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Nomenclature

Acronyms
AFM atomic force microscopy
BWF Breit–Wigner–Fano function
CVD chemical vapor deposition
DFT density functional theory
DMF dimethylformamide
DNBN 3,5-dinitrobenzonitrile
DOS density of states
DWCNT double-walled carbon nanotube
EC charging electrochemical charging
EELS electron energy loss spectroscopy
F4TCNQ tetrafluorocyano-p-quinodimethane
FWHM full width at half maximum
HRTEM high-resolution transmission electron microscopy
LO phonon longitudinal optical phonon
MRI magnetic resonance imaging
NIR near-infrared
NT nanotube
OAS optical absorption spectroscopy
PLS photoluminescence spectroscopy
QM quantum-chemical modeling
RBM radial breathing mode
RS Raman spectroscopy
STS scanning tunneling spectroscopy
SWCNT single-walled carbon nanotube
TCNQ tetracyano-p-quinodimethane
TDAE tetrakis(dimethylamino)ethylene
TEM transmission electron microscopy
TMTSF tetramethyl-tetraselenefulvalene
TO phonon transversal optical phonon
TTF tetrathiafulvalene
UPS ultraviolet photoelectron spectroscopy
UV ultraviolet
vHs van Hove singularities
WF work function
XAS X-ray absorption spectroscopy
XES X-ray emission spectroscopy
XPS X-ray photoelectron spectroscopy
X@SWCNT single-walled carbon nanotube filled with substance X
1D one-dimensional

Symbols
a1, a2, a3 basis vectors of the direct lattice
a lattice parameter of a graphene layer
ac�c the nearest-neighbor carbon–carbon distance in a graphene layer
b1, b2, b3 basis vectors of the reciprocal lattice
Ch chiral vector of a nanotube
d the highest common divisor of chirality indexes n and m of a nanotube
dR the greatest common divisor of 2m + n and 2n + m
dt diameter of nanotube
D(E) density of states
D(EF) density of states at the Fermi energy
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e charge of an electron
eikr plane wave that runs along the vector k in a crystal
E energy of the system of all particles in a solid
Ee energy of electrons in a solid
Ei energy of the i-th electron in a solid
EF Fermi energy
En(k) energy states of electrons in the periodic potential of a crystal, which define the band

structure of a crystalline solid
E�g2D(k) two-dimensional energy dispersion relations of graphene (E+ and E� correspond to the

valence p and the conduction p⁄ energy bands)
E�1D(k) one-dimensional energy dispersion relations of nanotubes (E+ and E� correspond to the

valence p and the conduction p⁄ energy bands)
Earmchair
q (k) energy dispersion relations of armchair nanotubes (q is the band index)

Ezigzagq (k) energy dispersion relations of zigzag nanotubes (q is the band index)

EMii energy of electronic transition between vHs of metallic SWCNTs

ESii energy of electronic transition between vHs of semiconducting SWCNTs

f(E, T) Fermi–Dirac distribution function
gcd(t1,t2) the greatest common divisor of t1 and t2
G conductancebH Hamiltonian of the system of all particles in a solidbHi Hamiltonian of the i-th electron in a solidbJ operator of the kinetic energy of the system of all particles in a solid
k wave vector of an electron in a crystal
k one-dimensional wave vector of an electron
kB Boltzmann constant
K vector of the reciprocal lattice
K1 vector of the reciprocal lattice of SWCNTs along the circumference
K2 vector of the reciprocal lattice of SWCNTs along the axis
L circumferential length of nanotube
m0 mass of an electron
M1 the first vHs of metallic SWCNTs
Ma mass of a nucleus
n density of electrons
(n,m) coordinates of the chiral vector (chirality indexes)
N number of hexagons of carbon atoms per unit cell of nanotube
N0 number of electrons in an allowed energy band
p momentum of a free electron
p density of holes
P quasi-momentum of an electron in the periodic field of a crystal
q momentum transfer
ri coordinates of the i-th electron in a solid
R vector of the direct lattice
Ra coordinates of the a-th nucleus in a solid
Ra0 fixed coordinates of the a-th stationary nucleus in a solid
s tight-binding overlap integral of the electronic wave function on adjacent sites in a

graphene layer
S (2 � 2) overlap integral matrix, associated with the two inequivalent atoms of a graphene

sheet
S1, S2, S3 the first, second and third vHs of semiconducting SWCNTs
t translational period along the nanotube axis
(t1,t2) coordinates of the translational vector of a nanotube
T translational vector of a nanotube
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T absolute temperature
U potential energy of the system of all particles in a solid
U(r1, r2, . . . ,rn, R1, R2, . . . ,RN) potential energy of the interaction between electrons and nuclei in a

solid
Ui(ri) potential energy of the i-th electron in the field of all nuclei in a solid
Uk(r) Bloch function with the period of a crystal lattice that depends on the wave vector k
VG gate voltage
V(r) potential energy of an electron in a crystal
V0(R1, R2, . . . ,RN) potential energy of the pairwise interaction of nuclei in a solid
Z number of states per unit interval of energy in a crystal with unit volume
a asymmetry parameter of the C 1s XPS spectra
c0 the nearest-neighbor carbon–carbon interaction energy of graphene
C center of the first Brillouin zone of graphene
e2p site energy of the 2p atomic orbital in a graphene layer
�h Plank’s constant h divided by 2p
H (2 � 2) Hamiltonian, associated with the two inequivalent atoms of a graphene sheet
h chiral angle of a nanotube
K corner of the first Brillouin zone of graphene
ln mobility of electrons
lp mobility of holes
M middle of edges of the first Brillouin zone of graphene
r conductivity
ui(ri) wave function of the i-th electron in a solid
uk(r) Bloch wave function of an electron in the periodic field of a crystal
un;k(r) wave functions of electrons in a crystal
X edge of the first Brillouin zone of SWCNTs
w wave function of the system of all particles in a solid
we wave function of electrons in a solid
Xi(ri) energy of the interaction between the i-th electron and the averaged field of all other

electrons in a solid
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1. Introduction

Single-walled carbon nanotubes (SWCNTs) discovered in 1993 [1] are a fascinating class of carbon
materials attracting much interest due to their unique chemical, physical, mechanical and structural
properties [2]. The SWCNT investigations are propelled by their large potential for energy, mechanical,
sensor, field emission, lighting and biological applications [3,4]. One of the most important SWCNT
applications belongs to the field of nanoelectronics. Possessing a very small diameter and outstanding
physical characteristics, the SWCNTs are considered to be promising elements for electronic device
architectures of the next generations [3,4].

A wonderful thing discovered during early SWCNT investigations is that the interior space of
nanotubes can be filled with foreign substances. It was firstly demonstrated in 1998 by an example
of the encapsulation of fullerene C60 [5] and RuCl3 [6] molecules inside the SWCNT channels. Later
on, attempts to fill the SWCNTs with other molecules [7–16], simple substances [17–22] and chemical
compounds [18,21,23–26] were intensively explored. Special attention was devoted to the analysis of
the atomic structure of encapsulated substances that turned out to be different from the one in the
bulk state due to confined one-dimensional space of nanotube channels [27–45]. Aside from interest
of fundamental science, the possibility of modification of the SWCNT electronic properties by filling
the channels [46–48] and conducting nanochemical reactions inside the nanotubes [49–51] was
demonstrated. Starting from the aforementioned pioneer works, this topic got increasing attention
in the last years, it is currently expanding and of large actuality. The impetus for the development
of this nanotube research field is the necessity of creating the methods for tailoring the electronic
properties of SWCNTs, which is required for applications of nanotubes in nanoelectronic devices. To
date, such applications are limited because there are no methods to directly synthesize nanotubes
with defined electronic properties [4,52].
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During the last years, several methods were established for the modification of nanotube electronic
properties. These methods are the substitution of carbon atoms of SWCNT walls by other atoms, the
covalent modification of outer nanotube surface by different functional groups (chemisorption), the
non-covalent modification of outer nanotube surface with molecules (physisorption), the intercalation
of SWCNT bundles, the filling of the SWCNT channels and the nanochemical reaction inside the
SWCNT channels. Among all these approaches, the filling of the SWCNT channels and transformation
of encapsulated substances are the most promising methods for tailoring the nanotube electronic
properties, because a number of different substances can be incorporated into the SWCNT inner
cavities using appropriate filling methods [53–57]. Nanochemical reactions inside the SWCNT
channels open a way of fine tuning the SWCNT electronic structure by choosing a specific precursor
and conditions for the reaction [49–51]. Thus, the electronic properties of SWCNTs can be engineered
for particular applications.

Considerable progress has been made in the last several years in the fields of investigation and
understanding of the influence on the electronic properties of substances incorporated into the
channels of SWCNTs and obtained by nanochemical reactions inside the SWCNT inner cavities. The
advancement of state-of-the-art spectroscopic techniques, such as Raman spectroscopy (RS), optical
absorption spectroscopy (OAS), X-ray photoelectron spectroscopy (XPS), X-ray emission spectroscopy
(XES), X-ray absorption spectroscopy (XAS), ultraviolet photoelectron spectroscopy (UPS) and
photoluminescence spectroscopy (PLS), as well as the methods of quantum-chemical modeling
(QM) enabled detailed investigations of the modification of the electronic properties of nanotubes that
takes place as result of the encapsulation and chemical transformation of different substances inside
their channels.

Relevant data on the modified electronic properties of filled SWCNTs were obtained. The
possibility of achieving both acceptor and donor doping and precise changes of the SWCNT doping
level by the filling of channels and transformation of encapsulated substances was demonstrated.
The tuning of the doping level may modify a number of crucial fundamental properties, such as
the allowed optical transitions, the phonon spectrum, the bulk conductance, the internal charge
neutrality level and the collective free charge carrier response [58]. This paves the way to a further
development toward the application of nanotube-based hybrids as active elements in electronic
devices.

The aim of this manuscript is to deliver a comprehensive review of the current status of research on
the electronic properties of filled SWCNTs. The first part of the review is dedicated to a brief descrip-
tion of basic aspects of the band theory of solids and peculiarities of the band structure and electronic
properties of SWCNTs. The second part of the review is devoted to a systematization and description of
different methods for the modification of the SWCNT electronic properties. The third part of the paper
is dedicated to a description of filling methods of SWCNTs, including the methods from gas phase, liq-
uid phase, using plasma and chemical reactions inside the SWCNT channels. The main part of the
review is dedicated to an analysis, systematization and generalization of the up-to-date reported
results on the investigation of electronic properties of filled single-walled carbon nanotubes and
nanostructures obtained as a result of nanochemical reactions inside the SWCNT channels. Typical
acceptors and donors of electrons are considered as well as the methods of their encapsulation into
the nanotube channels. The data obtained in the studies dedicated to the characterization of the elec-
tronic properties of filled SWCNTs by experimental and theoretical methods are analyzed. Tailoring
the electronic properties of the SWCNTs by nanochemical reactions inside their channels (including
the ones with the formation of double-walled carbon nanotubes) is also reviewed. Precursors for
the DWCNT formation, methods of their encapsulation and transformation are considered. The col-
lected data on the characterization of the electronic properties of these nanostructures are presented.
The final part of the paper reviews possible (demonstrated and expected) applications of filled nan-
otubes. The substantial part of this section is dedicated to the application in the field of nanoelectron-
ics. Also electrochemical energy storage, catalyst support, biomedical and other applications of filled
nanotubes are considered.
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2. Basics of band theory of solids

2.1. Schrödinger equation for solids, one-electron approximation, Bloch functions

Solids are built from atoms that, in turn, consist of nuclei and electrons. The stationary states and
energy spectrum of a set of all nuclei and electrons in a solid are described by the Schrödinger
equation [59–61]:
bHw ¼ Ew; ð1Þ

where bH is the Hamiltonian of the system of all particles, i.e., the whole solid, w is the wave function, E
is the energy. This eigenvalue equation has a set of solutions En and wn. The solution of the equation for
electrons in a crystal is presented below, following the descriptions given in Refs. [60,61].

The Hamiltonian of a system is the sum of the operator of the kinetic energy of this system bJ and its
potential energy U [59–61]:
bH ¼ bJ þ U: ð2Þ

The operator of the kinetic energy of a solid includes the operator of the kinetic energy of electronsP
i

� �h2

2m0
Di

� �
and the operator of the kinetic energy of atomic nuclei

P
a

� �h2

2Ma
Da

� �
, where �h is the

Plank’s constant h divided by 2p, m0 is the mass of an electron, Ma is the mass of a nucleus, Di and
Da are the Laplace operators for the i-th electron and the a-th nucleus. The potential energy of the
set of particles of the solid includes the potential energy of the pairwise interaction of electrons
(the energy of the Coulomb repulsion of electrons) 1

2

P
i

P
j–i

e2
rij
, the potential energy of the pairwise

interaction of nuclei (the energy of the Coulomb repulsion of nuclei) V0(R1, R2, . . . ,RN) and the
potential energy of the interaction between electrons and nuclei (the energy of the attraction between
electrons and nuclei) U(r1, r2, . . . ,rn, R1, R2, . . . ,RN), where e is the charge of an electron, ri and Ra are
the coordinates of electrons and nuclei, respectively [59–61].

Thus, the Schrödinger equation can be presented in the following form [59–61]:
X
i

� �h2

2m0
Di

 !
þ
X
a

� �h2

2Ma
Da

 !
þ1
2

X
i

X
j–i

e2

rij
þV0ðR1;R2; . . . ;RNÞþUðr1;r2; . . . ;rn;R1;R2; . . . ;RNÞ

 !
w¼ Ew:

ð3Þ

The wave function in Eq. (3) depends on the coordinates of all electrons and nuclei:
w ¼ wðr1; r2; . . . ; rn;R1;R2; . . . ;RNÞ: ð4Þ

Because of the large number of independent variables, which is connected with the total number of
particles in the solid, Eq. (3) cannot be solved in its general form [59–61]. To achieve an approximate
solution, several approximations have to be applied.

The adiabatic approximation (or Born–Oppenheimer approximation) takes into account the differ-
ent character of the movement of electrons and nuclei. Because the mass of a nucleus is much larger
than the mass of an electron, the velocity of the movements of electrons is much higher than the one
of nuclei. Therefore, it is correct to assume that electrons and nuclei move without an energy
exchange. In the roughest approximation it is assumed that the nuclei do not move at all [59–61].
Then the coordinates of nuclei R1, R2, . . . ,RN are not variables anymore, but they are the fixed coordi-
nates R10, R20, . . . ,RN0. In this case, the Schrödinger Eq. (3) is significantly simplified, because the
kinetic energy of nuclei becomes zero and the potential energy of their interaction V0 becomes a con-
stant, which can be set to zero by an appropriate choice of the reference point of the energy [60,61]:
X

i

� �h2

2m0
Di

 !
þ 1
2

X
i

X
j–i

e2

rij
þ Uðr1; r2; . . . ; rn;R10;R20; . . . ;RN0Þ

 !
we ¼ Eewe: ð5Þ
Eq. (5) describes the movement of interacting electrons in the field of stationary nuclei. In this
equation the energy of electrons Ee and their wave function we depend only parametrically on the
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coordinates of stationary nuclei Ra0. In spite of significant simplifications, the Schrödinger equation in
the form (5) could not be solved [60,61]. Therefore, further approximations are applied in order to
reduce the number of variables. In the valence approximation Eq. (5) is written only for valence elec-
trons that move in the potential field of stationary atomic cores (all remaining electrons with nuclei,
i.e., ions) [60,61]. However, even with this approximation Eq. (5) could not be solved in the general
form. The wave function of the system still depends on the coordinates of all valence electrons, which
interact with one another. Therefore, the variables in Eq. (5) cannot be separated [60,61].

