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Abstract Single-walled carbon nanotubes (SWNTs), double-walled carbon nanotubes (DWNTs) and

multi-walled carbon nanotubes (MWNTs) have been investigated using X-ray Absorption Near Edge Spec-

troscopy (XANES) after different thermal annealing procedures performed in ultra high vacuum. Carbon

K-edge spectra show that the contaminants present on the surface of MWNTs are more sensitive to thermal

treatments than those for DWNTs and SWNTs. In addition, multiple-scattering features in the XANES

region shift towards low energies going from single to multi-walled nanotubes, addressing a different inter-

action between layers in these different nanotube systems.
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1 Introduction

Since the discovery of carbon nanotubes (CNTs)

by Iijima
[1]

in 1991, the synthesis of these ma-

terials have been continuously growing due to

their unique properties and potential applications
[2]

.

CNTs exhibit remarkable mechanical
[3]

, thermal
[4]

and electrical properties
[5, 6]

and can be used as

very hard fibers
[7]

, electron field emitters
[8]

, scan-

ning probes
[9, 10]

, nanoelectronic devices
[11]

, gas

absorbent[12], etc.

Three specific kinds of CNTs, i.e., single-walled

carbon nanotubes (SWNTs), double-walled carbon

nanotubes (DWNTs) and multi-walled carbon nan-

otubes (MWNTs) can be identified. Theoretical
[13]

and experimental
[14]

investigations shown that a

SWNT can be metallic, semiconducting or semimet-

alic, depending on its chiral angle and diame-

ter, while for a DWNT
[15]

that consists of two

concentric cylindrical graphitic layers, the chi-

rality pairs of the inner and outer layers can

be: metallic-metallic, metallic-semiconducting, or

semiconducting-semiconducting
[16]

. A MWNT
[17]

has

several layers and the understanding of its properties

is more complicated because of the more complex in-

teraction between the constituent layers. However,

the intrinsic properties of CNTs, such as curvature in-

duced effects
[15, 18, 19]

and interlayer interaction
[17, 20]

,

have been mainly investigated using these three typ-

ical systems.

X-ray Absorption Near Edge Spectroscopy

(XANES) is a spectroscopy that provides electronic

and structural information about atoms, molecules

and local chemical functionalities
[21]

. In a XANES

experiment, an intense tunable monochromatic flux

of X-rays excites an electron from an atomic core
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level to empty or partially occupied valence electron

states. At photon energies in resonance with these

transitions, a large increase in the excitation cross

section is observed and from the analysis of the shape

and the structures of the absorption cross section is

possible to reconstruct the electronic structure at the

surface, as well as bonding formation of a variety of

amorphous and ordered solid-state materials
[22]

.

In this work, we collect XANES spectra to investi-

gate the stability of the contaminants on the surface

of the three typical carbon nanotube systems per-

forming in situ thermal treatment. We find that con-

taminants on the surface of different CNTs exhibit

a different sensitivity to thermal treatment, which

we assigned to the curvature effect of their different

outer layer diameters. This effect may have a criti-

cal role in their application as gas sensors
[23—25]

, one

of interesting research areas of CNTs. We also find

that, going from single to multi-walled nanotubes,

the multiple-scattering features in the XANES region

shifts towards low energies, a behavior which may be

attributed to a different interaction between layers.

2 Experimental details

SWNT materials were synthesized by a hydrogen

arc discharge method
[26]

under H2 atmosphere using

Fe, Ni, and Co as co-catalysts. The obtained prod-

ucts contain 70% SWNTs in volume percentage and

have a mean diameter of 1.85nm. Both DWNTs and

MWNTs were synthesized by the catalytic decompo-

sition of hydrocarbons at 1373—1473K using Fe par-

ticles as catalyst and methane (for DWNT) or ben-

zene (for MWNT) as the carbon source
[27, 28]

. The

percentage in volume of these two products is higher

than 70%. The DWNTs have outer diameter
[27]

rang-

ing from 1.6 to 2.8nm, with a Gaussian mean diam-

eter of 2.26nm, and inner diameter ranging from 1.0

to 2.0nm, with a Gaussian mean diameter of 1.52nm,

while the MWNTs have outer diameter
[28]

ranging

from 10 to 100nm. For comparison we use highly ori-

ented pyrolitic graphite commercially available.

