm-1) 
x x 3192.15 x 3254.90 

% area x x 14.02 x 0.52 
Shock 26 
no CNTs 

Position 
(cm-1) 

3096.63 3162.46 x 3207.28 3250.70 

% area 6.22 9.21 x 4.17 13.48 
Shock 36 Position 

(cm-1) 
3095.83 3158.06 x 3206.63 3271.89 

% area 7.15 8.05 x 5.99 14.59 
Shock 52 Position 

(cm-1) 
3091.06 3160.45 x 3204.48 3266.10 

% area 10.03 8.39 x 5.01 19.89 
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1 Introduction Carbon nanotubes (CNTs) have been  
attracting much attention from the research community due 
to their excellent thermal, electronic and, in particular,  
mechanical properties with a Young’s modulus of about 
1 TPa. Therefore, it is of great interest to probe the strength 
and the limits of the structural integrity of CNTs. Under 
high pressure, nanotubes go through a sequence of struc-
tural phase transitions: first, a CNT cross-section change 
from circular to oval at some critical pressure Pc ∝ d −3 and 
then a collapse/flattening of the tube at some higher pres- 
sure, Pd = Cdd −3 (d is the tube diameter, Cd is a constant) 
according to simulations on both single walled (SW) [1] 
and double walled (DW) CNTs [2]. In addition to diameter, 
Pc and Pd are expected to be affected by factors such as 
bundling symmetry, structural defects and filling of the  
tube’s interior. A key issue with regard to the pressure in-

duced structural transitions is their reversibility on pressure 
release which is predicted to be accompanied by large hys-
teresis [1, 2]. Alternatively, a diameter dependent CNT po-
lymerization has been predicted for compression of the 
material [3, 4] with a higher polymerization pressure for 
large diameter CNTs which exhibit a stronger tendency to 
shape recovery/reversibility on pressure release. No unam-
biguous experimental evidence of CNT polymerization has 
been reported to date though an irreversible SWCNT trans-
formation after exposure to 35 GPa of quasi-hydrostatic 
pressure (He medium) was attributed in [5] to CNT poly-
merization. On the other hand, at ultra-high pressure the 
CNTs lose their structural integrity and transform into 
other nano-carbon phases – a superhard hexagonal carbon 
phase was synthesized by compression of multi-walled CNTs 
to 100 GPa [6]. Nevertheless, study of DWCNTs under 

We report on a first study of single walled carbon nanotubes
(SWCNTs) after application of dynamic (shock) compres-
sion. The experiments were conducted at 19 GPa and 36 GPa
in a recovery assembly. For comparison, an experiment at a
static pressure of 36 GPa was performed on the material from
the same batch in a diamond anvil cell (DAC). After the high
pressure treatment the samples were characterized by Raman
spectroscopy and transmission electron microscopy (TEM).
After exposure to 19 GPa of shock compression the CNT ma- 

 terial exhibited substantial structural damage such as CNT
wall disruption, opening of the tube along its axis (“unzipp-
ing”) and tube shortening (“cutting”). Dynamic compression
to 36 GPa resulted in essentially complete CNT destruction
whereas at least a fraction of the nanotubes was recovered
after 36 GPa of static compression though severely damaged.
The results of these shock wave experiments underline the
prospect of using SWCNTs as reinforcing units in materials
subjected to an extreme dynamic impact. 
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dynamic compression revealed a much lower pressure thres-
hold of “just” 36 GPa for structural stability of DWCNTs 
with outer diameters of 1.6–12 nm: although a certain 
fraction of severely damaged nanotubes survived this 
shock compression, most of the material was destroyed [7]. 
Therefore, the real top limit of structural integrity of CNTs 
has not yet been established. In this regard small diameter 
SWCNTs are of particular interest due to their higher re-
silience to pressure (Pd ∝ d −3). In this study, we focus on 
small diameter SWCNTs to address this question and to 
compare response of the same material to dynamic vs. 
static compression. 

 
2 Experimental The SWCNTs purchased from Nano-

integris were produced via the high pressure carbon mon-
oxide disproportionation (HipCO) process. Diameters ranged 
from 0.7 nm to 1.2 nm and the fraction of residual metallic 
catalyst particles in the sample was about 5%. The CNT 
powder was pre-compressed to a density of 1.3 g cm-3 and 
placed into a stainless steel recovery assembly of planar 
geometry. Figure 1 shows a schematic view of the shock 
wave assembly used in the dynamic compression experi-
ments. The details of the experimental procedure can be 
found elsewhere [7]. The samples were compressed by a 
stepwise shock and a new sample was loaded for each ex-
periment (i.e., for each shock pressure) but always from 
the same source batch. The temperature increase at the 
peak shock pressures of 19 GPa and 36 GPa was estimated 
theoretically to be 750 ± 120 K and 1200 ± 200 K, respec-
tively using the method, reviewed in detail elsewhere [8, 9]. 
For the calculations the unknown equation of state of the 
SWCNTs was approximated with that of C60 fullerite [8]. 

The static compression experiment was conducted in a 
DAC (Fig. 1). The sample was placed between anvil culets 
of 150 μm diameter in a 50 μm diameter sample chamber. 
Pressure was monitored in-situ via both ruby crystal fluo-
rescence and the Raman shift of diamond. No pressure 
transmitting medium was used, resulting in a pressure dif-
ference between centre and edge of the culet which in-
creased from 4 GPa to 7 GPa when the pressure in the DAC 
(in the culet center) increased from 20 GPa to 36 GPa, re-
spectively. The pressure gradient allowed us to study the 
material exposed to different pressure/stress levels – two 
positions on the sample surface were followed during the 
pressure cycle corresponding to a maximum pressure of 
36 GPa and 28 GPa. After the high pressure treatment the 
samples were characterized using transmission/scanning 
transmission electron microscopy (TEM/STEM) and Ra-
man spectroscopy. To assure statistical significance of the 
results dozens of high resolution (HR) TEM/STEM images 
were collected with a JEOL ARM200F microscope using 
an 80 kV accelerating voltage. In order to probe repeatabil-
ity of the data, Raman spectra were recorded from 10 dif-
ferent points on each shocked sample surface with a reso-
lution of 1 cm–1 using a 632.8 nm laser excitation. The 
samples were first observed “as recovered” and then after 
drying the sample on a glass substrate following dispersion  

 
Figure 1 Left panel: Scheme of the shock-wave assembly. Ex-
plosive projectile system: 1 – detonator; 2 – plane shock wave 
generator; 3 – explosives; 4 – focusing ring; 5 – flyer; 6 – sup-
ports. Recovery assembly: 7 – momentum trap; 8 – recovery am-
poule; 9 – stainless steel linear; 10 – specimen; 11 – baseplate. 
Right panel: Scheme of the diamond anvil cell (DAC) used for 
static compression. 

 
in a 1% water solution of sodium dodecylbenzene sulfo-
nate (SDBS). Special care was taken to avoid laser heating 
effects. 