The many-electron task can be turned into the one-electron task by the Hartree–Fock method. In
this method, the potential energy of the pairwise interaction of electrons 1

2

P
i

P
j–i

e2
rij

is replaced by

the potential energy in the form
P
i
Xi(ri), where Xi(ri) is the energy of the interaction between the

i-th electron and the averaged field of all other electrons (the so called self-consistent field) [60,61].
Similarly, the potential energy of the interaction between electrons and nuclei U(r1, r2 . . .) can be
presented as the sum

P
i
Ui(ri), where Ui(ri) is the potential energy of the i-th electron in the field of

all nuclei. Taking it into consideration, Eq. (5) is transformed into the following form [60,61]:
X
i

� �h2

2m0
Di þXiðriÞ þ UiðriÞ

 ! !
we ¼ Eewe: ð6Þ
This equation can be written as [60,61]:
bHwe ¼
X
i

bHi

 !
we ¼ Eewe; ð7Þ
where bHi is the Hamiltonian of the i-th electron.
As follows from Eq. (7), the Hamiltonian of the whole solid is the sum of the Hamiltonians of

individual electrons. In this case, the wave function of the system of particles can be presented as
the product of the one-electron wave functions [60,61]:
weðr1; r2 . . .Þ ¼ u1ðr1Þu2ðr2Þ . . . ¼
Y
i

uiðriÞ: ð8Þ
Each wave function u1(ri) satisfies to the one-electron Schrödinger equation:
bHiui ¼ Eiui; ð9Þ

in which the interaction between the i-th electron and other electrons is described with the potential
Xi(ri) [60,61].

Thus, the introduction of the self-consistent field allows turning the many-electron equation to a
set of the one-electron equations. The electrons in the solid are considered as non-interacting
particles, and the total energy of the system of particles equals the sum of the energies of individual
electrons Ee ¼

P
i
Ei [60,61].

If we introduce the potential energy of an electron in a crystal as the function V(r):
VðrÞ ¼ UðrÞ þXðrÞ; ð10Þ

the Schrödinger equation can be written in the form [60–62]:
� �h2

2m0
Dþ VðrÞ

 !
uðrÞ ¼ EuðrÞ: ð11Þ
Because atoms are placed periodically in the crystal, the total potential of the crystal V(r) will possess
the three-dimensional periodicity of the crystal lattice [60–62].

F. Bloch proved that the wave function of an electron in the periodic field of a crystal is a plane
wave that is modulated in amplitude with the periodicity of a crystal lattice and runs along the wave
vector. The Bloch function (or wave) is defined by the equation:
ukðrÞ ¼ eikrUkðrÞ; ð12Þ
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where eikr is the plane wave that runs along the wave vector k, which characterizes the quantum state
of an electron in a crystal, Uk(r) is some periodic function with the period of a crystal lattice that
depends on the wave vector k [59–62].

The substitution of the Bloch function (12) into the one-electron Schrödinger Eq. (9) gives the
following equation [60,61]:
bHukðrÞ ¼ EukðrÞ: ð13Þ

As follows from Eq. (13), the energy of an electron in a crystal depends on the wave vector k.

Thus, the solution of the Schrödinger equation for an electron in the periodic field of a crystal is a
running plane wave that is modulated with the periodicity of the crystal lattice. The dispersion of the
energy of an electron in a crystal depends on the wave vector k. Determining the dependence E(k) is
one of the central tasks in solid state physics.

2.2. Properties of the wave vector of electron in a crystal, Brillouin zones

The wave vector k that was introduced during discussion of the Bloch function of an electron in the
periodic field of a crystal in the previous section, is analogues to the wave vector k of a free electron
[60–62]. However, while the wave vector k of a free electron is proportional to the momentum p
(p = �hk), the wave vector of an electron in a crystal is not proportional to the momentum. For an
electron in the periodic field of a crystal, the quasi-momentum P is introduced: P = �hk. The energy
of an electron in a crystal is a function of the quasi-momentum E = E(P) [60–62].

While the wave vector k of a free electron is well defined, the wave vector k of an electron in a
crystal is degenerate. The states that are characterized by the wave vector k and the wave vector k
+ K are physically equivalent [60,62]. Here K = hb1 + kb2 + lb3 is a vector of the reciprocal lattice, h,
k, l are integer numbers. The reciprocal lattice consists of a set of wave vectors K so that eiKR = 1 for
all vectors R of the direct lattice. The reciprocal lattice is defined by three basis vectors b1 = 2p
(a2 � a3)/a1 � (a2 � a3), b2 = 2p(a3 � a1)/a2 � (a3 � a1) and b3 = 2p(a1 � a2)/a3 � (a1 � a2), where a1, a2
and a3 are basis vectors of the direct lattice [62].

Thus, the wave function and energy of an electron in a crystal are periodic functions of the wave
vector k with the period K (or the quasi-momentum P with the period �hK) [60,62]:
EðkÞ ¼ Eðkþ KÞ;
EðPÞ ¼ EðPþ �hKÞ: ð14Þ
If the reciprocal lattice is built in k-space (or in P-space), all this space can be divided into volumes that
contain physically equivalent states. These volumes are called Brillouin zones [60]. A polyhedron with
a minimal volume that is built around the origin of coordinates in k- (or P-) space and contains all
possible distinct states is called the first Brillouin zone [60]. The first Brillouin zone is the Wigner–
Seitz cell for the reciprocal lattice. Any point in k- (or P-) space can be translated into the first Brillouin
zone by vectors of the reciprocal lattice. Because states in different Brillouin zones are equivalent, it is
enough to consider only the range of k values confined in the first Brillouin zone for a complete
description of the whole set of all electronic states in a crystal [60].

The indexes n are given to the energy states to denote the different solutions of the Schrödinger
equation. At a specified n the eigenfunctions and eigenvalues are periodic functions of the vector k
[60,62]:
un;kþKðrÞ ¼ un;kðrÞ;
Enðkþ KÞ ¼ EnðkÞ:

ð15Þ
By this way we come to the description of energy states of electrons in the periodic potential by a
family of continuous functions En(k), each of which has the periodicity of the reciprocal lattice
[60,62]. These functions define the band structure of a crystalline solid. The collection of all energy
states of electrons that are described by the function En(k) at a fixed n is called the energy band.
Because each function En(k) is periodic and continuous, it has upper and lower limits. Therefore, all
energy states of a given energy band are confined within these two limits [60,62].



Fig. 1. The scheme of filling of energy bands with electrons in semiconductors, dielectrics and metals. In the case of
semiconductors (a), the valence band is completely filled and is separated from the conduction band by the relatively narrow
band gap. Because of thermal excitations, a tiny fraction of electrons is transferred to the conduction band, which causes the
conduction of semiconductors. In the case of dielectrics (b), the completely filled valence band is separated from the next empty
band by a large band gap. Electrons in the valence band cannot change their energy, therefore, dielectrics do not conduct the
electric current. In the case of metals with the band structure (c), the valence band is partially filled. The external electric field
initiates accelerating and moving electrons from the highest filled energy states to empty states of the same band, thus the
electric current is induced in a crystal. In the case of metals with the band structure (d), the valence band is completely filled
with electrons, but overlaps with the next empty allowed band. An external electric field initiates moving electrons to energy
states of the empty band, i.e., the electric current is induced.
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2.3. Filling of energy bands with electrons

For every allowed k value, there are corresponding allowed energy states. According to the Pauli
exclusion principle, two electrons with oppositely directed spins can occupy the same energy state.
Consequently, a number of electrons in an allowed band that contains N0 energy states cannot exceed
2N0 [60]. According to the number of electrons per unit cell of a crystal, different variants of filling of
energy bands with electrons are possible. In semiconductors and dielectrics the highest completely
filled band (the so-called valence band, because it is occupied by valence electrons) is separated from
the lowest empty band (the so-called conduction band) by an energy gap (the so-called band gap)
[60,62]. Solids with a band gap of less than �3 eV belong to semiconductors (e.g. silicon). In semicon-
ductors a number of electrons populate the conduction band due to thermal excitations, which causes
the conductance. Solids with a band gap of more than �3 eV are dielectrics (e.g. sodium chloride). In
dielectrics the external electric field cannot induce an electric current, because electrons in the valence
band can change neither their energy nor momentum [60,62].

In metals one or more energy bands are filled partially. In this case, the energy of the highest filled
states (the so-called Fermi level) lies inside a range of the allowed energies of one or several bands. In
k-space for each partially filled band there is a surface that separates filled and unfilled states [60,62].
All these surfaces together are called the Fermi surface. The parts of the Fermi surface that correspond
to individual partially filled bands are called the pockets of the Fermi surface [60,62]. The examples of
crystals with the partially filled valence band are alkali metals. Metals are also crystals where the
valence band is completely filled with electrons, but overlaps with the next empty allowed band. This
is the case in alkali-earth metals [60].

Fig. 1 shows the scheme that illustrates the filling of energy bands with electrons in semiconduc-
tors, dielectrics and metals.

In general, the population of energy bands with electrons depends on the electronic configuration
of atoms that form a crystal, nature of chemical bonds and also the crystal structure [60].

2.4. Density of states, Fermi–Dirac distribution

The population of energy bands with electrons defines electrical and transport properties of solids.
In order to calculate the density of electrons, the density of states and the probability of electrons
being present at these states should be known. The density of states D(E) is the number of states
per unit interval of energy for unit volume of a crystal. It can be written as



Fig. 2. The plot of the Fermi–Dirac distribution function f(E, T) at temperatures of 0 K, 300 K, 1000 K and 2000 K. At absolute
zero, the function f(E, T) changes stepwise from 1 (filled states) to 0 (empty states) when the energy equals the Fermi energy. At
temperatures of 300 K, 1000 K and 2000 K, the function f(E, T) changes continuously from 1 to 0 in an ever broader energy range
around the Fermi energy.
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DðEÞ ¼ dZ
dE

; ð16Þ
where dZ is the number of states per interval of energy from E to E + dE in a crystal with unit volume
[61,62]. If the probability of an electron being present at a state with the energy E is f(E, T), the number
of electrons dn being present at states dZ can be defined in the following form [61,62]:
dn ¼ f ðE; TÞdZ ¼ f ðE; TÞDðEÞdE: ð17Þ

Consequently, the number of electrons, for which the energy lies in the interval from E1 to E2 equals:
n ¼
Z E2

E1

f ðE; TÞDðEÞdE: ð18Þ
The total number of electrons per unit volume is obtained by setting E1 to �1 and E2 to +1.
In thermodynamic equilibrium thermal excitations of electrons, which are particles with half-

integer spin and obey the Pauli exclusion principle, are characterized by the Fermi–Dirac distribution.
The probability of an electron being present at a given state with the energy E at temperature T, i.e.,
the distribution function f(E, T) is described by the following formula [59,61,62]:
f ðE; TÞ ¼ 1
eðE�EF Þ=kBT þ 1

; ð19Þ
where kB is the Boltzmann constant, T is the absolute temperature and EF is the Fermi energy.
As follows from Eq. (19), at temperature T = 0, when the energy E < EF, the function f(E, T = 0)

amounts to 1. When E > EF, the function f(E, T = 0) becomes 0. It means that all states with the energy
smaller than the Fermi energy are occupied with electrons and states with the energy larger than the
Fermi energy are empty. Thus, the Fermi energy is the maximal possible energy of electrons in metals
at absolute zero temperature [59,61,62].

At temperature T > 0 and energy E = EF, the function f(E, T) equals 0.5. Therefore, the Fermi level is
the energy level for which the possibility of filling with electrons at the non-zero temperature
amounts to 0.5. At temperature T > 0, as a result of the thermal motion, a part of electrons will go
to states with the energy larger than the Fermi energy (E > EF) and, consequently, some states below
the Fermi level turn out to be empty. In this case, the number of electrons that go to higher energy
levels balances the number of holes with the energies E < EF [61].

Fig. 2 demonstrates the plot of the Fermi–Dirac distribution function at different temperatures. At
temperature T = 0, the function f(E, T) changes stepwise from the value of 1 (filled states) to the value
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of 0 (empty states) when the energy E = EF. At finite temperature T > 0, the function f(E, T) changes con-
tinuously from 1 to 0 in an energy range around E = EF. This energy range increases with raising the
temperature.
2.5. Comparison of electrical properties of metals, semiconductors and dielectrics

Because of the high density of conduction electrons, metals possess large electric conductivity
(104–106 X�1 cm�1 [60]). The electric conductivity of intrinsic semiconductors (without impurities)
at T = 0 K is zero, because there are no free charge carriers. At temperature T > 0 K, as a result of the
thermal motion, a fraction of electrons is transferred from the valence band to the conduction band,
and holes are formed in the valence band. Due to two competitive processes (generation of charge
carriers and their recombination), there is an equilibrium density of charge carriers. As a result, the
electric conductivity of semiconductors is 104–10�10 X�1 cm�1 [60]. At the same time, the electric
conductivity may be influenced by impurities and defects in semiconductor crystals. There are no free
charge carriers in dielectrics, therefore they do not conduct the current. Their electric conductivity is
10�10–10�22 X�1 cm�1 [60]. The mentioned values of the electric conductivity correspond to room
temperature.

The temperature dependence of the conductivity is different for metals, semiconductors and
dielectrics. In the case of metals, the conductivity increases linearly with lowering the temperature.
At temperatures near absolute zero, the conductivity of many metals stops changing and has some
constant value [60]. Some metals change to the superconducting state due to the Cooper pairing at
temperatures near zero, which is characterized by the complete loss of the electric resistance and ideal
diamagnetism.

As it was discussed above, the Bloch function (12) of electrons in a crystal is a running wave that
is modulated with the period of the crystal lattice. It means that the Bloch wave runs in principle
through an ideal crystal without damping. In the case of disturbance of the ideal periodicity in
the crystal, the Bloch function does not satisfy the Schrödinger equation anymore, and electrons
are scattered. The mean free path becomes finite, which leads to a finite value of the electric
conductivity or resistance [60]. The disturbance of the ideal periodicity may be caused by impurities,
defects, crystal surfaces and thermal atomic oscillations (phonons) [60]. The main scattering
mechanism of electrons at high temperatures is the scattering by phonons. The temperature
dependence of the conductivity is defined by the temperature dependencies of the density of
conduction electrons and their mobility (because r = enln, where r is the conductivity, n is the
density of electrons, ln is the mobility of electrons, e is the charge of electrons). Because the density
of electrons in metals does not depend on temperature, at high temperatures the electric
conductivity of metals decreases due to decrease of the electron mobility [60]. At low temperatures,
the scattering of electrons by impurities and defects start to dominate. In this case, the electron
mobility in metals does not depend on the temperature. Therefore, at low temperatures the
conductivity becomes constant [60].

In intrinsic semiconductors the density of charge carriers increases exponentially with raising the
temperature. The temperature dependence of the conductivity is defined by the temperature depen-
dencies of the density of charge carriers and their mobility (because r = enln + eplp, where p is the
density of holes, lp is the mobility of holes). The charge carriers are scattered by phonons, and their
mobility decreases with raising the temperature. As a result, the conductivity of intrinsic semiconduc-
tors grows exponentially with increasing the temperature [60].

In dielectrics, as in intrinsic semiconductors, the electric conductivity increases exponentially with
the temperature [60]. If there are impurity atoms, free charge carriers may appear as a result of the
thermal activation of impurity levels. However, due to the low density of charge carriers, the electric
conductivity of dielectrics is significantly smaller than the values for semiconductors. Besides, the
mobility of charge carriers is very low in most dielectrics. Electrons and holes are strongly bounded
to the crystal lattice and form polarons, which leads to the polaron conductivity [60]. In some dielec-
trics the ionic conduction dominates, where the current is conducted by cations and anions, and in the
electrostatic field there is the transport of charge and matter [60].