The C K-edge XANES experiments were per-

formed at the Photoelectron Spectroscopy station of

the Beijing Synchrotron Radiation Facility of the In-

stitute of High Energy Physics, Chinese Academy of

Sciences. Samples, cleaned with ultrasonic cleaner in

acetone, were loaded in a ultrahigh vacuum cham-

ber and maintained in a background pressure of ∼

8×10−10 torr, reaching a pressure up to ∼ 1×10−9 torr

during data acquisition. All spectra were recorded

using the total electron yield (TEY) mode, a surface-

sensitive detection method with a typical probing

depth of a few nm, in the energy range from 275 to

337eV and with an experimental resolution of 0.2eV.

The annealing treatments have been performed on

all systems in the XAS sample compartment, under

ultrahigh vacuum at the temperatures of 603K and

673K for one hour.

3 Results and discussions

Fig. 1(a) (solid line) shows the comparison of the

C K-edge XANES spectra of SWNTs (1), DWNTs

(2), MWNTs (3) and HOPG (Highly Oriented Py-

rolitic Graphite) (4) at room temperature of all spec-

tra normalized in the region around 317eV. The

spectrum of HOPG is in very good agreement with

previous XANES data collected with synchrotron

radiation
[29, 30]

. To interpret the XANES features

we present in Fig. 1(b) a polarized XANES calcu-

lation of graphite using a very simplified atomic clus-

ter in the framework of the multiple-scattering (MS)

theory
[31, 32]

. It is quite clear looking at Fig. 1(b)

(curve (1)) that the π* unoccupied states (at about

285.2eV) are well reproduced by the z-polarized com-

ponent which corresponds to C 2p
x

and 2p
y

orbitals.

This resonance has to be intense at grazing X-ray

incidence, when the X-ray electric field vector has

a large projection along the direction of the p or-

bital, while is very weak at normal X-ray incidence,

when the electric field vector is perpendicular to the

p orbital
[33]

. The corresponding 1s to σ* transi-

tions at 292.1eV appear in the xy-polarized calcu-

lation (Fig. 1(b) curve(2)) which contains the C 2p
z

orbital and exhibits the opposite trend as expected

since σ* is orthogonal to a π* state. It is worth to

notice that the best-fit spectra (Fig. 1(b) curve(3))
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of this calculation based on a very simplified cluster

made by only 3 nearest atoms does not show multiple-

scattering contributions.

Fig. 1. (a) Comparison of C 1s XANES spec-

tra of fresh CNTs and HOPG. From bottom

to top: (1) SWNTs, (2) DWNTs, (3) MWNTs

and (4) HOPG. The dash lines show the spec-

tra of the same samples after 673K annealing

treatment as the background; (b) MS calcula-

tion of C K-edge XANES in graphite by using

a simplified atomic cluster composed by a cen-

tral carbon plus the nearest 3 carbon atoms:

(1) the polarized z-component, (2) the polar-

ized xy-components and (3) the best-fit of the

calculation.

As labeled in Fig. 1(a), we assigned the common

features at about 285.2eV and 292.1eV to transition

from C 1s to π* and σ* unoccupied states, respec-

tively. A feature labeled A (at about 288eV) between

π* and σ* bands detected in previous XANES works

on graphite
[34]

and present also in more recent pa-

pers on carbon nanotubes
[35, 36]

is clearly detected

using the TEY mode. To clarify feature A, we show

the spectra with dash line of the same samples after

673K annealing treatemt as the background. Such

a feature has been previously assigned to the so-

called free electron like interlayer states
[34—36]

but re-

cent investigations[37, 38] questioned this assignment

because feature A disappears after in situ annealing

treatment. They suggest that this signal is the re-

sult of a surface contamination, especially by oxy-

gen contamination following chemical processes or

gas adsorption. Actually the spectral feature A may

be a precise marker of surface contamination. In

Fig. 1(a) a broad feature A is detected in all spec-

tra at room temperature, including HOPG. How-

ever, feature A is weaker in MWNTs than that of

SWNTs and DWNTs suggesting that MWNTs may

adsorb gas with more difficulty and in general seems

to exhibit a weaker chemical reactivity. Smaller di-

ameter tubes have larger surface curvature and the

graphite-like carbon sp2 bonds of CNTs may easily

gain more sp3 character
[39]

, as a consequence CNTs

with smaller outer diameter are more active in term of

chemical bonding. The outer diameter of a MWNT is

greater than 10nm, while in SWNT and DWNT they

are about 1.85nm and 2.26nm, respectively. Thus

MWNTs are not favoured to form chemical bonds.