 
3 Results and discussion Typical (representative for 

10 measured spectra for each sample) Raman spectra of 
SWCNTs before and after dynamic compression experi-
ments are shown in the left panel of Fig. 2. All Raman  
signatures of SWCNTs can be observed in the (bottom) 
spectrum of the source material: the bond stretching,  
low energy radial-breathing mode (RBM) at 150 cm−1 to 
300 cm−1, the double resonance, defect scattered D-band  
at ~1300 cm−1, the CNT graphene lattice in-plane vibra-
tional G-band split into G– and G+ peaks positioned at 
~1550 cm−1 and ~1590 cm−1, respectively and the D-band 
overtone, the 2D-band at around ~2600 cm−1. 

The D-band intensity is very low in the source material 
but after exposure to 19 GPa of dynamic compression it 
has increased dramatically while the RBM and 2D-band  
intensities decreased with respect to that of the G-band. In 
addition, the G− and G+ peaks have broadened and show a 
significant overlap. These changes are indicative of the 
creation of defects in the CNT lattice which is accom-
panied by an overall decrease of Raman signal strength due 
to deviation from the resonance conditions, as predicted by 
DFT calculations [10]. The Raman spectrum on material 
recovered after 36 GPa of dynamic compression reveals a 
strongly broadened D-band signal, even stronger than that 
of the G-band that is a signature of total structure altering. 
The G-band components have broadened further and be-
come indistinguishable. Perhaps the most significant change 
is a complete loss of the RBM signal. These observations 
suggest that the CNTs have become highly damaged and, 
possibly, even completely destroyed. Even though the 2D-
band intensity has decreased drastically it has survived 
which testifies to the presence of a hexagonal sp2 carbon lat-
tice, in addition to disordered carbon. Importantly, the band 
has significantly broadened and shifted to ~2620 cm–1, the 
2D-band position of nano-structured graphene [11]. 
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Figure 2 Raman spectra of the HipCO SWCNTs: source material (1) (both panels), recovered after shock to 19 GPa (2) and 36 GPa 
(3) (left panel) and static compression to 28 GPa (2) and 36 GPa (3) (right panel). Insets show RBM part of the spectra. 

 
The Raman analysis results are confirmed by the TEM 

images presented in Fig. 3. The source material (left panel) 
consists of high purity SWCNT bundles. TEM of the mate-
rial recovered after dynamic compression to 19 GPa shows 
shortened and partially crushed (“unzipped”) tubes. No CNTs 
are observed on the TEM images of material recovered  
after a 36 GPa shock although presence of the nano-
clustered graphene between disordered carbon is evident 
which is consistent with the Raman data. Raman spectra on 
material recovered after static compression are presented in 
the right panel of Fig. 2. The spectrum of the material pres-
surized to 28 GPa displays an increase of the D-band and  
a minor decrease of the RBM and 2D-band intensity. Re-
markably, the RBM intensity from material recovered after 
36 GPa of static compression can still be detected. There 
are large variations in the literature on the proportionality 

constant (Cd) for calculation of Pd but based on the most 
recent results [1] the collapse pressure for 0.7 nm to 1.2 nm 
diameter SWCNTs is in the range of 5 to 21 GPa, i.e. lower 
than the other theoretical predictions. 

This means that all SWCNTs are expected to have col-
lapsed in both the static and dynamic compression experi-
ment to 36 GPa. Nevertheless, the static compression of 
SWCNTs was partially reversible suggesting that the struc-
tural integrity limit of CNTs under these conditions is well 
beyond their collapse pressure. The defect density is gen-
erally quantified by the D-band over G-band intensity ratio 
(ID/IG). The ID/IG data for the source and recovered mate-
rials together with previously reported results on DWCNTs 
exposed to 36 GPa of dynamic compression [7] are pre-
sented in Table 1. Raman spectra of DWCNTs shocked  
to  this pressure exhibit features  similar  to  the spectra  of 

 

 
Figure 3 Bright-field HRSTEM image of source CNTs (left), and HRTEM images of the material recovered after dynamic compres-
sion at 19 GPa (centre) and 36 GPa (right), respectively. Arrows in the central panel indicate areas with damaged CNTs. 
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Table 1 D- to G-band intensity ratio of the source, statically and 
dynamically compressed SWCNTs and dynamically compressed 
DWCNTs. 

sample pressure (GPa) ID/IG ratio 
SWCNT 0 0.09 
SWCNT 36 (static) 1.18 
SWCNT 36 (dynamic) 1.46 
DWCNT* 36 (dynamic) 0.6–0.8 
* ID/IG ratio for the data collected using 488 and 514 nm excitation [7]. 

 
SWCNTs subjected to the similar treatment in the present 
study. The TEM images of the two different recovered 
specimens (DWCNTs and SWCNTs) show the same kinds 
of structural damage induced in the two materials. Never-
theless, the ID/IG ratio for the DWCNTs is lower because 
they are not completely destroyed as evidenced by the 
TEM data [7]. 

The ID/IG value for material recovered after 36 GPa of 
static compression on the other hand is lower than that of 
the materials recovered after 36 GPa of dynamic compres-
sion and, more importantly, a recovered RBM signal is  
evident in the Raman spectrum. The similarities in the types 
of CNT damage in SWCNTs and DWCNTs recovered  
after 36 GPa of dynamic compression and their common 
differences with respect to the material recovered after 
36 GPa of static compression suggest that the CNT destruc-
tion processes are intrinsically different. CNTs withstand a 
higher static than dynamic compression and the damages 
induced in the material are likely different too. It is clear 
that when CNTs are exposed to high dynamic pressures 
their hexagonal lattices are torn, finally resulting in com-
plete destruction and amorphization of the material 
whereas CNTs exposed to high static pressure partially  
retain their structural integrity. We cannot rule out the pos-
sibility of some CNT fraction undergoing polymerization 
under static pressure/stress. The origin of the different 
pressure effects on CNTs for dynamic vs. static compres-
sion may be also related to the temperature increase result-
ing from the instantaneous pressurization in the dynamic 
compression experiment which is not found under static 
compression conditions.  

Another possible explanation is the very high pressure 
gradient in the sample during the shock propagation as the 
CNTs are subject to a violent impact – bond breaking may 
occur around defect sites in the CNT hexagonal lattice and 
the ruptures then propagate with the shock along the length 
of the CNT (“unzipping”). 