Fig. 3. Schematic hexagonal structure of a two-dimensional graphene sheet with the lattice vectors a1 and a2 in real space. The
rolling of the graphene sheet along the chiral vector Ch = 4a1 + 3a2 (the construction of the vector is shown with numbers)
connects two crystallographically equivalent sites O and A and forms the nanotube with the (4,3) chirality. The vector Ch is
perpendicular to the SWCNT axis. The chiral angle h is the angle between the vectors Ch and a1. In zigzag nanotubes with a (n,0)
chirality h = 0� and a third of the C–C bonds are parallel to the nanotube axis, whereas in armchair nanotubes with a (n,n)
chirality h = 30� and a third of the C–C bonds are perpendicular to the SWCNT axis. Figure is redrawn with modifications from
Ref. [64].
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3. Band structure and electronic properties of single-walled carbon nanotubes

3.1. Atomic structure and its correlation with electronic structure of SWCNTs

The SWCNTs are unique nanoscale objects, because their electronic structure and properties are
defined by the atomic structure [2,63]. Therefore, before description of peculiarities of the band struc-
ture of SWCNTs, a brief overview of their geometric structure is presented.

A cylindrical one-dimensional structure of single-walled carbon nanotubes is geometrically
obtained by rolling up a honeycomb graphene sheet [2], as illustrated in Fig. 3. The vector along which
the rolling takes place is called the chiral vector (Ch). It connects two crystallographically equivalent
sites on a graphene layer (O and A in Fig. 3). The chiral vector is defined by the following equation:
Ch ¼ na1 þma2 � ðn;mÞ; ð20Þ

where a1 and a2 are the basis vectors of the hexagonal graphene lattice, and n, m are integer numbers
(0 6m 6 n) that are called the chirality indexes [2]. The basis vectors are expressed in the x and y coor-
dinates in real space as:
a1 ¼
ffiffiffi
3

p

2
;
1
2

 !
a; a2 ¼

ffiffiffi
3

p

2
;�1

2

 !
a; ð21Þ
where a is the lattice parameter of the graphene layer, a ¼
ffiffiffi
3

p
ac�c � 0:246 nm, ac�c is the nearest-

neighbor carbon–carbon distance, ac�c � 0:142 nm [2].
The chiral vector Ch = (n,m) defines the chiral angle h of a nanotube with (n,m) chirality. This is the

angle between the vectors Ch and a1, and it can be calculated by the formula [2]:
cos h ¼ Ch � a1=jChjja1j ¼ 2nþm

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nmþm2

p ; ð22Þ
where 0 6 |h| 6 30�, because of the hexagonal symmetry of the graphene lattice (Fig. 3).
Depending on the chiral vector and chiral angle, the structure of SWCNTs can be classified to three

types [2,63]:
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1. Zigzag nanotubes (n,0), where h = 0� and a third of the C–C bonds are parallel to the nanotube axis.
2. Armchair nanotubes (n,n), where h = 30� and a third of the C–C bonds are perpendicular to the

SWCNT axis.
3. Chiral nanotubes (n,m), where 0 < |h| < 30�.

Fig. 4 demonstrates the atomic structures of (12,0) zigzag, (6,6) armchair and (6,4) chiral SWCNTs
[63].

The diameter of nanotube (dt) is defined by the chiral vector:
Fig. 4.
nanotu
permiss
dt ¼ L=p ¼ jChj=p ¼ a
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nmþm2

p
; ð23Þ
where L is the circumferential length of the nanotube [2].
The unit cell of nanotube depends on the translational vector T. This is the smallest vector that is

parallel to the SWCNT axis and is perpendicular to the chiral vector Ch in the unrolled graphene lattice.
It can be written in the following form:
T ¼ t1a1 þ t2a2 � ðt1; t2Þ; ð24Þ

where t1, t2 are integer numbers, gcd(t1,t2) = 1, gcd(t1,t2) is the greatest common divisor of t1 and t2.
Taking into consideration that Ch � T = 0, the expressions for t1 and t2 can be written as t1 = (2m + n)/
dR and t2 = �(2n +m)/dR, where dR = gcd(2m + n, 2n +m) [2].

The translational period t along the nanotube axis can be calculated as [2]:
t ¼ jTj ¼
ffiffiffi
3

p
L

dR
¼

ffiffiffi
3

p
a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nmþm2

p

dR
: ð25Þ
The unit cell of nanotube is defined by the chiral vector Ch and the translational vector T, while the
unit cell of the graphene lattice is determined by the basis vectors a1 and a2. The number of hexagons
per unit cell of nanotube N can be presented by the formula [2]:
N ¼ jCh � Tj=ja1 � a2j ¼ 2ðn2 þ nmþm2Þ
dR

¼ 2L2

a2dR
: ð26Þ
Because each hexagon contains two carbon atoms, there are 2N atoms per unit cell of nanotube.
Early theoretical calculations [65–67], which were done right after the discovery of carbon nan-

otubes, showed that their electronic properties are very sensitive to the atomic structure. Depending
on the atomic structure, SWCNTs can have metallic or semiconducting properties. In particular, all
armchair nanotubes (n,n) are metallic, whereas zigzag and chiral SWCNTs can be either metallic or
semiconducting, which depends on the n and m chiral indexes and relations between them. These dif-
ferences arise from the different Brillouin zones and band structures of zigzag, armchair and chiral
nanotubes, which are discussed in the following sections.
Schematic representation of the atomic structures of three types of SWCNTs: zigzag (12,0), armchair (6,6) and chiral (6,4)
bes. Black balls correspond to carbon atoms, and connecting lines correspond to the C–C bonds. Reprinted figure with
ion from Charlier JC et al. Rev Mod Phys 2007;79:677. Copyright 2007 by the American Physical Society [63].
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3.2. Brillouin zone of SWCNTs

Because the atomic structure of SWCNTs is geometrically described as a rolled-up graphene sheet,
the Brillouin zone of nanotubes can be derived from the Brillouin zone of graphene.

The unit cell of the hexagonal graphene lattice is defined by the basis vectors a1 and a2 in real
space, which are expressed by Eq. (21) in the x and y coordinates. This is a rhombus that contains
two carbon atoms (Fig. 5a). The reciprocal lattice of graphene is defined by the basis vectors b1 and
b2 in reciprocal space, which can be presented in the x and y coordinates as [2]:
Fig. 5.
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triangle
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a

: ð27Þ
The first Brillouin zone of graphene is a hexagon with three high symmetry points: C in the center, K
at the corners and M at the middle of edges [2], as illustrated in Fig. 5b.

As was mentioned above, the unit cell of SWCNTs is defined by the chiral vector Ch and the trans-
lational vector T. The corresponding vectors of the reciprocal lattice are K1 along the circumference
and K2 along the axis of nanotube. Taking into consideration the relation Ri � Kj = 2pdij between the
lattice vectors in real space Ri and the vectors in reciprocal space Kj, it can be written [2]:
Ch � K1 ¼ 2p; T � K1 ¼ 0;
Ch � K2 ¼ 0; T � K2 ¼ 2p:

ð28Þ
Then the reciprocal lattice vectors K1 and K2 of a (n,m) nanotube, which has the chiral vector
Ch = (n,m), the translational vector T = (t1,t2) and N hexagons per unit cell, can be expressed through
the reciprocal lattice vectors of graphene b1 and b2 in the following form [2]:
K1 ¼ 1
N
ð�t2b1 þ t1b2Þ; K2 ¼ 1

N
ðmb1 � nb2Þ: ð29Þ
Because of the one-dimensional structure of SWCNTs, only the vector K2 remains continuous (for a
nanotube of infinite length). The quantization of vector K1 as a result of the periodic boundary
conditions on the chiral vector of nanotube gives a set of discrete one-dimensional k vectors. Since
NK1 = �t2b1 + t1b2 corresponds to a reciprocal lattice vector of graphene, the wave vectors with a
difference of NK1 are equivalent. The N wave vectors lK1 (l = �N/2 + 1, . . . ,N/2) result in N discrete
one-dimensional k vectors [2].

Thus, the first Brillouin zone of nanotubes is a set of N parallel lines with the length of |K2| that are
separated by the distance |K1| [2,68]. The lengths of the vectors K1 and K2 are given by the formulas
[68]:
jK1j ¼ 2=dt ; and jK2j ¼ 2p=jTj ¼ 2dR=
ffiffiffi
3

p
dt : ð30Þ
(a) The unit cell (the dotted rhombus, containing two carbon atoms) of hexagonal graphene lattice defined by the basis
a1 and a2 in real space. (b) The reciprocal lattice of graphene (dashed hexagons) with the basis vectors b1 and b2 and the
illouin zone of graphene (light blue hexagon) with three high symmetry points C, K and M (connected by the black
). Bold dots correspond to C points.
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The first Brillouin zone of SWCNTs is described by the reciprocal vector K as follows:
Fig. 6.
lines w
hexago
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K ¼ kK2=jK2j þ lK1; ð31Þ
where l = �N/2 + 1, . . . ,N/2 and �p/|T| < k < p/|T|.
Fig. 6 compares the first Brillouin zone of armchair (7,7), zigzag (11,0) and chiral (6,3) nanotubes.

The first Brillouin zone of a (7,7) SWCNT (Fig. 6a) includes 14 lines. They are parallel to the nanotube
axis. The length of the vector K2, which defines the length of the first Brillouin zone, is 2p/a. The first
Brillouin zone of a zigzag (11,0) SWCNT (Fig. 6b) includes 22 lines. The length of the first Brillouin
zone is 2p=

ffiffiffi
3

p
a. The comparison of the first Brillouin zones of armchair and zigzag nanotubes with

the first Brillouin zone of chiral nanotube (6,3) (Fig. 6c) shows that the latter includes more number
of lines – 42. Taking into consideration that every discrete value of k vector gives rise to a
one-dimensional energy band, one can conclude that the band structure of a chiral nanotube can
contain a large number of energy bands.
3.3. From band structure of graphene to SWCNTs

The one-dimensional energy dispersion relations of SWCNTs are derived from those of graphene,
considering the first Brillouin zone of nanotubes.

Every carbon atom of a graphene layer has four valence orbitals (2s, 2px, 2py and 2pz). The (s, px, py)
orbitals form together in-plane r (bonding or occupied) and r⁄ (antibonding or unoccupied) orbitals.
The r-bonds between carbon atoms are strong covalent bonds, which define most of the binding
energy and elastic properties of graphene [63]. The remaining pz orbitals, perpendicular to the
graphene plane, interact with neighboring pz orbitals, which creates delocalized p (bonding) and p⁄

(antibonding) orbitals [2,63]. The bondingr and antibondingr⁄ bands are separated by a large energy
gap, and they are not considered for calculation of the band structure of graphene. At the same time,
the binding p (last valence) and antibonding p⁄ (first conduction) bands cross at the K points of the
first Brillouin zone, and they define the low energy electronic properties of graphene [2,63].
The first Brillouin zone of (7,7) armchair (a), (11,0) zigzag (b) and (6,3) chiral (c) nanotubes, which is a set of N parallel
ith the length of |K2| separated by the distance |K1|. K1 and K2 are vectors in the reciprocal graphene lattice (shown by
ns) with the basis vectors b1 and b2. They correspond, respectively, to the chiral vector Ch and translational vector T that
he unit cell of SWCNTs in real space. The first Brillouin zone of graphene with three high symmetry points C, K and M is
for comparison. Bold dots in the center of every hexagon mark C points.



Fig. 7. (a) The energy dispersion relations for graphene as a function of the two-dimensional wave vector k throughout the
whole first Brillouin zone. The antibonding p⁄ band (upper part) and the bonding p band (lower part) cross at the K points
which corresponds to the Fermi energy. The zoom in demonstrates the cone shapes of the energy bands near the Fermi energy.
Reprinted figure with permission from Castro Neto AH et al. Rev Mod Phys 2009;81:109. Copyright 2009 by the American
Physical Society [70]. (b) The energy dispersion relations along the perimeter of the triangle CMK. The asymmetric dispersion
relations (solid line) has the parameters e2p ¼ 0, c0 ¼ 3:033 eV and s = 0.129, and symmetric dispersion relations (dashed line)
has the parameter s = 0. The data are replotted from Refs. [2,71].
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The two-dimensional energy dispersion relations of graphene are calculated [2] within the tight-
binding model by solving the eigenvalue problem for a (2 � 2) Hamiltonian H and a (2 � 2) overlap
integral matrix S, associated with the two inequivalent atoms of a graphene sheet [2,68,69]:
H ¼ e2p �c0f ðkÞ
�c0f ðkÞ	 e2p

� �
and S ¼ 1 sf ðkÞ

sf ðkÞ	 1

� �
; ð32Þ
where e2p is the site energy of the 2p atomic orbital, c0 is the nearest-neighbor carbon–carbon
interaction energy, s is the tight-binding overlap integral of the electronic wave function on adjacent
sites, and the function f(k) is written as:
f ðkÞ ¼ eikxa=
ffiffi
3

p
þ 2e�ikxa=2

ffiffi
3

p
cos

kya
2

� �
: ð33Þ
Solving the secular equation det(H � ES) = 0 withH and S from Eq. (32) gives the eigenvalues E(k) as a
function of w(k) [2,68,69]:
E�
g2DðkÞ ¼ ðe2p � c0wðkÞÞ=ð1
 swðkÞÞ: ð34Þ
Here E+ and E� correspond to the valence p and the conduction p⁄ energy bands, respectively. The
function w(k) has the following form:
wðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4 cos

ffiffiffi
3

p
kxa
2

 !
cos

kya
2

� �
þ 4 cos2

kya
2

� �vuut : ð35Þ
It follows from Eq. (34) that the p and p⁄ bands become symmetrical around E ¼ e2p, when the
overlap integral s becomes 0. In this case, the energy dispersion relations are presented as [2]:
E�
g2Dðkx; kyÞ ¼ �c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4 cos

ffiffiffi
3

p
kxa
2

 !
cos

kya
2

� �
þ 4 cos2

kya
2

� �vuut : ð36Þ
Fig. 7a demonstrates the energy dispersion relations for graphene as a function of the two-
dimensional wave vector k throughout the whole first Brillouin zone [70]. The upper part of the dia-
gram describes the antibonding p⁄ band and the lower part is the bonding p band. They degenerate at
the K points of the first Brillouin zone where the Fermi energy lies. The bands have the cone shapes
near the Fermi energy, which is shown in the zoomed part of the diagram. Since the occupied and
unoccupied bands cross, the graphene shows a metallic (zero-energy gap) behavior [2,63,70].
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However, because the Fermi surface is of zero dimension (it is a set of points), the term semimetal is
used [63]. Fig. 7b demonstrates the energy dispersion relations of graphene along the perimeter of the
triangle CMK [2,71]. The parameters e2p ¼ 0, c0 ¼ 3:033 eV and s = 0.129 were used for the asymmet-
ric dispersion relations (solid line) and s = 0 for symmetric dispersion relations (dashed line). In the
region near the K point the asymmetric and symmetric dispersion relations are in good agreement,
and the energy difference between p and p⁄ bands are almost the same for them up to the energy
of about 6 eV. It allows using symmetric dispersion relations of graphene to obtain a simple approx-
imation for the electronic dispersion relations of nanotubes [2].

The energy dispersion relations of SWCNTs are obtained by considering the two-dimensional
symmetric energy dispersion relations of graphene in the domain of the first Brillouin zone of
nanotubes (the so-called zone-folding approximation) [2,63,68,69]. Taking into account Eq. (31) for
the wave vector of the first Brillouin zone of SWCNTs, the one-dimensional energy dispersion relations
of nanotubes are written in the following form [2,68,69]:
E�
1DðkÞ ¼ E�

g2DðkK2=jK2j þ lK1Þ; ð37Þ
where l = �N/2 + 1, . . . ,N/2 and �p/|T| < k < p/|T|. The N pairs of energy dispersion relations given by
Eq. (37) correspond to the cross sections of the energy dispersion surface of graphene shown in Fig. 7a,
where cuts are made on the lines kK2/|K2| + lK1 [2,68,69]. The number of energy dispersion relations
in the energy bands of SWCNTs is defined by the number of the cutting lines.