Moreover, Fig. 1(a) shows the C K-edge XANES of

HOPG, which have flat planes, has a very weak fea-

ture A, similarly to MWNTs, supporting the hypoth-

esis of a correlation between curvature and contami-

nations.

Fig. 2. (a) C 1s XANES spectra of CNTs after

the thermal treatment at 603K for one hour:

(1) SWNTs, (2) DWNTs and (3) MWNTs;

(b) the magnified spectra of Fig. 3(a) with a

background (dash line) after 673K annealing

treatment for DWNTs and MWNTs and after

773K annealing treatment for SWNTs.

To check the existence of this unexpected corre-

lation, we performed two slightly different thermal

treatments in ultrahigh vacuum. In Fig. 2(a) we

compare the spectra of different CNTs after a ther-

mal treatment in situ at 603K for one hour. We

also show the magnified spectra in Fig. 2(b) (right,

solid) and use the spectra (dash line) after 673K

annealing treatment for DWNTs and MWNTs but

a spectrum (dash line) after 773K annealing treat-

ment for SWNTs to get a smooth background be-

tween 286 and 290eV. In the spectrum of MWNTs

feature A disappears, confirming that this structure

is not an intrinsic feature of carbon nanotube sys-
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tems. The intensity of feature A in DWNTs and

SWNTs decrease rapidly, however this feature does

not disappear completely and is more intense in the

spectrum of SWNTs than DWNTs. From these data

we confirm the sensitivity of CNTs to thermal treat-

ment and the different amount of contaminants on

the surface of different nanotube following the or-

der: MWNTs>DWNTs>SWNTs. In other words,

MWNTs have less available chemical bonds on the

surface than DWNTs and SWNTs, supporting the

existence of a correlation with the nanotube curva-

ture.

In Fig. 3(a) we compare spectra after a fur-

ther thermal treatment at 673K for one hour. The

same background in Fig. 3(b) (dash line) as that in

Fig. 3(b) for SWNTs is used. Feature A disappears

also in DWNTs while the peak for SWNTs can still

be distinguished, showing lower intensity. This be-

havior confirms the decreasing sensitivity to thermal

treatment from multi-walled to single-walled carbon

nanotubes.

Fig. 3. (a) C 1s XANES spectra of CNTs after

the thermal treatment at 673K for one hour:

(1) SWNTs, (2) DWNTs and (3) MWNTs; (b)

the magnified spectra of Fig. 4(a) for SWNTs

with a bckground (dash line) after 773K an-

nealing treatment.

Actually, when thermal treatments are performed,

atomic contaminants are washed out and spectra

show some intrinsic features of CNTs. To enhance

these contributions, in Fig. 4 we compared spectra

after normalization of the data at the σ* structure

at about 292eV. It can be clearly seen from this fig-

ure that MS (multiple-scattering) features labeled a

and b shift towards lower energies going from single

to multi-walled nanotubes. Taking in consideration

the different geometrical structures of these CNTs,

e.g., the MWNT and the DWNT have multiple walls

and double walls, respectively, we demonstrate that

multiple-scattering paths which involve atoms in dif-

ferent layers as well as in the same layer are sensitive

to these different geometries, in other words, we may

attribute the observed energy shift to the different

MS contributions within nanotube layers.

Fig. 4. C 1s XANES spectra as in Fig. 3(a)

but after a normalization of the spectra at the

σ* structure at about 292eV: (1) SWNTs, (2)

DWNTs and (3) MWNTs.

4 Conclusions

To summarize, we performed XANES experi-

ments to investigate the presence and the degree of

atomic contamination in different carbon nanotubes.

Our data give evidence for a correlation between con-

tamination and curvature in a way that MWNTs are

more sensitive to thermal treatment than DWNTs

and SWNTs. Moreover, MS contributions from dif-

ferent layers (walls) affect the spectra of different

CNTs and a small but clear shift towards lower en-

ergy going from single to multi-walled nanotubes has

been detected in the multiple-scattering region. This

result is extremely useful since it may support the

relevance of further XANES investigations on CNTs

devoted to the characterization of the intrinsic prop-

erties of these unique systems.

We thank A. Marcelli for many fruitful discus-

sions.
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