 
4 Conclusions The structural integrity of small 

(~1 nm) diameter SWCNTs was probed by their exposure 

to dynamic and static pressure and examined by Raman 
spectroscopy and HRTEM/STEM of the recovered mate-
rial. SWCNTs exposed to 19 GPa of dynamic compression 
partially retain their integrity but damages such as cutting 
and unzipping are induced. The CNTs suffer complete de-
struction under dynamic compression to 36 GPa whereas 
some fraction of nanotubes was recovered after exposure 
to the same static pressure implying different response of 
the CNTs to these loading regimes. Our shock wave ex-
periment undermines the prospect of using SWCNTs as  
reinforcing units in the materials subjected to an extreme  
dynamic impact. We cannot rule out polymerization of cer-
tain SWCNT fraction under static compression to ~36 GPa 
although further study must be carried out to confirm this 
possibility. Despite the larger diameter and structural sup-
port from the inner tubes, DWCNTs are affected in the  
same way as SWCNTs, and similar damages were induced 
in the shock wave experiment. 
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Cold compression of single-walled carbon nanotubes 

to 1 MBar 

Maxime Noël, Mattias Mases, Ivan Evdokimov and Alexander V. Soldatov†,* 

Department of Engineering Sciences and Mathematics, Luleå University of Technology, SE-

91200 Luleå, Sweden 

Carbon nanotubes, high pressure, Raman spectroscopy 

Structural integrity of small diameter single walled carbon nanotubes (SWCNTs) was probed in-

situ via monitoring their Raman spectra under exposure to extreme static pressures up to 1 Mbar 

(100 GPa). Several peculiarities observed in pressure dependence of the CNTs G-mode we 

associate with a sequence of structural transformation of the nanotubes which are partially 

reversible up to at least 36 GPa. Raman characterization of the material recovered after 

compression to 58 GPa reveals complete CNT destruction. Increase of peak pressure to 100 GPa 

resulted in material transformation to a new structure which is presumably comprised of a 

mixture of disordered sp2/sp3 carbons with nano-sized graphene clusters interlinked via sp3-

bonds. We discuss structural evolution of the system en-route this final structure which is 

anticipated to exhibit hardness comparable to that of diamond. 
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Introduction.  

Applying high pressure to CNTs leads to a sequential transition to a flattened state [1,2] with 

an onset of structural deformation pressure Pc and a collapse pressure Pd which is inversely 

related to the CNT diameter d according to Pd ̴ 1/d3 [3,4]. It was demonstrated [5] that single 

walled CNTs (SWCNTs) with relatively large diameter (>1.2 nm) undergo a reversible transition 

up to 16 GPa, a partially reversible transition to 35 GPa and an irreversible transition above 35 

GPa. Theoretical calculations predict that CNTs will polymerize [6,7] or undergo a 

transformation into a superhard sp3-rich carbon [8] at high pressure. Compression of SWCNTs 

with diameters in the range 1.1-1.5 nm led to their irreversible transformation to a disordered 

state [9] whereas a new (quenchable to ambient pressure) super-hard hexagonal carbon phase is 

formed on squeezing multi-walled (MW) CNTs with 1.8-5.1 nm diameter above 75 GPa [10]. A 

super-hard phase obtained from 0.8-1.3 nm diameter-SWCNTs after severe shear deformation at 

30 GPa was also reported [11]. 

The purpose of this study is to explore a limit of structural stability of small-diameter CNTs, 

their resilience to extreme pressure/stress and to explore possibility of nanotubes transformation 

into the  structural forms with outstanding mechanical properties recently predicted theoretically. 

 

Experiments 

In all experiments we used anvils with 150 micron cullet and a 50 microns sample chamber 

drilled in Rhenium gasket. SWCNTs (diameter range of 0.7-1.3 nm, residual catalyst contents 5-

10%) synthesized by HiPCO method were loaded into DACs without pressure transmitting 

medium (PTM) which resulted in pressure gradients in the cell: the highest normal p being on the 

diamond anvil culet center falling through the culet edge whereas shear stress gradient was, on 
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the contrary, increasing across the culet reaching maximum on the edge. Such pressure/stress 

distribution in the DAC enabled us to study the CNT response to shear stress as compared to 

normal pressure. Ruby crystal fluorescence together with Raman shift of diamond were used to 

determine pressure distribution through the culet. Three high-pressure experiments (runs) were 

conducted to a maximum pressure of 78, 100 and 58 GPa respectively with a new sample in each 

run but from the same batch. In the first run the sample was initially cycled to 27 GPa followed 

by a second cycle to 78 GPa at which pressure the diamond anvil failed. Two positions (spots) on 

the sample surface were monitored during the run - spot 1 near the center and spot 2 close to 

edge of the culet (Fig. 1). In the second run, the sample was cycled to 36 GPa with subsequent 

reaching of a maximum pressure of 100 GPa and anvil failure. Finally, in a separate experiment a 

SWCNT sample was taken to 58 GPa and then pressure was released to ambient. Raman data 

were collected in-situ (during the high-pressure runs) using a He-Ne 632.8 nm laser excitation 

followed by the cell opening after each pressure cycle and characterization of the recovered 

material with 632.8 and 532 nm lasers. The spectra were recorded with 4 cm–1 resolution. Special 

care was taken to avoid laser heating effects. 

 

Figure 1. Optical image of the sample taken at 3.5 GPa, run 1 with  indicated positions of 

Raman spectra collection. 

60 μm 
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Results and discussion 

All Raman signatures of SWCNTs can be observed in the (bottom) spectrum of the source 

material in Fig. 1: the bond stretching, low energy radial-breathing mode (RBM) at 150 cm−1 to 

300 cm−1, the double resonance, defect scattered D–band at ∼1300 cm−1, the CNT graphene 

lattice in-plane vibrational G–band splits into G− and G+ peaks positioned at ∼1550 cm−1 and ∼ 

1590 cm−1 respectively and the D–band overtone, the 2D-band at around ∼ 2600cm−1. Raman 

data collected in-situ at high pressure (Fig. 1) reveal shift of the G-band to higher frequency 

along with a decrease of the peak intensity and the broadening on pressure increase,  

 

Figure 2. Raman spectra of the SWNTs collected at selected pressures from centre of culet on 

pressure increase during run 2. The first order Raman peak of diamond was removed for clarity. 

Dashed lines are guide for eyes to indicate approximate G-band and D2 peak positions (see text). 
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Interestingly, appearance of an additional broad peak on the low frequency side of the G-band at 

about 20 GPa is notable. Evidently this peak was hidden behind the first order Raman peak of 

diamond and must therefore slightly faster shift with pressure to become visible.  We term this 

peak D2 (its origin will be discussed further) and determine its position along with that of G-

band via peak decomposition of the spectra (Fig. S1, Supplementary information).  G-band was 

fitted with two Lorentzian components corresponding to G+ and G- at low pressures and only 

with one Lorentzian above 15 GPa as distinguishing between G+ and G- becomes ambiguous due 

to the peaks broadening. Importantly, both G-band components exhibit similar pressure trend 

thus only pressure dependence of G+ and D2 peaks for run 1 and run 2 are presented in figure 3. 