Depending on the chirality (n,m) of nanotube and, consequently, the number of the cutting lines,
they can either pass through the K point of the two-dimensional first Brillouin zone of graphene or
miss it. If the cutting line crosses the K point, then the one-dimensional energy bands of a nanotube
have a zero energy gap, and the SWCNT is metallic. If the cutting lines do not cross the K point, then
the nanotube is semiconducting with a finite energy gap [2,68,69]. From geometrical reasons, for a
particular (n,m) nanotube the cutting line passes through the K point when (n �m) is a multiple of
3, and it happens for the third of nanotubes (n,m) [2,68]. Therefore, the third of SWCNTs where
(n �m) = 3l (l is an integer number) are metallic, and the other two third of nanotubes where
(n �m) – 3l are semiconducting. Thus, all armchair nanotubes (n,n) are metallic, and zigzag
nanotubes (n,0) are only metallic when n = 3l [2,63,68]. As an example, the discussed above Fig. 6 with
the first Brillouin zones of (7,7) armchair, (11,0) zigzag and (6,3) chiral nanotubes can be considered. It
is seen in Fig. 6 that the cutting lines pass through the K point for the (7,7) armchair nanotube
((n �m) = 0) and the (6,3) chiral SWCNT ((n �m) = 3), whereas they miss it for the (11,0) zigzag
nanotube ((n �m) – 3l). As a result, the (7,7) and (6,3) SWCNTs are metallic, and the (11,0) nanotube
is semiconducting.

3.4. Electronic structure of armchair and zigzag SWCNTs

To get the energy dispersion relations for armchair and zigzag nanotubes, we use the expression for
the symmetric energy dispersion relations of graphene given in Eq. (36), considering the periodic
boundary conditions around the circumference of a nanotube.

According to the appropriate periodic boundary conditions for the armchair (n,n) SWCNT, the
allowed wave vectors kx,q in the circumferential direction are defined by the expression [2]:
n
ffiffiffi
3

p
kx;qa ¼ 2pq; ð38Þ
where q = 1, . . . ,2n (q is an integer number).
Substitution of the values for the wave vectors kx,q into Eq. (36) leads to the following formula for

the energy dispersion relations of armchair (n,n) nanotubes:
Earmchair
q ðkÞ ¼ �c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4 cos

ka
2

� �
cos

qp
n

� �
þ 4 cos2

ka
2

� �s
; ð39Þ
where q = 1, . . . ,2n stems from the discrete part of the wave vector and k is the continuous part of the
one-dimensional wave vector along the SWCNT axis. The vector k changes in the range� p

a < k 6 p
a. The



Fig. 8. Band structures of (10,10) armchair (a), (19,0) zigzag (b) and (12,3) chiral (c) SWCNTs, represented along the CX
direction. They were obtained by the nearest-neighbor tight-binding calculation with c0 = 2.7 eV. The Fermi level is positioned
at zero energy. For the (10,10) nanotube (a), the valence and conduction bands cross on the Fermi level at k ¼ 2p

3a, which is the
point located at two-thirds of the distance between the center of the first Brillouin zone (k = 0, C point) to the zone boundary
(k ¼ p

a, X point). As a result, the (10,10) SWCNT has metallic properties. Moreover, the energy bands show a large degeneracy at
the zone boundary (X point). For the (19,0) nanotube (b), the valence and conduction bands do not cross within theCX direction
(from k = 0 to the zone boundary at k ¼ pffiffi

3
p

a
). There is a finite energy gap at the C point. As a result, the (19,0) SWCNT has

semiconducting properties. For the (12,3) nanotube (c), the valence and conduction bands cross at k = 2p/3|T|, which is at two-
thirds of the distance between the zone center (k = 0, C point) to the zone boundary at k = p/|T| (X point). As a result, the (12,3)
SWCNT shows a metallic behavior. The data are replotted from Ref. [72].
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points k ¼ � p
a correspond to the edges of the first Brillouin zone of armchair nanotubes, which are

labeled X [2,63].
According to calculations, for the (n,n) armchair nanotubes there are 4n energy subbands, described

by Eq. (39), with 2n valence and 2n conduction bands [2].
In the points k ¼ � p

a the energy dispersion relations given in Eq. (39) are represented as:
Earmchair
q k ¼ �p

a

� �
¼ �c0: ð40Þ
This means that for the armchair (n,n) nanotubes all energy bands are degenerate at the Brillouin zone
boundaries (at the X points) [2,63].

The valence and conduction bands of all armchair SWCNTs cross at k ¼ � 2p
3a, at points that are

located at two-thirds of the distance between the zone center (k = 0, C point) to the zone boundaries
[2,63]. Indeed, in the points k ¼ � 2p

3a the energy dispersion relations in Eq. (39) turn into the following
form:
Earmchair
q k ¼ �2p

3a

� �
¼ �c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2 cos

qp
n

� �r
: ð41Þ
This means that the highest valence band and the lowest conduction band degenerate at this k point,
where the bands cross the Fermi level, when q = n for all n values. Thus, all armchair (n,n) nanotubes
have metallic properties.

The typical band structure of armchair nanotubes is illustrated in Fig. 8a by an example of the band
structure of the (10,10) nanotube, represented along the CX direction [72].

The energy dispersion relations of zigzag (n,0) SWCNTs can be obtained by writing the appropriate
periodic boundary conditions on the wave vector ky in the circumferential direction [2]:
nky;qa ¼ 2pq; ð42Þ
where q = 1, . . . ,2n (q is an integer number).
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Substitution of the discrete allowed values ky,q into Eq. (36) yields the energy dispersion relations
for the 4n energy subbands of the (n,0) zigzag nanotubes:
Fig. 9.
model.
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Ezigzag
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where q = 1, . . . ,2n and the one-dimensional wave vector k along the SWCNT axis changes in the range
� pffiffi

3
p

a
< k 6 pffiffi

3
p

a
. The points k ¼ � pffiffi

3
p

a
correspond to the edges of the first Brillouin zone of zigzag

nanotubes (X points) [2].
In the zone center (k = 0, C point) the energy dispersion relations given in Eq. (43) are written as:
Ezigzag
q ðk ¼ 0Þ ¼ �c0 1þ 2 cos

qp
n

� �� �
: ð44Þ
As follows from Eq. (44), the valence band and conduction band of SWCNTs cross at the Fermi level,
when q = 2n/3. This means that for all (n,0) zigzag nanotubes the energy gap at k = 0 becomes zero,
when n = 3l (l is an integer number), and nanotubes show metallic properties. When n– 3l, an energy
gap opens at k = 0, and SWCNTs demonstrate semiconducting properties [2,63].

Fig. 8b shows the band structure of the (19,0) zigzag nanotube, represented along the CX direction
[72]. It exhibits a finite energy gap at C point (because 19 is not a multiple of 3). Therefore, this
nanotube has a semiconducting behavior.

It should be noted that the general rules for metallicity of armchair and zigzag nanotubes, consid-
ered above, are also valid for chiral (n,m) SWCNTs. The valence and conduction bands of metallic chiral
nanotubes cross on the Fermi level at the points k = 0 (the center of the first Brillouin zone) or k = ±2p/3|
T| (at two-thirds of the distance between the zone center k = 0 to the zone boundaries k = ±p/|T|) [2,63].
From geometrical reasons, the band degeneracy occurs at k = 0, when dR = d, where d is the highest
common divisor of n and m, and at k = ±2p/3|T|, when dR = 3d [2]. These k values are also the locations
of the energy gaps in semiconducting chiral SWCNTs. Fig. 8c demonstrates the band structure of the
(12,3) chiral nanotube, represented along the CX direction [72]. Since for this nanotube (n �m) = 9
is a multiple of 3 and dR = 3d, it has metallic properties with a band crossing at k = ±2p/3|T|. It is worth
noticing that the number of energy subbands for this chiral (12,3) nanotube is significantly larger than
for the armchair (10,10) and zigzag (19,0) SWCNTs (Fig. 8a and b), which is a consequence of larger
number of the cutting lines of the first Brillouin zone, as was discussed above.
The electronic density of states of the (5,5) armchair (a) and (8,0) zigzag (b) nanotubes, calculated using a tight-binding
The Fermi level is positioned at zero energy. The densities of states of both nanotubes display van Hove singularities,
re characteristic of one-dimensional systems. The (5,5) SWCNT has a finite density of states at the Fermi level, and,
re, it shows metallic properties. The (8,0) SWCNT has zero density of states at the Fermi level and, therefore, it shows
nducting behavior. The data are replotted from Ref. [74].
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3.5. Density of states of metallic and semiconducting SWCNTs

The electronic density of states (DOS) of SWCNTs is derived from the one-dimensional case of
Eq. (16) applied to the energy dispersion relations in Eq. (37). The density of states D(E) of nanotubes
is represented in the following form:
DðEÞ ¼ ðjTj=2pNÞ
X
�

XN
m¼1

Z
1

dE�1DðkÞ
dk

��� ��� dðE�
1DðkÞ � EÞdE; ð45Þ
where the summation is performed for the N conduction (+) and valence (�) one-dimensional
subbands, and the resulting value D(E) is in units of states/carbon atom/eV [68,69].

The shape of the DOS is known to depend significantly on dimensionality of the system. The density
of states of SWCNTs as the one-dimensional system is characterized by ‘‘spikes” (the so-called van
Hove singularities, vHs) at energies close to band edges [2,63,68,69]. Every time when energy disper-
sion relations have local maxima or minima, the denominator in Eq. (45) vanishes and a spike appears
in the density of states. The vHs in the valence and conduction bands of SWCNTs are placed symmet-
rically relatively to the Fermi level [2]. The positions of vHs depend on the nanotube diameter and
metallicity (therefore, also on their chirality) [69]. The vHs close to the Fermi level come from the
energy dispersion relations along the cutting lines near the K points of the first Brillouin zone of gra-
phene [68]. For the metallic nanotubes the cutting line goes through the K point, as is was discussed
above, and this leads to the zero energy gap. As a result, the density of states of metallic SWCNTs at the
Fermi level has a finite value [2,63,68,69]. This value is constant and inversely proportional to the
nanotube diameter [68]:
DðEFÞ ¼ a
2p2c0dt

: ð46Þ
In contrast, for semiconducting nanotubes the cutting lines do not cross the K point, and their density
of states has a zero value at the Fermi level [2,63,68,69]. The energy extremum of each subband near
the K point corresponds to a peak of van Hove singularity [69].

Fig. 9 demonstrates the electronic density of states of the armchair (5,5) and zigzag (8,0) nanotubes
[73,74]. The (5,5) nanotube is metallic and, therefore, it has a non-zero DOS at the Fermi level. The
(8,0) SWCNT is semiconducting with a large band gap and zero DOS at the Fermi level.

The energy difference DE between the highest vHs in the valence band and the lowest vHs in the
conduction band for semiconducting nanotubes (ES

11) and metallic SWCNTs (EM
11) is in first order

obtained as follows [68,69]:
ES
11 ¼ 2ac�cc0

dt
and EM

11 ¼ 6ac�cc0
dt

: ð47Þ
Therefore, these energies are inversely proportional to the nanotube diameter. We denote van Hove
singularities in the valence and conduction bands that are symmetrically placed relatively to the Fermi
level by the numbers i (i is a non-zero integer number), starting from the Fermi level. In accordance to
the selection rules, the dominant parallel polarized optical transitions in semiconducting nanotubes
(ES

ii) and metallic SWCNTs (EM
ii ) can occur only between the symmetrical i-th vHs in the valence band

and conduction band [68]. Semiconducting nanotubes of given diameter exhibit optical transitions
with energies ES

11, 2E
S
11, 4E

S
11, 5E

S
11, 7E

S
11, . . . and metallic SWCNTs have optical transitions with energies

EM
11, 2E

M
11, . . . [69].

Fig. 10 demonstrates the plot of the energies of optical transitions DE between vHs in the valence
band and the conduction band as a function of nanotube diameter dt for semiconducting (ES

ii) and

metallic (EM
ii ) SWCNTs of all possible chiralities (n,m) with diameters in the range from 0.7 to 3 nm.

It was obtained by authors of Ref. [69] on the basis of the plot firstly reported by Kataura et al.
[75]. The dependencies in Fig. 10 (which are called the Kataura plot) are based on the tight-binding
model of Eqs. (34) and (35), with c0 = 2.9 eV and s = 0. The crosses and open circles correspond to
semiconducting and metallic SWCNTs, respectively. It is seen that the energies of optical transitions



Fig. 10. The calculation of the energies of optical transitions DE between vHs in the valence band and the conduction band as a
function of nanotube diameter dt for semiconducting (ES

ii) and metallic (EM
ii ) SWCNTs of all possible chiralities (n,m) with

diameters in the range from 0.7 to 3 nm (based on the report by Kataura et al. [75]). The plot is obtained using the tight-binding
model with the parameters c0 = 2.9 eV and s = 0. The crosses and open circles correspond to semiconducting and metallic
SWCNTs, respectively. The black squares denote the energies of zigzag SWCNTs that define the width of each curve. Along the
abscissa there are the points for metallic SWCNTs with zero energy gap. Reprinted figure with permission from Saito R et al.
Phys Rev B 2000;61:2981. Copyright 2000 by the American Physical Society [69].
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decrease inversely proportional with increasing the diameter of nanotube. The width of the ES
ii and EM

ii

curves at a constant diameter increases with increasing the energy and increasing the i number. Also,
the width of curves increases with decreasing the diameter. The black squares denote the energies of
optical transitions for zigzag SWCNTs that define the width of each curve [69]. It should be noted that
this plot is very useful for determining the diameter and chirality of SWCNTs from the optical absorp-
tion spectra and the resonant excitation energy of SWCNTs with particular diameters and chiralities in
the Raman spectra, which is discussed in the following sections.

It is worth noticing that van Hove singularities as a characteristic feature of the density of states of
SWCNTs are observed by different experimental techniques, such as scanning tunneling spectroscopy
(STS) [76], electron energy loss spectroscopy (EELS) [77], optical absorption spectroscopy [75], photo-
luminescence spectroscopy [78], X-ray absorption spectroscopy [79] and ultraviolet photoelectron
spectroscopy [80]. Their modification (disappearance, reducing, change in energies of the electronic
transitions) testifies directly about changes in the electronic properties of nanotubes, which are
considered below.
4. The methods of modification of SWCNT electronic properties

This section is dedicated to a description of different approaches to tune the SWCNT electronic
properties.

4.1. Substitution of carbon atoms of SWCNT walls by other atoms

The substitution of carbon atoms of SWCNT walls is one of the first methods developed to modify
the electronic properties of nanotubes. The first article dedicated to the substitution of atoms of
SWCNT walls [81] was published directly after the discovery of SWCNTs [1,82].

To date, the substitution of carbon atoms of SWCNT walls by nitrogen [83–93] and boron
[90,94–101] was reported. It was shown that the modification of the SWCNT electronic structure is
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defined by the type of the doping element and its concentration [102]. Firstly the influence of the ele-
ment type will be considered. Nitrogen is on the right hand side neighbor of carbon in the periodic
table. If it substitutes a carbon atom of a nanotube directly (Fig. 11a), donor doping of nanotubes takes
place, and the additional electron gives rise to sharp localized states above the Fermi level [102].
Indeed, the same results were obtained in a number of reports [102–106]. However, this is not
the only way to incorporate nitrogen atoms into the hexagonal lattice of carbon atoms of SWCNTs.
The substitution of carbon atoms by nitrogen can be accompanied by defect formations in the
nanotube walls, which lead to a rearrangement of carbon atoms (Fig. 11b and c), as a result the
nitrogen atom is connected with only two carbon atoms [102,103,106,107]. When such a type of
substitution is realized, the doping levels may appear either below or above the SWCNT Fermi level
as dependent on the new wall structure, leading to acceptor or donor doping of nanotubes, respec-
tively. It was demonstrated theoretically [104,108] and investigated experimentally [87,90,92,93].