 

Figure 3. CNT G-band position dependence on pressure increase in second cycle of run 1 and 2 

in the centre of culet. 
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At pressures below 7 GPa, run 1 there is a substantial difference between spot 1 and spot 2 (not 

shown in Fig. 2) in terms of pressure dependence of G-band: the dG+/dp is 10.3 cm-1/GPa for 

spot 2 vs 6.3 cm-1/GPa than for spot 1. The latter value, in fact, matches well the value of 

SWCNTs under hydrostatic pressure (6.5 cm-1/GPa) [12]. Using Raman spectra of the diamond 

anvils dependence on pressure [13], shear stresses have been calculated for pressures higher than 

20 GPa. The shear stress in spot 2 at any given pressure in this pressure range is twice of that in 

spot 1. Therefore higher dG+/dp for the spot 2 exhibit high sensitivity of G-mode frequency to 

shear stress. 

There are some peculiarities in the G vs. p evolution at around 12, 40 and about 60. Both 

pressure runs, in particular, the first pressure cycle of run 2 exhibit the same trend in G(p) (Fig. 

2). A dG/dp decrease at 12 GPa we associate with the onset of large (>1 nm) diameter CNT 

collapse. Even stronger behaviour - a “plateau” in G(p) was observed at this pressure for HiPCO 

SWCNTs in [14]. This plateau also matches well theoretical calculations and experimental 

results [3,6,12]. Further, an abrupt dG/dp decrease occurs at about 40 GPa. This pressure 

corresponds well to collapse pressure of smaller (<1 nm) diameter CNTs, the most abundant 

HiPCO nanotubes resonant with 1.96 eV photon energy. Similarly, the pressure dependence of 

electrical resistance of HiPCO nanotubes exhibits sequential (diameter-dependent) CNT collapse 

on pressure increase [15].  Extremely low G(p) slope above 40 GPa may be a result of 

complicated stress distribution in the randomly oriented with respect to uniaxial stress load 

bundles of the collapsed CNTs, which at certain orientation may give (as in the case of strained 

graphene) a negative contribution to the oveall G-band response measured in the experiment. 

A sharp increase of dG/dp is observed around 60 GPa which we interpret as destruction of the 

collapsed CNTs and G-band dependence of the new structural phase of carbon. The pressure 
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range of the anomaly corresponds to amorphization pressure of SWCNTs observed in [9] and 

hard carbon phase formation from HiPCO CNTs [11]. Interestingly, the pressure coefficient 

increases to ~2.5 cm-1/GPa in the pressure range 60 - 80 GPa, the value similar to that of glassy 

carbon (3.4 cm-1/GPa) 16 after its transformation to sp3-rich superhard carbon phase at high 

pressure. That may be another supportive argument in favour of CNT destruction above 60 GPa 

in our experiment. In addition to a stronger pressure dependence of the D2 peak vs G-band peak 

the G-band signal became at about 80 GPa too weak compared to that of D2 so that we were 

unable to determine G-band peak position from peak fitting (Fig. S1 , Supplementary 

information). Consequently in Fig. 2 only one (composed D2 + G) peak position is shown above 

80 GPa.   

Unfortunately we were not able to reach 100 GPa limit in run 1 due to the anvil failure at 78 

GPa. In the second attempt (run 2) we were able to reach 1 Mbar limit although the anvil failed 

again, shortly after pressure determination.  Diamond anvils failure ain the pressure range which 

may have been a consequence of inhomogeneous nucleation of superhard phase (= local 

concentration of stress).  
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Figure 4. Top panel: Raman spectrum of the SWCNT material before and after exposure to 

indicated pressures. Bottom panel: RBM part of the correspondent spectra. 

In order to examine structural state of the CNTs we performed “low” pressure cycles in the 

beginning of pressure runs 1 and 2 (to 28 and 36 GPa respectively). Raman spectra of the 

material retrieved after exposure to high pressures (Fig. 4, top panel) show partial CNT recovery 

- the RBM signal observed after 28 GPa and after 36 GPa (Fig. 4 bottom panel) without a 
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significant alteration of RBM profile but with a decrease in intensity.  A special experiment (run 

3) was aimed at probing the SWCNTs integrity by compressing the nanotubes to 58 GPa, slightly 

below the high-p anomaly. As it is evident from Fig. 4 no RBM signal was observed in the 

spectrum of the material quenched from 58 GPa. This conclusion is supported by the examining 

the evolution of 2D band of the CNTs (Fig. S2, Supplementary information), which exhibited 

broadening and decrease in intensity before becoming invisible after the nanotubes compression 

to 58 GPa. Nonetheless 2D band signal became again distinguishable in the samples recovered 

from 78 GPa, but the shift band position shifter compared to the one in the CNT (reference) 

spectrum – another evidence of the CNT destruction/different structural state of the material 

above 60 GPa. Also there is a substantial increase in D-band intensity and a noteworthy 

broadening of the D- and G-band after pressure cycling to 78 GPa which is an indication of high 

density of defects induced in the graphene lattice by stress after the CNT collapse. Broadening of 

the D-band manifests appearance of new structural phases in the samples,. The new components 

D1 and D2 at 1310 cm-1 and 1360 cm-1,(Fig. S3, Supplementary information) can be attributed to 

D-band of sp3-bonded carbon in hexagonal diamond [17,18] and disordered sp2-bonded carbon 

[19] respectively. In the same way, G band is fitted with two peaks G1 and G2 at 1550 cm-1 and 

1600 cm-1 corresponding to G band of disordered sp2-bonded carbon and nano-graphite [20] 

respectively. In addition it is evident the appearance of peaks at low frequencies band L1 and L2 

at 1150 and 1240 cm-1 as well as a band around 1470 cm-1 between D and G which which is 

termed “F-band”. The pair L1 – F bands have been reported for a sign of sp3-bonded carbon 

[21,22,23] and band at around 1230 cm-1 has been reported for four-folded carbon of 

microcrystalline diamond [24].Recovered material in spots 1 and 2 during second cycle of run 1 

possess a similar spectra but with different D/G bands intensities ratio (ID/IG) of respectively 1.07 
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and 1.22 and different IF/IG of respectively 0.28 and 0.45. This confirms the effect of shear 

stresses which increase the damages to the material but also favors its conversion of to sp3-

bonded carbon (increase of F-band intensity).  

Raman spectrum of the material recovered from 100 GPa is different from the one after 58 and 

78 GPa. In fact, the F-band intensity rises dramatically while the ID/IG seems to decrease.  The 

latter implies creation of higher order in the material after the CNTs destruction. The Raman 

spectrum is very similar to the one of superhard carbon phase synthesized from SWCNTs under 

35 GPa and high shear deformation (60 GPa of total stress) according authors [11]. Even closer 

resemblance can be found between the spectrum of the recovered from 100 GPa sample and  

nano-clustered graphene obtained from collapsed at 8 Gpa/1000◦C fullerene C60 [25], Fig 5. 