Boron is the left hand neighbor of carbon in the periodic table, and is expected to mainly substitute
carbon atoms in sp2 configuration directly [102] and cause acceptor doping of nanotubes. Indeed, in
Ref. [81] published in 1993 it was demonstrated theoretically that an acceptor level positioned
0.16 eV above the SWCNT Fermi level was formed in the case of nanotube doping by boron (1.25 at.
% B). Later, the electronic structure of boron-substituted SWCNTs was studied in detail in Refs.
[90,96,97,99,101].

The concentration of doping element is the second parameter that influences the modification of
the SWCNT electronic structure. It was shown that in the case of low doping levels (for example,
0.2 at.% N [83] or 0.3 at.% N [84]) the modification of the SWCNT electronic structure can be considered
within the rigid band model [102,103,109]. It means that the direct band structure modifications
are negligible and that the band structure of the nanotubes with substituted carbon atoms can be
obtained by the corresponding up- or downshift of the Fermi level in the band structure of pristine
SWCNTs. But in the case of high doping levels this model can no longer be applied, because of the
formation of so-called heteronanotubes [102,103].

The detailed experimental and theoretical investigation of the electronic structure of
boron-substituted SWCNTs with different doping levels (up to 25%) was reported in Ref. [99].
Fig. 12 demonstrates the modification of the band structure and density of states of a semiconducting
(16,0) nanotube with increasing the boron concentration [99]. For the undoped SWCNT (Fig. 12a), the
Fermi level is positioned in the middle of the band gap, and the DOS is symmetric around the band gap
for the first and second van Hove singularities. Boron doping of nanotubes causes a systematic
downshift of the Fermi level into the valence band of the pristine SWCNT, which becomes larger with
increasing boron concentrations from 6.25% (Fig. 12b) to 12.5% (Fig. 12c) and 25% (Fig. 12d). At the
highest doping level, a new hexagonal BC3 compound is formed. In this compound the relative
downshift value of the Fermi level amounts to 2.2 eV (Fig. 12d). The rigid band model breaks down
Fig. 11. Nitrogen can be introduced in the SWCNT walls in different ways. The first substitution configuration is (a) direct
substitution, when nitrogen atoms (represented by red balls) replace directly carbon atoms (represented by gray balls) in the
hexagonal lattice of SWCNT walls. The second substitution configuration is (b) pyridine-like bond formation, when the
incorporated nitrogen atoms create defects in the SWCNT walls and are only connected with two carbon atoms. The structural
model of a nanotube (c) demonstrates both types of substitutions of carbon atoms (black balls) by nitrogen atoms (red balls),
which are marked by green circles. Reprinted figure with permission from Ayala P et al. Rev Mod Phys 2010;82:1843. Copyright
2010 by the American Physical Society [102].



Fig. 12. Band structure and density of states of a (16,0) SWCNT with (a) 0%, (b) 6.25%, (c) 12.5%, and (d) 25% boron doping. The
Fermi level, which is positioned at zero energy for the undoped nanotube, shifts into the valence band upon boron doping (filled
states are colored in gray). The shift of the Fermi level increases with increasing the boron concentration. At the largest doping
level (25%), a heteronanotube BC3 is formed, and acceptor bands and new vHs appear above the highest occupied state of the
undoped SWCNT. Reprinted figure with permission from Fuentes GG et al. Phys Rev B 2004;69:245403. Copyright 2004 by the
American Physical Society [99].
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in this case, because new bands and van Hove singularities emerge above the highest occupied state of
the pristine SWCNT from the hybridization of boron acceptor levels with carbon levels [99].

It is worth noticing that the substitution of carbon atoms of the SWCNT walls may increase the
oxidation resistance of nanotubes and also create new chemical pathways involving the dopant atoms
[56].

4.2. Covalent and non-covalent modification of SWCNT outer surface

The modification of the outer surface of SWCNTs may be performed in two ways. The first approach
is attaching different functional groups using chemical (usually covalent) bonds (so-called chemisorp-
tion) [110]. The second approach is wrapping the nanotubes by different molecules or adsorption of
molecules on the SWCNT walls without the formation of chemical bonds (so-called physisorption).
Both these ways of the modification of the outer surface of SWCNTs may lead to changes in the elec-
tronic structure of nanotubes.

Firstly the covalent modification of the outer surface of SWCNTs will be considered. It was shown
that the nanotubes can react with different classes of chemical compounds [111–135]. There are a



Fig. 13. (a) Reaction scheme for fluorination and defunctionalization of SWCNTs. The fluorination of SWCNTs by elemental
fluorine at temperatures in the range between room temperature and 600 �C results in the attachment of fluorine to carbon
atoms of the SWCNT walls. This reaction is reversible, and fluorine atoms can be removed from the nanotube surface via the
treatment of nanotubes by hydrazine solution in propanol-2 with subsequent thermal treatment. (b) The scheme for
cycloaddition reaction with dichlorocarbene, which is generated in situ using a phenyl(bromodichloro methyl)mercury reagent
or a chloroform/sodium hydroxide mixture. Adapted with permission from Tasis D et al. Chem Rev 2006;106:1105. Copyright
2006 American Chemical Society [110].
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number of reports dedicated to the investigation of the electronic properties of SWCNTs with outer
surface modified via the halogenation and cycloaddition.

It was found that the fluorination of SWCNTs by elemental fluorine at temperatures in the range
between room temperature and 600 �C [136–142] led to the attachment of fluorine to carbon atoms
of the SWCNT walls (Fig. 13a). It was demonstrated that this reaction was reversible, and fluorine
atoms could be removed from the nanotube surface via the treatment of nanotubes by hydrazine
solution in propanol-2 with subsequent thermal treatment (Fig. 13a) [137,138,141,143,144].

The fluorination process of nanotubes was studied in detail by X-ray photoelectron spectroscopy
[145–149], X-ray absorption spectroscopy [146,150], transmission electron microscopy [138],
scanning tunnel microscopy [151] and theoretical calculations [152–159]. It was demonstrated that
the fluorination of SWCNTs led to sp3 rehybridization of carbon atoms and turned metallic and
semiconducting SWCNTs into insulators [110].

The iodination of SWCNTs was reported in Ref. [160]. Iodine covalently bound to the nanotube
surface was prepared via steps of oxidation and a subsequent modified Hunsdieker reaction with
elemental iodine and iodosobenzene-diacetate. XPS, UV–vis–NIR and Raman spectroscopy confirmed
that the functionalized nanotubes retained their characteristic electronic properties.

It was shown that the cycloaddition of organic molecules to the outer surface of SWCNTs can lead
to a charge transfer between functional groups and the nanotube walls [110,161–166]. For example,
the method of attachment of dichlorocarbene was reported in Ref. [163]. The organic substance was
generated in situ using a chloroform/sodium hydroxide mixture or a phenyl(bromodichloro methyl)
mercury reagent (Fig. 13b) [110]. Chemical analysis proved the presence of chlorine in the sample.
The XPS and far-infrared spectroscopy data demonstrated that about 2% of the carbon atoms were
covalently bonded with functional groups, and it led to a significant modification of the electronic
structure of metallic SWCNTs.

The non-covalent modification of outer surface of SWCNTs can be performed via wrapping by
polymers [111,135], surfactants [167–169], polynuclear aromatic compounds [170–174], and
biomolecules [126] or via gas adsorption. The interaction mechanism is either van der Waals forces
or p–p stacking [110].



Fig. 14. The G-band of the Raman spectra of the SWCNT samples treated in aromatic solvents – aniline (a), benzene (b) and
nitrobenzene (c) and aliphatic solvents – butylamine (d), hexane (e) and nitromethane (f) with electron-donating and electron-
withdrawing functional groups, obtained at a laser energy of 1.96 eV. The spectra are deconvoluted into six components:
five symmetric peaks (one metallic (shaded area in pink) and four semiconducting (open area)) and one metallic BWF peak
(shaded area in blue). The numbers denote the positions of the peaks. (g) The relationship between the intensity of the metallic
component of the G-band (denoted by gray column bars) and the sheet resistance (denoted by black squares that are connected by
lines) for the aliphatic and aromatic solvents. The parameters increase for the solvents containing the electron-donating –NH2

group and decrease for the solvents containing the electron-withdrawing –NO2 group, as compared to the reference solvents
without functional groups. Adapted with permission from Shin HJ et al. J Am Chem Soc 2008;130:2062. Copyright 2008
American Chemical Society [179].
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There are several reports dedicated to the investigation of the modification of the electronic
properties of nanotubes as a result of gas adsorption on their outer surface [175,176] and the presence
of solvents [177–179].

The measurement of the electrical resistance of SWCNTs in nitrogen dioxide or ammonia atmo-
sphere was performed in Ref. [176]. It was shown that the values were higher or lower, respectively,
than the ones obtained as result of reference measurements in vacuum. It was demonstrated in Ref.
[175] that the results of the measurements of the electrical resistance, thermoelectrical force and local
density of states carried out in vacuum and in air were sufficiently different. The values changed rever-
sibly even in the case of an insignificant change in the concentration of adsorbed gases. It even led to
the transition of semiconducting nanotubes into metallic state. On the basis of the obtained data, the
authors of Refs. [175,176] proposed the possible application of SWCNTs as gas sensors.

It was demonstrated in Refs. [177,178] that even such widely used dispersing agents like sodium
dodecyl sulfate and polythiophen can result in changes in the electronic structure of SWCNTs. Authors
of Ref. [179] investigated the influence of aromatic and aliphatic solvents containing donor and acceptor
groups on the electronic structure of nanotubes. The analysis of Raman spectra of nanotubes in different
solvent solutions was performed. The Raman active G-line was deconvoluted into six components,
including five symmetric peaks (one metallic and four semiconducting) and one metallic BWF peak.
In the spectra acquired at a 1.96 eV-laser for solvents with an aromatic backbone the shaded area of
the metallic components increased to 79% for aniline and decreased to 30% for nitrobenzene, with
respect to the reference – benzene (68%) (Fig. 14a–c). The metallic BWF component was completely
suppressed for nitrobenzene. For solvents with an aliphatic backbone the metallic contribution was
increased to 71% for butylamine, and the spectrum of SWCNTs in nitromethane showed no significant
difference to the reference (hexane, 67%) (Fig. 14d–f). The increase or decrease of intensities of the



Fig. 15. (a) The modification of the first bundle diffraction peak of the pristine and successively potassium-intercalated SWCNTs
with increasing the potassium content from K/C = 0 to K/C = 0.154 (from top to bottom). The position of the peak is traced by the
dashed line. The inset demonstrates the diffraction pattern of the pristine SWCNTs in a wide momentum transfer region. (b) The
relation between the momentum transfer of the bundle diffraction peak position (qBDP) and the relative atomic ratio between
potassium and carbon. The peak position shifts toward smaller momentum transfers with increasing the potassium
concentration. (c) The electron diffraction patterns of the pristine SWCNTs and nanotubes fully intercalated by sodium,
potassium, rubidium and cesium. The inset demonstrates the first bundle diffraction peak. This peak shifts toward smaller
momentum transfers in the line with Na–K–Rb–Cs, as denoted by the dashed line. Reprinted figure with permission from Liu X
et al. Phys Rev B 2003;67:125403. Copyright 2003 by the American Physical Society [195].
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metallic components was attributed to donor or acceptor doping of nanotubes by different solvents,
respectively [179]. The XPS and conductivity measurements data were in agreement with the Raman
spectroscopydata, and proved that the charge transfer took place between the SWCNTwalls and solvent
molecules that led to a shift of the Fermi level. The modification of the electronic properties depended
on the type of solvent. The use of aniline and butylamine containing the –NH2 group led to donor doping
of the SWCNTs, the use of nitrobenzene and nitromethane containing the –NO2 group resulted in
acceptor doping of the nanotubes. At the same time, benzene and hexane did not influence the
electronic structure of the SWCNTs (Fig. 14g). Also, the effect of charge transfer in the solvent with
an aliphatic backbone was weaker than in the solvent with an aromatic backbone [179].

4.3. Intercalation of SWCNT bundles

The intercalation process refers to the incorporation of substances into triangularly shaped cavities
inbetween the nanotubes in a bundle. The intercalation of SWCNT bundles was first reported in 1997.
An increased electrical conductivity was observed for potassium and bromine-intercalated nanotubes
in Ref. [180]. In Ref. [181], a softening of the G-line of the Raman spectra of potassium and rubidium-
intercalated SWCNTs or stiffening of the G-line for bromine-intercalated nanotubes as compared to
the pristine SWCNTs heralded the charge transfer between dopants and nanotubes. Later on, it was
demonstrated that donor doping of SWCNTs can be achieved via the intercalation of SWCNTs by alkali
metals, such as lithium, sodium, potassium, rubidium, cesium, and also barium [58,121,163,182–207].
At the same time, acceptor doping of nanotubes can be realized via the intercalation of bromine,
iodine, iron trichloride, nitric acid, sulfuric acid, hydrochloric acid and gold trichloride molecules
[28,163,177,182,188,193,199,208–219].

The intercalation usually does not result in the change in the structure of individual nanotubes. But
according to the X-ray and electron diffraction data, this process leads to an expansion of the hexag-
onal packing of nanotubes in the bundles [183,184,188,189,194,198]. It was demonstrated that the
expansion of bundles increases with an increase in the doping level and also radii of the introduced
alkali metal ions [188]. Fig. 15 shows the electron diffraction data of the pristine nanotubes and the
SWCNTs intercalated by different alkali metals [195]. The inset in Fig. 15a shows the diffraction data
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of the pristine SWCNTs. The lower momentum transfers q originate from the hexagonal order of the
individual SWCNTs within the bundles and the higher q come from the internal structure of the rolled-
up graphene sheets. Fig. 15a demonstrates the modification of the first diffraction peak of the pristine
and successively potassium-intercalated SWCNTs with increasing relative atomic ratio between potas-
sium and carbon (K/C). The downshift of this peak with increasing potassium content from K/C = 0
(top curve) to K/C = 0.154 (bottom curve) corresponds to an expansion of the intertube distance in
the bundle [195]. Fig. 15b traces the position of the first bundle peak (qBDP) as a function of the potas-
sium concentration. Fig. 15c compares the electron diffraction of the SWCNTs fully intercalated by dif-
ferent alkali metals: sodium, potassium, rubidium and cesium. It is clearly seen that the intensity of
the first Bragg peak decreases from sodium to cesium [195]. The inset of Fig. 15c compares the first
bundle peak of the SWCNTs fully intercalated with different metals. The metal atomic radii are
in-line with the bundle lattice expansion and hence the downshift of the first bundle peak [195].

It was shown that the intercalation of nitric acid into the SWCNT bundle leads to the increase of
intertube distance in a bundle by 0.185 nm after treatment with the concentrated solution for 2 h
[208]. The same tendency was observed in the case of nanotube treatment with the concentrated solu-
tion of sulfuric acid [188]. Besides, it was found that the intercalation process is reversible. However,
the long treatment of nanotubes with the acid solution (more than 12 h) resulted in their destruction
[208], which was probably caused by an oxidation of nanotubes and defect formation in the SWCNT
walls [10,129].

It was demonstrated that the maximal doping level that can be achieved at the intercalation of nan-
otube bundles by alkali metals, such as potassium, rubidium and cesium corresponds to the empirical
formula MC7 [195]. This is slightly higher than the value for fully potassium-intercalated graphite
(KC8) [220,221] and is a bit different from the value for intercalated fullerenes (K6C60) [222]. In the
case of lithium intercalation, the maximal metal concentration depends on the synthesis method,
and it may correspond to LiC6 [191,197] or Li1.2C6 [186] stoichiometries. It was shown in Ref. [213]
that the maximal intercalation level of SWCNTs by bromine corresponds to BrC7. In the case of the
intercalation of nanotube bundles by melted iodine, IC12 stoichiometry was achieved [211].

A number of methods were used to investigate the electronic properties of SWCNTs intercalated
by donor and acceptor substances. These techniques include electron energy loss spectroscopy
[185,195,196,198,205,216,223,224], X-ray photoelectron spectroscopy [58,192,201,202,206,207],
Raman spectroscopy [163,180–182,193,199,209,211,217,225–228], optical spectroscopy
[163,191,197,213,216,224,229], electron spin resonance [189,190,204,230,231], and transport mea-
surements [180,184,186,194,224,232]. The unaltered core-level excitations of alkali intercalated
SWCNT bundles confirm the absence of rehybridization in the SWCNT p-system. The valence band
is not perturbed by the intercalated metals [200]. It testifies that the intercalation does not lead to
the formation of chemical bonds between incorporated atoms and the SWCNT walls. However, it
was demonstrated in Ref. [196] that barium intercalation into the SWCNT bundles results in local
interactions between metal atoms and nanotubes. It was shown that intercalation can lead to
significant shifts of the SWCNT Fermi level by up to ±1.3 eV [200], as a result of donor or acceptor
doping.

It was found that alkali metal intercalation changed the optical response of the nanotubes in a sys-
tematic way [200]. The intensity of the optical excitations depended on the doping level, because of
the different Fermi energies in the intercalated nanotubes. The appearance of a charge carrier plasmon
in the loss function of intercalated SWCNTs was observed. The plasmon energy increased with the
doping level and decreased with the ionic radius of the alkali metal [200]. Fig. 16a shows the depen-
dence of the loss function on carbon to potassium atomic ratio (C/K) [195]. The broad peak at 6 eV is
the p plasmon, which corresponds to a collective excitation of the p electrons of nanotubes. The three
peaks that are visible in the loss function of the pristine SWCNTs below 3 eV arise from electronic
interband excitations between van Hove singularities. The lowest interband transitions are gradually
depleted with increasing potassium content (Fig. 16a). This was explained by a charge transfer accord-
ing to the rigid band shift: the conduction band of intercalated SWCNTs are populated with electrons,
this leads to the suppression of previously allowed electronic excitations as their final states are filled
up [195]. For high doping levels, also the electronic transition between the second van Hove singular-
ities of semiconducting SWCNTs vanishes (Fig. 16b) [200]. This situation corresponds to the doping



Fig. 16. (a) The loss function of pristine SWCNTs and potassium-intercalated nanotubes with different doping levels at
q = 0.1 Å�1, the carbon to potassium ratio (C/K) increases from bottom to top as denoted on the right side. At the doping levels
larger than C/K � 26, the Drude plasmon appears in the loss function at the energy between 1 and 2 eV. It shifts to higher
energies with increasing the potassium concentration, as marked by the dashed line. Reprinted figure with permission from Liu
X et al. Phys Rev B 2003;67:125403. Copyright 2003 by the American Physical Society [195]. (b) Scheme of the shift of the Fermi
level of SWCNTs (EF) as result of potassium intercalation. At high potassium concentrations, the Fermi level (denoted by the
dashed line) shifts in the conduction band above the second vHs for semiconducting SWCNTs and the first vHs for metallic
SWCNTs. Because these vHs are filled, as colored in blue, the corresponding optical transitions are suppressed. Figure is redrawn
from Ref. [200]. (c) The C 1s core-level excitations of pristine (blue dotted line) and FeCl3-intercalated SWCNTs (dark red solid
line). The spectrum of intercalated nanotubes includes a new feature positioned at lower energies than the p⁄ resonance, as
highlighted by the arrow. The data are replotted from Ref. [216].
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level of C/K � 26 [200]. Up to this potassium content, the overall shape of the loss function of
nanotubes does not change. However, at further increase in the doping level the so-called charge
carrier or Drude plasmon associated with the collective excitation of the introduced quasi-free
electrons emerges in the loss function in the energy range between 1 and 2 eV (Fig. 16a) [195]. It shifts
to higher energies with increasing doping levels, which is consistent with the increase of the density of
quasi-free electrons [195].

As for the intercalation of nanotube bundles with alkali metals, for p-type dopants, such as FeCl3, an
ionic transfer between the SWCNT walls and intercalated salt accompanied by the shift of nanotube
Fermi level were found. In the case of FeCl3, the formation of new empty states in the nanotube valence
band was observed. Fig. 16c shows the C 1s core level excitations of pristine and iron trichloride-
intercalated SWCNTs [216]. The spectrum of intercalated nanotubes includes a new peak positioned
at lower energies than the p⁄ resonance, as shown by the arrow, which corresponds to electronic tran-
sitions into empty p-orbitals. Also, the spectrum of intercalated nanotubes demonstrates the shift of
the p⁄ resonance toward higher energies, which may be caused by rise of the carbon 1s binding energy
due to the decreased net charge on the carbon atoms of intercalated SWCNTs [216]. It should be noted
that the maximal doping level for iron trichloride intercalation is much less as compared to the alkali
metal-intercalated SWCNTs, which is caused by the larger size of FeCl3 molecules [200].

It was found that the intercalation of sulfuric, nitric and hydrochloric acids into the SWCNT bundles
leads to p-doping of nanotubes [210], which is accompanied by the formation of an acceptor level
below the SWCNT Fermi level [233] and a charge transfer from the nanotube walls [208,219].
4.4. Filling the SWCNT channels

The method of filling the SWCNTs is based on the encapsulation of different simple substances and
chemical compounds into the internal channels of nanotubes. This method is very promising for the
directional modification of the electronic properties of SWCNTs. This is caused by the following
reasons. Firstly, the list of substances that can be potentially incorporated inside the SWCNT channels



Fig. 17. The overview of filling methods of the SWCNT channels. They are divided into two groups: the in situ and the ex situ
methods. The in situ method includes the arc-discharge and laser ablation approaches. The ex situ method includes approaches
from gas phase, liquid phase, using plasma and chemical reactions inside the SWCNT channels. The liquid phase filling is
conducted using solutions, melts or supercritical CO2. The chemical reactions inside SWCNTs involve the thermal or photolytic
decomposition of a precursor, its heating in hydrogen atmosphere, substitution reactions and inner tube formation.
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is very extensive, and it opens the way to donor and acceptor doping of nanotubes and controlling the
doping level via filling the SWCNTs with substances possessing required chemical and physical
properties (see Sections 5, 6.1.1 and 6.2.1). Secondly, the filling methods for desired substances are
well-established (see Section 5). And thirdly, the large filling degrees of nanotube channels can
be achieved by a suitable encapsulation process, which may lead to a significant modification of the
electronic structure of SWCNTs (see Sections 6.1.2 and 6.2.2).
4.5. Nanochemical reactions inside the SWCNT channels

Nanochemical reactions encompass the filling of the SWCNT channels and the subsequent chemical
transformation of the encapsulated substance to tune the electronic properties of nanotubes. The
chemical reaction inside the SWCNT channels allows varying the Fermi level of nanotubes (i.e.,
increase or decrease it) as well as switching the doping type (i.e., from n- to p-type, or vice versa).
Thus, it allows fine tuning of the electronic structure of SWCNTs by choosing an appropriate precursor
and conditions for the nanochemical reaction (see Section 7).
5. Synthesis of filled nanotubes

This section is dedicated to a description of filling methods of nanotubes, including the
nanochemical reactions inside the SWCNT channels.

According to the literature data, several methods are used to fill the SWCNT channels, which differ
in the filling procedure, aggregate state of the used substances and other parameters. These
approaches include the in situ method and the ex situ filling methods from gas phase, liquid phase,
using plasma and chemical reactions inside the SWCNT channels. Fig. 17 shows the scheme illustrat-
ing the classification of filling methods of SWCNTs. Table 1 summarizes the filling methods of SWCNTs



Table 1
The filling methods of SWCNTs and examples of substances that were encapsulated into the nanotube cavities using these
approaches.

Filling
method

Type of
substance

Example Reference

In situ Arc-discharge
method

Molecule Fullerene C60, C80 [12,14,234]
Simple
substance

Metal Bi [20]

Laser ablation Molecule Fullerene C60, C70 [5,13,14,235]

Ex situ Gas phase
Molecule Fullerene C60, C70, C78, C80,

C82, C90

[8–10,236–241]

Azafullerene C59N [242]
Doped
fullerene

C60/K, C60/FeCl3 [243–245]

Endohedral
fullerene

Ca@C82, La@C82,
Ce@C82, Sm@C82,
Gd@C82, Dy@C82,
La2@C80, Ti2@C80,
Sc2@C84, Gd2@C92

[8,15,49,237,239,246–256]

Exohedral
fullerene

C60Cs [16]

Metallocene Ferrocene
(C5H5)2Fe,
cobaltocene
(C5H5)2Co,
(C5H4C2H5)2Co,
cerocene (C5H5)3Ce

[7,47,50,51,257–269]

Metal
acetylacetonate

Pt(C5H7O2)2 [270]

Other
molecules

Ortho-carborane,
TDAEa, TMTSFb,
TTFc, DNBNd,
TCNQe, F4TCNQf,
pentacene,
tetracene,
anthracene

[11,48]

Simple
substance

Nonmetal Se [17]

Metal K, Bi, Eu [20,271–273]
Chemical
compound

Halogenide ZrCl4 [23,24]

Oxide RexOy [18]
Liquid phase
Solution Molecule Carbyne C10H2 [274]

Fullerene C60 [14,241,275,276]
Endohedral
fullerene

N@C60 [241]
Sc3N@C80,
Dy3N@C80,
ErxSc3�xN@C80

[277–279]

Exohedral
fullerene

Complex
compounds of C60

with Re and Os
carbonyls

[280–282]

Functionalized
fullerene

C60 with organic
complex compound
of cadmium

[283]

Functionalized
endohedral
fullerene

Sc3N@C80 with
organic groups

[277]

Metallocene Ferrocene
(C5H5)2Fe

[258,284]

(continued on next page)
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Table 1 (continued)

Filling
method

Type of
substance

Example Reference

Metal
acetylacetonate

Pt(C5H7O2)2, Co(C5H7O2)2 [266,270,285]

Other
molecules

Porphyrin complex
compounds of zinc
(II) and platinum
(II), rhodamine,
chlorophyll,
b-carotene

[286–289]

Chemical
compound

Halogenide FeCl3, RuCl3, PtCl4 [6,19,290,291]
Oxide CrO3 [46,292]
Nitrate AgNO3, Cu(NO3)2,

Bi(NO3)3,
UO2(NO3)2

[19,20,22,45,46,293–296]

Acetate UO2(CH3COO)2 [45]
Supercritical
CO2

Molecule Fullerene C60 [297–299]
Azafullerene C59N [242]
Endohedral
fullerene

Er3N@C80 [299]

Exohedral
fullerene

C60O [300]

Functionalized
fullerene

C61(COOH)2,
C61(COOC2H5)2

[298,299]

C60 with alkyl
chains

[301]

Melt Simple
substance

Nonmetal I2, S, Se, Te [28,31,302,303]

Chemical
compound

Halogenide SnF2, (Na/Cs/Cu/Ag/
Tl)Cl, (Fe/Co/Ni/
Mn/Pd/Zn/Cd)Cl2,
(Y/Au/La/Nd/Sm/
Eu/Gd/Tb/Ho/Tm/
Er/Yb)Cl3, Al2Cl6,
(Zr/Hf/Pt/Th)Cl4,
MoCl5, WCl6,
(KCl)x(UCl4)y, (Cs/
Cu/Ag)Br, (Fe/Co/
Ni/Mn/Zn/Cd)Br2,
(Li/Na/K/Rb/Cs/Cu/
Ag)I, (Ca/Sr/Ba/Fe/
Co/Zn/Cd/Pb)I2,
LaI3, Al2I6, SnI4,
AgCl1�xIx, AgClxBryIz

[19,21,24,26,27,29,30,32–
35,37–44,56,304–322]

Chalcogenide HgTe, SnSe, SnTe,
GaSe, Bi2Te3,
MnTe2, CdBr2�xTex

[24,33,36,315,323–328]

Oxide PbO, Sb2O3, Cr2O3 [25,329–331]
Hydroxide CsOH, KOH [45]

Plasma
Simple
substance

Metal Cs [332,333]
Metal/
nonmetal

Cs/I [334]

Molecule Fullerene C60 [335]
Mixed Metal/fullerene Cs/C60 [334]

Chemical reaction Precursor Product
Thermal
decomposition

Simple
substance

Metal AgNO3 Ag [19,22,46,293,294,296,315]
W(CO)6 W [336,337]
Re2(CO)10 Re [336,337]
Os3(CO)12 Os [336,337]
ErCl3 Er [304]
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Table 1 (continued)

Filling
method

Type of
substance

Example Reference

Photolytic
decomposition

AgCl Ag [21]

Heating in H2

atmosphere
Bi(NO3)3 Bi [20]
Cu(NO3)2 Cu [293,295]
FeCl3 Fe [290,291]
Co(acac)2 Co [285]
RuCl3 Ru [6]
PdCl2 Pd [19]
RexOy Re [18]
HAuCl4 Au [19]
H2PtCl6 Pt [19]

Substitution Chemical
compound

Chalcogenide CdI2, ZnI2, PbI2 CdS,
ZnTe,
PbTe

[338]

Chemical
reaction with
the DWCNT
formation

Molecule Fullerene C60 Inner tube [339–348]
C70 Inner tube [341,342]

Endohedral
fullerene

Gd@C82 Gd inside
inner tube

[49,250,256]

Metallocene (C5H5)2Fe Iron
carbide
inside
inner tube

[50,257–261,264–268,284]

(C5H5)3Ce Ce
inside
inner tube

[51,269]

Metal
acetylacetonate

Pt(C5H7O2)2 Pt
inside
inner tube

[266,270]

Other
molecules

Toluene + C60 Inner tube [349]
Anthracene Inner tube [350]

a TDAE = tetrakis(dimethylamino)ethylene.
b TMTSF = tetramethyl-tetraselenefulvalene.
c TTF = tetrathiafulvalene.
d DNBN = 3,5-dinitrobenzonitrile.
e TCNQ = tetracyano-p-quinodimethane.
f F4TCNQ = tetrafluorocyano-p-quinodimethane.
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and examples of substances that were encapsulated into the nanotube cavities using these
approaches.
5.1. In situ filling the SWCNT channels

On the one hand, the in situ method is the simplest one-step approach to fill the SWCNT channels.
On the other hand, it is obvious that this advantage shorts the list of the substances that can be encap-
sulated inside the SWCNT cavities and limits the opportunity to vary parameters of the filling proce-
dure. Most probably that is why there are only several reports dedicated to the in situ filling of
SWCNTs. One of these examples is the encapsulation of metallic bismuth into the nanotube channels
during their synthesis by the arc-discharge method [20]. To fill the SWCNTs, the authors added bis-
muth to cobalt that was used as a catalyst. Bismuth was incorporated into the SWCNT channels during
the high-temperature gas phase reaction. However, the achieved filling degree turned out to be very
low (about 1%). Another example of the in situ filling of SWCNTs is a spontaneous trapping of fullerene
molecules inside the nanotube channels during their synthesis by the arc-discharge [12,14,234] and
laser ablation [5,13,14,235] methods.
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5.2. Ex situ filling the SWCNT channels

In contrast to the in situ filling method, the ex situ approach allows encapsulating different simple
substances, molecules and chemical compounds inside the SWCNT channels due to the possibility of
varying the synthesis parameters and choosing the specific type of substances and nanotubes.
5.2.1. Opening the SWCNT ends
Because the ends of synthesized SWCNTs are usually closed by fullerene caps, the procedure of

opening the SWCNT ends has to be carried out before their filling. This process can be performed in
two ways: using gaseous (air, oxygen, ozone [8,45,351]) or liquid (concentrated acids – hydrochloric,
sulfuric, nitric or their mixtures [6,8,10,236,352,353]) oxidizers. It should be noted that these reagents
are usually used for the purification of synthesized SWCNTs, but this process does not necessarily lead
to an effective opening of the nanotube ends [56].