Assuming formation of sp2-bonded graphene clusters in our material the size of coherent 

scatterers  La can be estimated at of 20-30 nm from ID/IG according to [26]: 

 

La = (ID/IG)-1*560/(Elaser)4 

where Elaser is the excitation energy (Fig. S4, Supplementary information). 
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Figure 5. Raman spectra of the material recovered after SWCNT compression to 100 GPa in the 

frequency range of D- and G-band measured with 1.96 (top) and 2.33 eV (middle) photon 

excitation. Bottom:  Raman spectrum of nano-structured graphene from fullerenes C60 

transformation at 8 GPa, 1000◦C [26].  

This range also corresponds to the La in [11] determined from TEM images of the sampe. We 

therefore anticipate that the material obtained from quenching from 100 GPa may exhibit 

hardness comparable or even exceeding that of single crystalline diamond.  

 

Conclusions 

Structural stability of small (̴1nm) diameter SWCNTs was probed via pressure cycling up to 

100 GPa non-hydrostatic pressure/stress. CNTs G-band exhibits higher sensitivity/response to 
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shear stress that causes higher structural damages to CNTs, even at lower pressure. CNTs 

undergo sequential collapse on pressure increase in accordance to their diameters. 

CNTs retain their integrity after exposure to 36 GPa despite significant structural damage 

caused by shear stress whereas complete SWCNT destruction is observed after compression to 

58 GPa where destroyed CNTs are transformed to amorphous sp2/sp3 bonded carbon (similar to 

glassy carbon). Nanotubes compression to 100 GPa results in formation of a disordered phase 

likely comprised from a mixture of disordered sp2/sp3 carbon and nano-clustered (20-30 nm) 

graphene cross-linked via sp3 bonds. No layered sp3 carbon is formed at cold compression of the 

SWCNTs – recently predicted Raman spectra of all sp3 carbon allotropes [27] don’t match our 

result. HRTEM would finally elucidate (confirm) our structural model. 

ASSOCIATED CONTENT 

Supporting Information. Peak fitting results of D/G bands of recovered material after 100 GPa, 

values used for La calculation and an example of in-situ G-band determination is available free 

of charge via the Internet at http://pubs.acs.org.  
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Supplementary information 

 

Figure S1: examples of peak fitting of the Raman spectra collected in-situ during run 2, second cycle (up to maximal 
pressure of  100 GPa) at (left to right) 35, 60 and 80 GPa respectively. Raman peak of diamond was removed for 
clarity.  

 

Figure S2: Peak decomposition of the 2D-band part of Raman spectra of the reference material (bottom) and the 
samples recovered after compression to 28 (spot 1), 36 GPa, 58 GPa, 78 GPa (spot 1), 78 GPa (spot 2), and 100 GPa 

 



 
Figure S3: D- and G-band components from decomposition of D/G-band part of the Raman spectra collected from 
spot 1 and spot 2 (Fig.1, main text) of the material recovered from 78 GPa, run 1 (top panel): comparison to the G-
band components and D-band of the (reference) spectrum taken before the high-pressure run (bottom panel). 
 

 
Figure S4: Raman spectra of the material recovered after compression to 100 GPa (photon excitation energy 1.96 
eV (bottom) and 2.33 eV (top).  

 

Excitation energy 
(eV) 

IF/IG ID/IG La (nm) 

1.96 0.67 1.3 29 
2.33 0.63 0.53 36 

Table S1: IF/IG, ID/IG from the spectra decomposition Figure S4 and the correspondent coherent scattering domain 
size La calculated  from the ID/IG data.  
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Abstract. Recent studies have shown that single wall carbon nanotubes (SWCNT) exhibit a 
sequence of phase transitions and demonstrate a high structural stability up to 35 GPa of quasi-
hydrostatic pressure [1] beyond which an irreversible structural transformation occurs. Here we 
report on the study of electrical resistance of SWCNTs at pressures up to 34 GPa in the 
temperature range of 293 – 395 K. In the pressure range 10-25 GPathe rate of resistance 
change decreases considerably. We associate such behavior of the resistance with a structural 
modification of the SWCNTs or/and change of the conductivity character at high pressure. 
Raman spectra of the samples recovered after 30 GPa exhibit a large increase of defect 
concentration in the CNTs. Isobaric temperature dependences of the CNT resistance R(T) 
measured in the temperature range 300-400 K reveal some changes with pressure whereas the 
semiconducting character of the R(T) remains unaltered. 

1. Introduction 
According to recent experimental data [1,2], single wall carbon nanotubes exhibit a sequence of 
structural transitions and demonstrate a high structural stability up to 35 GPa of quasi-hydrostatic 
pressure. The authors [1] tentatively relate an irreversible transformation of SWCNTs which occurs 
above 35 GPa to theoretically predicted polymerization of the material [3]. Change of CNTs structure 
at high pressure/stress may affect profoundly the electronic properties of nanotubes and even cause 
semiconducting to metal (and vice versa) transition [4]. Whereas several important Raman studies 
addressing the problem of SWCNTs [1,2] and DWCNTs [5, 6] integrity at high pressure have been 
recently reported they suffer from a common problem - only a fraction of the CNTs resonant with the 
laser excitations used in these experiments has been followed.  This drawback can be eliminated by 
following evolution of CNTs’ transport properties at extreme pressure as that will probe the entire 
nanotube ensemble. Importantly, no measurements of electrical transport properties of CNTs at high 
pressure/stress have been conducted to date. Here we report on the study of electrical resistance of 
SWCNTs at non-hydrostatic pressures up to 34 GPa in the temperature range of 300 – 400 K and 
correlate the results with correspondent structural changes of nanotubes. 
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2. Experimental methods 
In this work we used purified CNTs which had been produced by HiPCO method by Tubes @ Rice 
Ltd. This type of nanotubes offers an advantage of a wide range of tube diameters typically ranging 
from 0.7 to 1.3 nm thus allowing probing a response of very different CNT species to the extreme 
pressure/stress. A certain amount of residual metal catalyst remains in the material as evidenced from 
the transmission electron microscopy (TEM) analysis (figure 1).  Raman characterization of the 
material before and after high-pressure experiments was done on NTEGRA Spectra probe 
nanolaboratory confocal microscope from NT MDT, with He-Ne excitation laser (632 nm). The 
spectra were collected in back scattering geometry with resolution of 2.3 cm-1. A 100x objective with a 
numeric aperture of 095 was used for focusing. Laser power was measured directly on the microscope 
sample stage and did not exceed 5mW. A typical Raman spectrum of the source material collected at 
ambient conditions (figure 1) displays the main features of CNTs, radial breathing mode (RBM) at low 
frequencies (from 150 to 300 cm-1), D-band (characteristic of defects on the nanotube surface) and G-
band at 1350 cm-1 and at 1600 cm-1respectively. One should notice the relative low intensity of D band 
in comparison to G band which is indicative of low defect density in purified HiPCO CNTs used in 
this study. 
 