The process parameters which are important during the opening of the SWCNT ends are the
type of oxidizer, as well as time and temperature of the treatment. It is obvious that the oxidation
of nanotubes starts from their ends, where topological defects are localized. Fullerene caps
contain pentagons of carbon atoms which are the most reactive parts of SWCNTs [56]. However,
longer oxidizing treatment can lead to the formation of defects in the SWCNT walls and their
destruction.

In general, the process parameters depend on the nanotube diameter and methods of their synthe-
sis and purification. It was shown in a number of papers [8,55,56] that the gas phase oxidation is not
only the simpler, but also more effective method of opening the SWCNT ends than the liquid phase
approach. Besides, it was found that amorphous particles forming during the liquid-phase opening
process may cover the SWCNT walls and block their ends [10,55]. Because of these facts, the annealing
of nanotubes in air at temperatures between 400 and 500 �C for 30–60 min was the most frequently
employed procedure for the opening of SWCNT ends. It was used in most papers that are considered
below.
5.2.2. Filling the SWCNTs from gas phase
This approach is based on the filling of the SWCNTs by a substance in gas state at a temperature

higher than its boiling or sublimation point. During the process, the vapor of a substance condenses
and diffuses inside the SWCNT channels, and crystallizes upon cooling the system. This method is
well-established and it allows achieving high filling degrees of SWCNTs. However, the list of
substances that can be incorporated inside the SWCNT channels using this approach is limited,
because the maximal boiling or sublimation temperature of the substance cannot be higher than
1000–1200 �C (nanotubes start to degrade at higher temperatures). Besides, the substance should
not decompose during evaporation or sublimation, and it should have a high vapor pressure at
synthesis temperature in order to achieve high filling degrees of nanotube channels and also shorten
the time of the synthesis procedure.

The gas phase filling method is the traditional approach to encapsulate fullerene molecules inside
the nanotube channels. Using this method the SWCNT cavities were filled with C60, C70, C78, C80, C82,
C90 fullerenes [8–10,236–241]. It was shown that the filling goes according to diffusion mechanism,
and the filling degree can be as high as 100%. The effectiveness of this method was demonstrated
by filling the SWCNT channels with molecules of azafullerenes (C59N) [242], endohedral fullerenes
(M@C82, where M = Ca, La, Ce, Sm, Gd and Dy [8,15,49,237,239,246,247,249–252,256], M2@C80, where
M = La and Ti [248,253], Sc2@C84 [254], Gd2@C92 [255]) and exohedral fullerenes (C60Cs) [16], metal-
locenes (ferrocene (C5H5)2Fe [7,50,257–268], cobaltocene (C5H5)2Co, (C5H4C2H5)2Co [47], cerocene
(C5H5)3Ce [51,269]), metal acetylacetonates (Pt(C5H7O2)2) [270] and other molecules (ortho-
carborane [11], TDAE, TMTSF, TTF, DNBN, TCNQ, F4TCNQ, pentacene, tetracene, anthracene [48]). Fur-
thermore, using this method the SWCNTs were filled with simple substances (nonmetals – Se [17] and
metals – K [273], Bi [20], Eu [271,272]), halogenides (ZrCl4 [23,24]) and oxides (RexOy [18]) (Table 1).

Fig. 18 shows the HRTEM data of the SWCNTs filled using the gas phase method. Fig. 18a presents
the micrograph of the Gd@C82-filled nanotube [250]. The endohedral fullerene molecules are clearly



Fig. 18. The HRTEM data of SWCNTs filled using the gas phase method. (a) Endohedral fullerene Gd@C82 molecules inside an
individual nanotube. Adapted with permission from Kitaura R et al. Nano Lett 2008;8:693. Copyright 2008 American Chemical
Society [250]. (b) Upper part: Exohedral fullerene C60Cs molecules inside an individual SWCNT. The white arrows indicate the
Cs metal atoms. Lower part: The schematics representing the HRTEM image. Fullerene molecules are shown in yellow, Cs
atoms – in red, nanotube walls – in green color. Adapted with permission from Sun BY et al. J Am Chem Soc 2005;127:17972.
Copyright 2005 American Chemical Society [16]. (c) Upper part: Eu nanowires inside a bundle of SWCNTs. Lower part: The
magnified image of the area denoted by the blue rectangle. Red lines indicate the nanotube walls, and purple circles denote the
encapsulated Eu atoms. Reprinted figure with permission from Nakanishi R et al. Phys Rev B 2012;86:115445. Copyright 2012
by the American Physical Society [272]. (d) Cobaltocene molecules inside two individual SWCNTs. The encapsulated molecules
are marked by the arrows. Adapted by permission from Macmillan Publishers Ltd: Nat Mater, Li LJ et al. Nat Mater 2005;4:481,
Copyright 2005 [47]. (e) Zirconium chloride-filled SWCNTs. Upper part: The image demonstrating an empty SWCNT,
nanoparticle of not encapsulated ZrCl4, nanotubes filled with amorphous ZrCl4 and SWCNT bundle partially filled with
crystalline ZrCl4. Lower part: An individual continuously filled nanotube. Reprinted from Brown G et al. Appl Phys A
2003;76:457. Copyright 2003 Springer-Verlag, with kind permission from Springer Science and Business Media [24].
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seen inside the SWCNT channel. They are densely packed and form a one-dimensional crystalline
array. A typical filling degree of nanotubes as estimated from the HRTEM data is more than 90% [250].

Fig. 18b shows the micrograph of the individual SWCNT filled with exohedral fullerene C60Cs [16].
Two parallel lines correspond to the nanotube walls, and the circle contrasts aligned within the
SWCNT correspond to the entrapped C60 molecules. Dark spots seen adjacent to the fullerene mole-
cules are the exohedrally attached Cs metal atoms, as indicated by the white arrows. Below the micro-
graph in Fig. 18b there is the schematics representing the HRTEM image, where fullerene molecules
are shown in yellow, Cs atoms – in red, nanotube walls – in green color [16].

Fig. 18c demonstrates the micrograph of the SWCNTs filled with Eu nanowires [272]. It is clearly
seen that crystalline nanowires are formed inside the SWCNT channels, and no Eu atoms are observed
on the outer surface of nanotubes. The magnified image of the area denoted by the blue rectangle
shows a 2 � 2 structure of the metal nanowire. Red lines indicate the nanotube walls, and purple cir-
cles denote the encapsulated Eu atoms.

Fig. 18d presents the HRTEM image of the SWCNTs filled with cobaltocene molecules [47]. Two
individual nanotubes are observed. The encapsulated molecules are clearly seen inside their channels
as contrast elements, which are marked by the arrows.

Fig. 18e shows the micrographs of the ZrCl4-filled SWCNTs [24]. The average filling degree of nan-
otubes in this sample was estimated to be about 20–30%. At the top of the upper image, an empty
SWCNT is marked. Below this, a pair of overlapping nanotubes with amorphous filler is observed.
To the center left of the image, a large nanoparticle of amorphous ZrCl4 is seen, which corresponds
to not encapsulated material. At the bottom of the upper image, a bundle of 8–10 nanotubes, one
of which is filled with crystalline ZrCl4, is observed. The lower image shows an individual
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1.1 nm-diameter nanotube that is completely filled with zirconium chloride. The atoms of ZrCl4 are
clearly visible inside the SWCNT channel.
5.2.3. Filling the SWCNTs from liquid phase
This method is conducted via the filling of the SWCNT channels with solutions of substances in sol-

vents under ambient conditions or in supercritical CO2, or via the impregnation of nanotubes by melts
of substances with subsequent slow cooling for their crystallization inside the SWCNT cavities.
Because the synthesis parameters of liquid phase filling can be broadly varied, a long list of substances
can be introduced inside the SWCNTs using this method, and it makes this approach the most popular
filling method of nanotubes.

The synthesis parameters which are the most important during the filling of the SWCNTs with
solutions are the solubility of desired substance in the solvent, the surface tension coefficient of the
solution and its viscosity [56]. Because the surface tension coefficient of solvents is usually low enough
(less than 80 mN/m), the choice of an appropriate solvent allows filling the SWCNT channels with dif-
ferent substances. For some substances, it is the only feasible way of incorporation inside the nan-
otubes. Employing this method allowed encapsulating inside the SWCNT cavities linear molecules
C10H2 [274], fullerene C60 [14,241,275,276], nitrogen-containing endohedral fullerenes (N@C60 [241]
and Sc3N@C80, Ho3N@C80, Dy3N@C80, ErxSc3�xN@C80 [277–279]), exohedral fullerenes (complex com-
pounds of C60 with Re and Os carbonyls) [280–282] and functionalized fullerenes (Sc3N@C80 with
organic groups [277] and C60 with an organic complex compound of cadmium [283]), metallocenes
(ferrocene) [258,284], metal acetylacetonates (acetylacetonates of platinum (II) [266,270] and cobalt
(II) [285]) and other molecules (porphyrin complex compounds of zinc (II) and platinum (II) [286,287],
rhodamine [287], chlorophyll [287], b-carotene [288,289]) (Table 1). The filling of the SWCNT channels
with solutions of metal halogenides (FeCl3 [290,291], RuCl3 [6], PtCl4 [19]), metal nitrates (AgNO3

[19,22,46,293,294,296], Cu(NO3)2 [293,295], Bi(NO3)3 [20], UO2(NO3)2 [45]) and metal acetates
(UO2(CH3COO)2 [45]) with further chemical transformation of salts (see Section 5.2.5) allowed
synthesizing metallic nanoparticles inside the SWCNT channels. Furthermore, it was demonstrated
that this method can be used to fill the nanotubes with chromium oxide CrO3 [46,292].

Fig. 19a shows the HRTEM data of SWCNTs filled by the solution method. Fig. 19a1 presents the
micrograph and structural diagram of the individual nanotube filled with complex compound of C60

with osmium carbonyl [280]. It is clearly seen that the fullerene molecules are encapsulated inside
the SWCNT channel. A chain of five molecules is observed in the middle part of the nanotube, as
indicated by the white arrows. To the side of each C60 cage, dark contrast features are visible, which
correspond to metal atoms. The structural diagram shown to the right of the HRTEM image represents
the observed orientation of the molecules inside the SWCNT channel.

Fig. 19a2 demonstrates the micrograph and structural diagram of the SWCNTs filled with
endohedral fullerene Ho3N@C80 [277]. It is seen that the encapsulated molecules are densely packed
within the SWCNT, so that there is only minimal van der Waals distance of �0.3 nm between the
neighboring molecules. The endohedral cluster Ho3N is clearly visible inside the molecules, where
dark contrast elements correspond to the metal atoms. Authors of Ref. [277] noted that translational
motion of the fullerene molecules inside the nanotube is suppressed as a result of the close packing.
However, the orientations of the endohedral clusters can still vary, as clearly seen on the structural
diagram representing the HRTEM image.

Fig. 19a3 shows the micrograph of the SWCNTs filled with chromium oxide CrO3 [292]. A nanotube
bundle is seen, where the outer nanotube from the bundle periphery exhibits obvious filling (as
denoted by the arrow). Dark material is observed between the SWCNT walls, which corresponds to
CrO3. It is visible that the filling is segmented, and the encapsulated material has amorphous structure.
The filling degree of nanotubes was estimated to be 25–30% [292].

In general, the solution method is effective, however it has several disadvantages. Firstly, the filled
SWCNTs are contaminated with solvent molecules, which can be critical for their further investiga-
tions. Secondly, the filling degrees of SWCNT channels are usually not more than 30% [56], which is
relatively low, for example, as compared to the filling method from melts. Thirdly, the morphology
of encapsulated substances in the SWCNT channels is inhomogeneous.



Fig. 19. The HRTEM data of SWCNTs filled by the liquid phase method. (a) The nanotubes filled via the solution approach.
(1) Complex compound of C60 with osmium carbonyl inside the SWCNT. Left part: The image demonstrating an individual filled
SWCNT. The white arrows indicate five encapsulated molecules. Right part: The structural diagram representing the observed
orientation of the molecules inside the SWCNT channel. Black dots correspond to Os atoms. Reprinted with permission from
Chamberlain TW et al. Chem A: Eur J 2011;17:668. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [280].
(2) Endohedral fullerene Ho3N@C80 inside the SWCNT. Left part: The micrograph showing an individual filled nanotube. Right
part: The structural diagram representing the HRTEM image. Black dots correspond to Ho atoms. Adapted from Gimenez-Lopez
MD et al. Chem Commun 2011;47:2116 with permission of The Royal Society of Chemistry [277]. (3) A bundle of SWCNTs filled
with chromium oxide CrO3. The arrow denotes the filled part of a nanotube from the bundle periphery. Adapted from Mittal J
et al. Chem Phys Lett 2001;339:311. Copyright 2001, with permission from Elsevier [292]. (b) The nanotubes filled using
solutions in supercritical CO2 of (1) fullerene C60, (2) C61(COOC2H5)2 and (3) C61(COOH)2. Below the micrographs, schematic
structural models of the molecules are presented. Adapted from Britz DA et al. Chem Commun 2004:176 with permission of The
Royal Society of Chemistry [298]. (c) The nanotubes filled via the melt approach. (1) Elementary iodine inside the SWCNTs.
Upper part: High resolution atomic number-contrast scanning TEM image of a nanotube containing two strands of iodine.
Lower part: The maximum entropy processed image with the reduced noise. The white dots are guide for eyes to see two chains
of iodine atoms. Their periodicity is �12.5 nm. Reprinted figure with permission from Fan X et al. Phys Rev Lett 2000;84:4621.
Copyright 2000 by the American Physical Society [28]. (2) A bundle of SWCNTs filled with elementary tellurium. Reprinted from
Chernysheva MV et al. Physica E 2008;40:2283. Copyright 2008, with permission from Elsevier [303]. (3) The 1D crystal of tin
fluoride SnF2 inside an individual SWCNT. Reprinted from Zakalyukin RM et al. Carbon 2008;46:1574. Copyright 2008,
with permission from Elsevier [322]. (4) The 1D crystal of erbium chloride ErCl3 inside an individual SWCNT. Adapted from
Kitaura R et al. Nano Res 2008;1:152 [318].
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Using supercritical CO2 as a solvent in the solution filling process performed at high pressure
(�150 bar) and usually low temperature (�50 �C) allowed encapsulating inside the SWCNTs fullerene
C60 [297–299] and its exotic derivatives, such as azafullerene C59N [242], endohedral fullerene
Er3N@C80 [299], exohedral fullerene C60O [300] and functionalized fullerenes (C61(COOH)2,
C61(COOC2H5)2 [298,299] and C60 with alkyl chains [301]) (Table 1). The filling of the SWCNTs in
supercritical carbon dioxide is a promising approach, because this solvent possesses very low viscosity
and surface tension coefficient [56].