 
Figure 1.TEM image (left panel) and Raman spectrum of HiPCO CNTs 
collected at ambient conditions (right panel). RBM, D- and G-band are 
indicated. 

 
High pressure was generated in a cone-plane cell (figure 2) with anvils made of carbonado type 
diamond [7,8] which allow for resistance measurements under pressures up to 50 GPa [9]. A cross 
section of the contact area between the anvils and the sample under investigation is typically around 
200 μm. The sample thickness after pressure-induced compactization is approximately 10 μm. 
Pressure in the cell was determined from the applied load using calibration data for reference materials 
with error not exceeding 10% in the pressure range of 5-50 GPa [9]. First, the CNT sample was 
pressurized about 30 GPa with subsequent pressure release followed by a second pressure cycle which 
was conducted in order to examine reversibility of the R(p) dependence. CNT resistance dependence 
on temperature R(T) was measured between 300 and 400 K at two selected pressures (20 and 30 GPa). 
Temperature uncertainty was about 0.1 K 
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Figure 2.The conductive 
(carbonado) diamond anvils (left 
panel) and schematic cross-section 
of the plane – cone pressure cell  
(right panel), not to scale 

   

3. Results and discussion 

3.1. Pressure dependence of electrical resistance of SWCNTs 
The electrical resistance decreases as pressure is increased from about 80 Ohm at 12 GPa to less than 
30 Ohms at 28 GPa for the first pressure cycle (figure 3), The resistance evolution with pressure shows 
a first anomaly at approximately 16 GPa and another one at around 25 GPa. This first irregularity 
appears at the pressure corresponding to the collapse pressure Pc of the CNTs with the largest 
diameter (1.3 nm). In addition, the second change in the pressure dependence of electrical resistance is 
also related to the structural change of the large tubes, as 25 GPa corresponds to the collapse pressure 
of tubes with a diameter of 1.1 nm. 
 

 

Figure 3. Pressure dependence of the resistance of the SWCNTs 
nanotubes for the cycle 1 (squares) and cycle 2 (circles). Solid and open 
symbols represent data collected on pressure increase and release 
respectively. Straight lines indicate quasi-linear character of the R(p), see 
text. 

 
Theoretical calculations predict collapse of CNTs in bundles at high pressure [8]. The collapse 
pressure Pc depends on the CNT diameter d as Pc = k/d3 where k is a constant. Experimental studies 
[2,8] report on CNT collapse at high pressure in accordance to the theoretically predicted dependence 

10 mm 
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on nanotubes’ diameter. Using the data on the SWCNT collapse [2,8] we estimated the collapse 
pressures range for SWCNT used in our study to be 16 - 100 GPa in accordance to the above 
mentioned formula for Pc with the highest Pc corresponding to CNTs with the smallest diameter (0.7 
nm). The pressure range of our experiment falls into this interval and therefore it is reasonable to 
associate the peculiarities in R(p) dependence with sequential collapse of the nanotubes at 
correspondent Pcs on pressure increase. From the latter we can define diameters of the nanotubes 
which undergo this structural transformation. Our estimation gives CNT diameters of 1.3, 1.1 and 1.08 
nm for Pcs 16, 25, and 27 GPa respectively. A 10% hysteresis in R(p) observed upon pressure release 
(figure 3) is probably connected to delay in the CNT shape recovery after collapse. 

3.2. Temperature dependence of electrical resistance of SWCNTs at different pressures 
Carbon nanotubes can be metallic or semiconducting depending on their chirality. In order to examine 
the overall electronic properties of the CNT material we performed isobaric measurements of the 
sample resistance in temperature interval 295 – 400 K at 20 and 30 GPa selected from the pressure 
interval before and after Pc = 25 GPa respectively. The observed temperature dependences of the 
resistance R(T) exhibit  similar qualitative behavior (figure 4) – the resistance increase with decreasing 
T typical of semi-conducting material, implying that more than 30% of the CNT species in the sample 
are semiconducting. The R(T) dependencies are non-linear in ln(R) – 1/T coordinates below 370 K 
implying Ahrenius mechanism of electrical conductance does not hold in the entire T-range of our 
experiment (right panel of figure 4). Importantly, the character of R(T) at 30 GPa differs from that at 
20 GPa. As certain fraction of CNTs undergo pressure-induced collapse at Pc = 25 GPa (figure 3) it is 
reasonable to associate altering the overall R(T) dependence with electrical conduction mechanism 
and gap change in the collapsed (flattened) CNTs. We even can not exclude the occurrence of 
semiconductor to metal transition in some CNTs caused by stress [4] although such transition is not 
dominant in the studied pressure range and thus can not be identified on the background of rest of the 
CNT ensemble. 
 

Figure 4. Temperature dependences of the SWCNT resistance R at selected pressures (left panel) and 
lnR vs 1/T plot (right panel). Crosses and circles – data for 20 and 30 GPa respectively. 
 

3.3. Spectroscopic characterization of SWCNTs recovered from high-pressure 
SWCNTs exposure to high pressure resulted in dramatic changes in their Raman spectra (figure 5). 
Specifically, the D-band to G-band peak intensity ration (ID/IG) has increased from 0.6 to 1 implying 
introduction of more structural defects on the CNTs surface. This result implies that a substantial 
fraction of the nanotubes has undergone collapse during the pressure cycling as it was shown in [6] the 
generation of new structural defects on nanotubes surface occurs when they are in a collapsed state. It 
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is important to underscore that nevertheless, the RBM band remains essentially unaltered: the main 
peaks at 200, 252, 261, 288 and 301 cm-1 are still visible and display the same shape and relative 
intensity after two consecutive pressure cycles to 30 GPa. That testifies for the CNTs full recovery 
after the pressure cycling – neither irreversible structural transformation, nor polymerization of the 
tubes has occurred. 
 

 
Figure 5. Raman spectrum of HiPCO nanotubes recovered 
after pressure cycling to 30 GPa. RBM, D- and G-band are 
indicated. 

4. Conclusions 
Peculiarities in pressure dependence of the resistance of HiPCO SWCNTs were observed at certain 
pressures which we relate to a structural transition – sequential collapse of the nanotubes. The collapse 
pressures are defined by CNT diameters. This transformation is accompanied by the ID/IG ratio 
increase in the Raman spectrum of the sample recovered after exposure to 30 GPa of non-hydrostatic 
pressure which is indicative of a high density of structural defects generated in the CNTs which have 
undergone collapse during the pressure cycling. The RBM band recovery implies a complete 
reversibility of the structural transitions and no CNT polymerization in the studied pressure range. 
Further experiments are required to ascertain the observed character of R(T) and probe structural 
stability of small (below 1 nm) diameter SWCNTs.  
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ABSTRACT: According to recent experimental data single wall carbon nanotubes (SWCNTs) 

exhibit a sequence of structural transitions and demonstrate high structural stability on exposure 

to high non-hydrostatic pressure1,2. An irreversible structural transformation observed above 35 

GPa for certain SWCNTs1 may be related to theoretically predicted polymerization of the 

material3. Such change in the CNTs structure at extreme pressure/stress is expected to strongly 

affect their electronic properties. Here we report on our study of electrical resistance R of 

SWCNTs at pressures up to 50 GPa (0.5 MBar) using conductive anvils in a diamond anvil cell. 

We observed the SWCNTs resistance decrease with increasing pressure and associate the 

anomalies detected in R(p) with a sequential CNTs collapse in accordance to their diameter and 

abundance. The changes in CNT resistance are reversible indicating that neither CNT 

polymerization nor destruction take place up to 0.5 Mbar which testifies for a very high 

resilience of SWCNT to non-hydrostatic pressure/stress. 
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INTRODUCTION 

 Carbon nanotubes (CNTs) with their astonishing mechanical, thermal and electrical properties 

are regarded as highly interesting for the future of materials technology. CNTs can be considered 

as rolled up sheets of graphene where the chiral vectors (n,m) describe their configuration 

referring to the hexagonal arrangement of carbon atoms in graphene plane. CNTs can be either 

metallic or semiconducting depending on chirality; in particular CNTs where n-m is evenly 

devisable by 3 will be metallic while other CNTs are semiconducting. Recent experiments has 

revealed that under high non-hydrostatic pressure empty and  filled with fullerenes SWCNTs 

(peapods) exhibit a high structural stability up to 35 and 30 GPa respectively1,2. CNTs are from 

theoretical calculations on both bundles3 and individuals4 known to deform under pressure. First 

they undergo a structural phase transition (SPT) denoted Pc corresponding to distortion of the 

nanotube cross-section under compression, followed by the CNT transformation to oval shape 

(flattening) at a collapse pressure Pd which is inversely proportional to the cube of the tube 

diameter. Molecular dynamics (MD) simulations5 predict that SWCNTs will polymerize under 

high hydrostatic pressure between 10 and 30 GPa with a higher degree of polymerization for 

higher pressures. Bundles of metallic armchair (n=m) tubes will polymerize to a metallic sp2-rich 

phase of covalently linked graphene nanoribbons whereas chiral tubes will polymerize to a large 

band gap sp3-rich amorphous diamond like phase5. Polymerization may be a reason for the 

observed irreversible transformation of SWCNTs above 35 GPa1. Experimental results on 

SWCNTs under high pressure support the theories of SPT in CNTs and their dependence on the 

CNT diameter6,7. Claims of polymerization have also been made where an SWCNT sample 

recovered after exposure to 34 GPa was shown to be super hard8. However, no clear evidence of 

neither polymerization or destruction of CNTs was put forth. In another study SWCNTs were 
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recovered after exposure to 62 GPa9. The sample resistance was measured at high p and was 

shown to increase sharply at 42 GPa related to an SPT at that pressure. Characterization of the 

recovered sample indicated a complete conversion to disordered graphite.  

Raman spectroscopy is a powerful tool in characterizing CNTs; specifically the appearance of 

a radial breathing mode (RBM) in the low frequency range (100-400 cm-1) is evidence of intact 

CNTs while the D-band (~1350 cm-1) over G-band (1590 cm-1) intensity ratio (ID/IG ratio) is a 

measure of the amount of structural defects on the side walls of the tubes10. It has been shown 

that exposure of double wall carbon nanotubes (DWCNTs) to Pc is fully reversible while 

exposure to Pd is partially reversible; the Raman spectra of CNTs exposed to high pressure will 

remain unaltered as long as the pressure remains below Pd whereas the D-band will increase if 

the pressure exceeds Pd
11. The electronic properties of CNTs should be influenced by structural 

changes at extreme pressure and thus, resistance measurements on CNTs under high pressure can 

be a complementary tool in identifying such transitions. Radial deformation of CNTs is 

reversible upon pressure release and therefore the resistance of the CNTs is expected to be so 

also whereas polymerization and/or destruction of CNTs on the other hand will permanently 

influence the conductivity. The effect of polymerization and/or destruction on the sample 

resistance will depend on both the starting material and on the pressure5 and likely also on the 

hydrostaticity of the pressure in the sample. With a sample of SWCNTs with randomly 

distributed chiralities, polymerization is expected to lead to an increase in sample resistance 

whereas graphitization of the CNTs is expected to lead to a sample resistance decrease12. In this 

work we study in-situ the resistance of bundled SWCNTs at pressures up to about 50 GPa (0.5 

Mbar) in order to probe the structural stability CNTs at extreme pressure/stress by relating the 

sample resistance with changes in the nanotubes’ structure. Within the pressure range we expect 
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that the majority of the tubes will have reached Pd and so we expect to see the effect of CNT 

radial deformation on the sample resistance. If polymerization takes place we expect to get the 

high resistance amorphous diamond-like phase5 since the majority of the tubes in the sample are 

chiral. Being complimentary to analogous in-situ Raman measurements, the resistance 

experiment have a clear advantage as it probes all the nanotubes in the sample under 

investigation whereas the spectroscopic measurements monitor only those CNTs which are in 

resonance with used laser excitation. Therefore in order to match capability of the in-situ 

resistance measurements one has to have access to a wide spectrum of laser lines covering the 

entire assortment of CNT diameters present in the sample. That is technically possible but hardly 

attainable in a conventional Raman experiment.   

 

RESULTS AND DISCUSSION 

The resistance measurements of the SWCNTs at high pressure in the DAC (Fig. 1) reveal that 

sample resistance decreases with pressure. The measured resistance is dominated by two factors, 

the resistance of the CNTs themselves and the contact resistance between them. A more compact 

sample will have lower contact resistance9 and the steep decrease in sample resistance measured 

up to 19 GPa is related to the sample densification and is thus not an intrinsic property of the 

SWCNTs. 
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Figure 1.  a) Pressure dependences of the electrical resistance of SWCNTs. Pressure cycle 1, 2 

and 3 is displayed with squares, triangles and circles respectively with filled symbols on p 

increase and open symbols on p release. Lines are added to emphasize the observed pecularities 

in R(p). Inset displays results at highest pressures. (b) Pressure evolution of dR/dp. Cycles 1, 2 

and 3 are displayed in black, grey and light grey respectively with solid line for p increase and 

dashed lines for p release. Arrows indicate the anomalies. 

Upon p release the sample resistance increases until 16 GPa where a second pressure cycle is 

initiated in order to study the reproducibility of the observed R(p) pressure dependence of the 

resistance. A third pressure cycle is commenced for the same reason. Studying cycle two we see 
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a 10-fold decrease in sample resistance as pressure is increased from 16 to 48 GPa. The R(p) 

exhibits a quasi-linear behaviour in certain pressure intervals with stepwise changes of the 

pressure derivative (dR/dp). Fitting of the R(p) data indicates that the dR/dp (Fig. 1b) of the 

sample resistance changes at about 21, 26, 33 and 41 GPa. These changes in dR/dp occur at 

approximately the same pressures in all three cycles though they are more clear for cycle one and 

less clear for cycle three. The absolute value of dR/dp decreases with R decrease. 

  

Table 1. Absolute (dR/dp) and relative (dR/Rdp) dependence of R on p for different p ranges, 

the SWCNT diameters and correspondent Pc values in that range. 

p range (GPa) dR/dp (Ω/GPa) R at midpoint* 
(Ω) 

dR/Rdp (1/GPa) d for Pc in range 
(nm) 

16-21 556 3855 0.14 1.3-1.2 

21-26 189 2110 0.090 1.2-1.1 

26-33 96 1225 0.078 1.1-1.0 

33-41 45 680 0.066 1.0-0.94 

41-48 18 448 0.040 0.94-0.89 

* Resistance in the middle of the p range (18.5, 23.5, 29.5, 37 and 44.5 GPa) used for 
calculation of dR/Rdp. 

 

Upon pressure release there is a hysteresis in the recovery of sample resistance. The hysteresis 

is most evident during the first cycle but at 16 GPa the resistance has returned to the same value 

for cycle one and two whereas the third cycle p release shows a slightly different behavior below 

25 GPa with a noticeably higher R. Previous studies have reported on theoretically calculated 

collapse pressures for CNTs in bundles13. According to these results, we can estimate the 

collapse pressure in our system by using the relation between Pd and the diameter of the tubes (d) 
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as: Pd=k/d3 where k is a constant. For SWCNTs, k has been estimated to be 34 GPa/nm-3 based 

on previous studies11. The value can be used to estimate the theoretical collapse pressures 

corresponding to the nanotubes comprising our sample. As the CNTs under investigation have 

diameters in the range of 0.7 to 1.3 nm, one can conclude that the predicted Pd in our study 

should be in the range of 16 to 100 GPa. Correlating the detected changes in resistance with 

estimated collapse pressures of the SWCNTs we see that the anomalies at 21, 26, 33 and 41 GPa 

correspond to collapse of tubes with diameters of approximately 1.2, 1.1, 1.0 and 0.94 nm 

respectively. The highest pressure reached in the experiment, 48 GPa, corresponds to collapse of 

CNTs with diameters of 0.89 nm. Our estimation of the tube diameters, based on 

photoluminescence studies14, indicates that few tubes (<20%) have diameters smaller than 0.9 

nm thus most of the tubes will have collapsed at 48 GPa. 

Raman spectra of the specimen taken before and after exposure to two high pressure cycles up 

to 30 GPa (Fig. 2) show that the RBM remains essentially unaltered. Slight changes in RBM 

profile (inset Fig. 2) can be detected which may indicate on a partial destruction of certain CNTs. 
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Figure 2. Raman spectra of the source HiPCO nanotubes at am-bient pressure (solid line) and 

recovered sample after exposure to high pressure (dashed line).  Inset displays RBM part of the 

spectra. Data scaled to G+ intensity.  

The D- and G-bands of the Raman spectra in Fig. 2 were fitted with the peaks at approximately 

the same positions (Fig. 3). Since both metallic and semiconducting tubes are observed in the 

spectra the G- peak (~1550 cm-1) is split into two parts: a Lorentzian peak from the 

semiconducting tubes and a Breit-Wigner-Fano peak from the metallic CNTs. There is also an 

evident broadening of the G-band and a change in the relative intensity between the lower 

frequency G- peaks and the higher frequency G+ peak (1590 cm-1). Peak fitting the D- and G-

bands reveals that the peaks intensity ratio ID/IG has increased from 0.11 to 0.71 after the CNTs 

exposure to high pressure and similar results are obtained for the peak area ratio (AD/AG), which 

rises from 0.23 to 1.45 (estimated error ±0.01). 
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Figure 3. Decomposition of the D- and G-band part of the Raman spectra for source material (a) 

and material recovered after exposure to high pressure (b). 

Our results show that the dR/Rdp changes at high p are likely due to the CNTs collapse. CNTs 

with different diameters will collapse at different pressures and a sample with continuous 

distribution of diameters would result in a continuous R(p) slope change. The observed 

anomalies thus exhibit higher abundance of CNTs with certain diameters (chiralities) in the 

sample. On pressure decrease the CNTs recover their circular cross-section at a pressure lower 

than Pd thus exhibiting hysteresis. Upon the second pressure cycle the R(p) dependence is 
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reproducible which testifies for neither polymerization nor major destruction of the CNTs. Some 

permanent defects are introduced at high p as shown by the Raman data. Evidently Pd must have 

reached for a substantial part of the CNTs in the sample since the ID/IG ratio increased 

significantly. Such defects may accumulate upon cycling to eventually result in changes in 

electronic properties of the material which may explain not complete reproducibility of R(p) on p 

release in the third cycle whereas the resistance increase may indicate appearance of sp3-bonded 

carbon.  

 

CONCLUSIONS 

Our study reveals a strong dependence of CNTs resistance on their structural state which 

evolves with pressure. Anomalies were observed both in R(p) and in dR/dp which manifest a 

sequential CNTs collapse in accordance to their diameter and abundance. As CNT 

polymerization would result in a substantial irreversible change of electronic structure/resistance 

of the new material produced we did not observe indications of such process under conditions of 

our experiments. We observed no or minor CNT destruction after exposure to pressures up to 

about 0.5 Mbar which testifies for a very high resilience of small diameter SWCNT to non-

hydrostatic pressure/stress. 

 

EXPERIMENTAL METHODS 

Source material in this study was purified HiPCO SWCNTs, with an average diameter close to 

1 nm and with a narrow diameter distribution of ±0.3 nm. High pressure was generated in a 

diamond anvil cell (DAC) of the "cone-plane" type with electrically conductive anvils made of 

synthetic carbonado-type diamonds15, 16. In our experiments we use a rounded cone (top anvil) 



 12 

with a radius of about 1 cm. The bundled SWCNT powder material was placed on the plane 

anvil which was brought thereafter into contact with the cone anvil and load applied. The 

diameter of the contact spot is about 200 µm and the sample thickness under pressure is close to 

10 µm. The pressure is determined through calibration of the DAC where applied load is related 

to known resistance anomalies at phase transitions at well-defined pressure in different materials.  

Further details on pressure calibration can be found elsewhere17. The error of the pressure 

calculation depends on the mechanical properties of the compressed material and does not 

exceed 15% of the measured pressure in the range of 5 – 50 GPa. The sample was characterised 

by Raman spectroscopy before and after exposure to high pressure using NTEGRA NT MDT, 

setup with He-Ne (632 nm) excitation laser. Spectra were collected in back scattering geometry 

with a spectral resolution of 2.3 cm-1. A 100x objective with a numeric aperture of 0.95 was used 

for focusing and laser power on the sample stage was measured at 5mW. 
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