Fig. 19b demonstrates the HRTEM data of SWCNTs filled with C60, C61(COOC2H5)2 and C61(COOH)2
in supercritical CO2 and the schematic structural models of the molecules [298]. The micrograph of the
C60-filled nanotube (Fig. 19b1) represents the densely packed fullerene molecules inside the SWCNT
channel, which are observed as circled contrast elements. The filling degree of nanotubes was esti-
mated to be 30%. The image of the C61(COOC2H5)2-filled SWCNTs (Fig. 19b2) proves the encapsulation
of the molecules inside the nanotubes. Authors of Ref. [298] noted that the functionalized fullerene
molecules were more sensitive to the electron beam than C60 molecules. They became elongated
under HRTEM imaging conditions in a few seconds and then aggregated into polymeric chains, which
is seen in Fig. 19b2. The estimated filling degree of nanotubes was 60%. The increase in the filling
degree in comparison with C60 was attributed to the presence of the diethyl ester functional groups.
The micrograph in Fig. 19b3 shows the C61(COOH)2-filled SWCNTs. These molecule functionalized
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with polar groups has significantly larger size than C60 and C61(COOC2H5)2. As a result, the encapsu-
lation of C61(COOH)2 inside the SWCNTs is sterically prohibited, and the filling degree of nanotubes
was estimated to be less than 1% [298]. Authors of Ref. [298] noted that the C61(COOH)2 molecules
were very unstable under the electron beam and degraded rapidly forming polymeric structures,
which is observed in Fig. 19b3.

The method of filling the SWCNTs with melts of desired substances is as feasible as the solution
filling method described above, moreover, using this approach allows achieving high filling degrees
of the nanotube channels. The key parameters of the filling procedure are the melting temperature
of the substance, surface tension coefficient of the melt and its viscosity. The melting point of the sub-
stance to insert cannot be higher than 1000–1200 �C, because the nanotubes start to degrade at higher
temperatures. Also, it was shown that for the successful filling of SWCNTs with a substance the surface
tension coefficient of its melt should not exceed 180 mN/m [55,56,110,354].

These parameters limit the list of substances that can be introduced into the nanotubes using the
melt method. However, the use of this method allowed filling the SWCNT channels with a vast number
of different substances, including simple substances (iodine [28,31,302], sulfur, selene and tellurium
[303]), different metal halogenides (fluorides (SnF2 [322]), chlorides (MICl, where M = Na/Cs/Cu/Ag/Tl
[21,41,56,306–308], MIICl2, where M = Fe/Co/Ni/Mn/Pd/Zn/Cd [19,41,56,310,312–314,316,317,320],
MIIICl3, where M = Y/Au/La/Nd/Sm/Eu/Gd/Tb/Ho/Tm/Er/Yb, Al2Cl6 [19,39,41,56,304,315,317,318,320,321],
MIVCl4, where M = Zr/Hf/Pt/Th [19,24,33,41,42,320], MVCl5, where M = Mo [56], MVICl6, where
M =W [41,56], (KCl)x(UCl4)y [21,44]), bromides (MIBr, where M = Cs/Cu/Ag [21,41,306,307], MIIBr2,
where M = Fe/Co/Ni/Mn/Zn/Cd [310–314,316]), iodides (MII, where M = Li/Na/K/Rb/Cs/Cu/Ag
[24,27,32–35,37,40–42,44,305–307,319], MIII2, where M = Ca/Sr/Ba/Fe/Co/Zn/Cd/Pb [24,29,33,38,42,
43,310,314,316], MIIII3, where M = La, Al2I6 [30,309,320], MIVI4, where M = Sn [41,56]) and their
mixtures (AgCl0.2Br0.8 [21], AgCl1�xIx [26,41,44] and AgClxBryIz [21,24,27,56])), chalcogenides (HgTe
[324,327], SnSe [33], SnTe [36,323], GaSe [315,328], MnTe2 [325,326], Bi2Te3 [315], CdBr2�xTex [24]),
oxides (PbO [25], Sb2O3 [330,331], Cr2O3 [329]) and hydroxides (CsOH, KOH [45]) (Table 1). As for
the solution filling method, the encapsulation of metal salt melts inside the SWCNTs and their
subsequent chemical transformation allows filling the nanotube channels with metal nanoparticles,
which cannot be incorporated inside the SWCNT channels using a one-step approach, because of
their too high melting temperatures.

The filling process of nanotubes with melts usually requires a long period of time (several days),
which is necessary for heating of the substance to a temperature higher than its melting point by
several tens of degrees, exposure of the substance at this temperature and slow cooling down of
the system. The optimization of time and temperature of the filling procedure allows achieving high
filling degrees of the nanotube channels (up to 90%), and the optimization of cooling procedure of a
system enables synthesizing one-dimensional nanocrystals with well-ordered structures and
homogenous morphologies inside the SWCNT channels, which is difficult to achieve with the other
filling methods.

Fig. 19c shows the HRTEM data of SWCNTs filled by the melt method. Fig. 19c1 presents the atomic
number-contrast scanning TEM images of the iodine-filled nanotubes [28]. These dark field images,
which were taken from an individual SWCNT, directly reveal the distribution of iodine atoms inside
the nanotube channel due to large contrast between iodine and carbon. In the upper image two
strands of iodine are visible. The observed variations in projected atomic positions and intensities,
whichmake the image noisy, were explained by displacements of individual atoms during the imaging
process [28]. The lower part of Fig. 19c1 represents the maximum entropy processed image with the
reduced noise. Two chains of iodine atoms are observed, as indicated by the white dots. The projected
spacing between the chains modulates along the tube axis, and two constrictions are seen. This
testifies to a helical structure of the chains in three dimensions. The period of the modulation was
measured to be �12.5 nm [28]. Authors of Ref. [28] noted that different periodicities were observed
for different nanotubes. This was explained by the fact that the iodine chains adopted preferred
orientations with respect to the tube walls inside SWCNTs of different chiralities.

Fig. 19c2 demonstrates the HRTEM image of a bundle of tellurium-filled SWCNTs [303]. Dark
contrast elements are observed inside the nanotube channels, which corresponds to continuous filling
of SWCNTs. A certain periodicity is visible for the contrast elements, however the structure of 1D
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crystals is not perfect. Authors of Ref. [303] explained this observation by the disproportion of inner
diameter of SWCNT channel and Te ionic radius.

Fig. 19c3 shows the micrograph of an individual SWCNT filled with tin fluoride SnF2 [322]. The
ordered arrangement of contrast elements is clearly seen inside the nanotube channel. They
correspond to structure fragments of the encapsulated compound. This proves the formation of the
1D SnF2 nanocrystal with well-ordered structure within the SWCNT walls. The X-ray diffraction
analysis also showed the existence of the SnF2 crystalline phase in the sample [322].

Fig. 19c4 presents the HRTEM image of the ErCl3-filled nanotube [318]. Two columns of dark
ellipsoidal contrast elements aligned in a regular fashion are clearly visible inside the SWCNT channel.
This regular array indicates the formation of 1D ErCl3 crystal. The chemical composition of the filler
was confirmed by the energy-dispersive X-ray analysis. The filling degree of nanotubes estimated
from the HRTEM data was more than 90% [318].
5.2.4. Filling the SWCNTs using plasma
The SWCNTs can be filled via their exposure to ions generated in plasma. This method was

successfully applied for the filling of nanotubes with metallic cesium [332–334], iodine [334],
fullerene C60 [334,335] and simultaneous encapsulation of several substances [334]. The high filling
degrees of nanotube channels (50% for fullerene C60) were achieved in a process that was carried
out for short period of time (1 h). It should be noted that this filling method does not require
preliminary opening of the SWCNT ends, because accelerated ions possessing kinetic energy of about
150 eV (for Cs+) can penetrate into the SWCNT channels through their walls [56]. Fig. 20 shows the
typical HRTEM images of the SWCNTs filled with atoms and molecules using plasma [334]. Fig. 20a
demonstrates the micrograph of fullerene C60-filled SWCNTs, where molecules are clearly seen inside
the nanotube channel. The encapsulated cesium and iodine atoms were found to form chainlike
structures inside the SWCNTs, as shown in Fig. 20b, d and c, e, respectively. The micrographs of
the SWCNTs filled simultaneously with two different substances – C60 molecules and Cs atoms are
presented in Fig. 20f and g. They demonstrate that one-dimensional rowlike structures of cesium
atoms and clearly aligned fullerene C60 molecules are contiguously encapsulated inside the SWCNT
channel. The junction area of Cs atoms and C60 molecules is emphasized in the inset in Fig. 20f.
5.2.5. Chemical reactions inside the SWCNT channels
If a substance cannot be incorporated into the SWCNTs in a one-step approach, the filling can be per-

formed via chemical reactions inside SWCNT channels. This filling method is very promising for the
encapsulation of metals and other high-melting substances inside the SWCNTs. At first the nanotubes
are filled with precursors for the desired substances by one of the aforementioned approaches. And
after that their chemical modification is performed, which can be realized in several ways.

The first of these ways is the thermal decomposition of inserted compounds. It was shown that
annealing the nanotubes filled with silver nitrate by the solution method at temperatures of
300–350 �C allows synthesizing silver nanoparticles inside the SWCNTs [19,22,46,293,294,296,315].
The other example is the synthesis of W, Re and Os clusters inside the nanotube channels via the ther-
mal decomposition of metal carbonyls introduced into the SWCNTs by the gas phase filling method
[336,337] (Table 1). Fig. 21a demonstrates the micrograph of the Os cluster-filled nanotubes [336].
The metal nanoparticles with a spheroidal shape are observed inside the SWCNT channels. Their aver-
age diameter is�1 nm, and the size and shape distribution is relatively monodispersed. On the basis of
the HRTEM data authors of Ref. [336] concluded that 85–95% of SWCNTs are filled with the metallic
nanoparticles, which are crystalline structures exhibiting clear faceting and staking of atomic planes
and hetero-epitaxial relations to the nanotube walls. The host SWCNTs act as both a template and
stabilizer for the nanoparticles, controlling their size and morphology.

The chemical modification of a precursor can also be conducted by its photolytic decomposition.
This approach was demonstrated in Ref. [21]. The authors firstly filled the SWCNTs with silver chloride
by the melt method and then decomposed it for the formation of metallic silver. Fig. 21b shows
the micrograph of the obtained silver-filled SWCNTs. The observed individual large diameter nanotube
(dt = 3.8 nm, which corresponds, for instance, to a (28,28) SWCNT) is completely filled with 17 layers



Fig. 20. The HRTEM data of SWCNTs filled using plasma with C60 fullerene molecules (a), chains of cesium atoms (b and d),
iodine atoms (c and e), C60 molecules and Cs atoms simultaneously (f and g). The yellow arrows in (c and e) denote the
encapsulated iodine atoms. The light blue and pink arrows and dots in (f and g) are guide for eyes to see the incorporated C60

molecules and Cs atoms, respectively. The inset in (f) emphasizes the junction area of C60 molecules and Cs atoms. Reprinted
with permission from Kato T et al. Appl Phys Lett 2009;95:083109. Copyright 2009, AIP Publishing LLC [334].
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of silver metal. The d-spacing of the filler was measured to be 2.04 ± 0.05 Å, as denoted on the
micrograph, which corresponds to the (200) d-spacing of silver metal [21].

The most often used method of the chemical transformation of incorporated precursors is their
heating in a reducing atmosphere. The precursors can be encapsulated into the SWCNT channels by
the gas phase or liquid phase filling methods (from solution or melt). The chemical nature of precur-
sors may be different. It was shown that the formation of metallic nanoparticles inside the SWCNT
channels can be achieved via the heating in a hydrogen flow of nanotubes filled with metal nitrates
(Bi(NO3)3 [20], Cu(NO3)2 [293,295]), metal chlorides (FeCl3 [290,291], RuCl3 [6], PdCl2 [19], HAuCl4
[19], H2PtCl6 [19]), metal oxides (RexOy [18]) and organometallic compounds (Co(C5H7O2)2 [285])
(Table 1). Fig. 21c demonstrates the micrograph of the Ru-filled SWCNTs obtained from the RuCl3 pre-
cursor [6]. An elongated Ru crystallite is observed inside the channel of one nanotube at the edge of a
bundle of SWCNTs. The metal crystallite exhibits a preferred orientation with its d(101) lattice fringe
aligning parallel to the SWCNT axis [6]. Fig. 21d shows the HRTEM image of the Au-filled SWCNTs
obtained from the HAuCl4 precursor [19]. The gold nanowires are observed inside the SWCNTs. They
are single crystalline. The image reveals the resolved lattice of gold with a spacing of �0.23 nm,
corresponding to the (111) planes [19]. Fig. 21e demonstrates the micrograph of the Re-filled SWCNTs
obtained from the rhenium oxide precursor [18]. The observed individual nanotube is filled with a
long metallic nanowire that is composed of various agglomerated crystallites with different lattice
orientations, as shown on the image by the white lines. The abrupt changes in crystallite orientations



Fig. 21. The HRTEM data of SWCNTs filled via chemical reactions inside their channels with osmium nanoparticles (a) (adapted
from Chamberlain TW et al. Chem Sci 2012;3:1919 with permission of The Royal Society of Chemistry [336]), silver crystallite
(b) (adapted from Sloan J et al. Chem Commun 1999:699 with permission of The Royal Society of Chemistry [21]), ruthenium
crystallite (c) (adapted from Sloan J et al. Chem Commun 1998:347 with permission of The Royal Society of Chemistry [6]), gold
nanowires (d) (adapted with permission from Govindaraj A et al. ChemMater 2000;12:202. Copyright 2000 American Chemical
Society [19]), rhenium nanowire (e) (adapted with permission from Costa PMFJ et al. Chem Mater 2005;17:6579. Copyright
2005 American Chemical Society [18]), cadmium sulfide (f) and lead telluride (g) 1D crystals (adapted with permission from
Eliseev AA et al. Chem Mater 2009;21:5001. Copyright 2009 American Chemical Society [338]). In (b) the measured (200) d-
spacing of the silver crystallite is indicated. In (e) the white lines denote different lattice orientations of various agglomerated
crystallites forming the rhenium nanowire.
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are accompanied by localized distortions of the nanotube walls. The lattice spacings for the
encapsulated crystallites were well defined and in agreement with those of rhenium metal [18].

It was demonstrated in Ref. [338] that the substitution reaction can be carried out inside the
SWCNT channels. On the first step of the synthesis, the SWCNTs were filled with low-melting
cadmium, zinc or lead iodides. After that, the obtained nanostructures were filled with melts of sulfur
or tellurium. It led to the substitution of iodine atoms to chalcogene atoms. Finally, the nanotubes
filled with one-dimensional nanocrystals of high-melting CdS, ZnTe and PbTe were obtained, which
could not be encapsulated into the SWCNTs via a one-step filling method because of their too high
melting temperatures [338]. Fig. 21f shows the micrograph of a bundle of the CdS-filled SWCNTs.
The periodically placed contrast elements are clearly visible inside the SWCNT channels, which corre-
spond to the continuous one-dimensional CdS crystals. The HRTEM image of an individual nanotube
filled with PbTe is presented in Fig. 21g. It demonstrates rows of contrast elements periodically
located within the SWCNT channel. This confirms a perfect structure of the encapsulated one-
dimensional crystal. Authors of Ref. [338] noted that local energy dispersive X-ray analysis proved
the chemical compositions of the desired compounds inside the nanotubes.

The special group of chemical reactions carrying out inside the SWCNT channels is reactions yield-
ing DWCNTs (i.e., with inner tube growth inside the outer SWCNTs). It was firstly demonstrated in
2001 that the DWCNTs can be formed by the transformation of carbon-rich precursor molecules inside
the SWCNTs [339]. There it was shown that the annealing at 1000 �C of C60 peapods, synthesized by
the gas phase method, leads to the growth of inner tubes in a high yield. Later on, other authors
reported on the synthesis and investigation of the growth process and structure of DWCNTs formed
from SWCNTs filled with C60 [340–348] and C70 [341,342] fullerene molecules. The interest to these
nanostructures was caused by the fact that the growth of inner tubes took place in a highly shielded
environment and without any additional catalyst [340,345], which is very special as compared to
traditional methods of the DWCNT synthesis. It opened the way to the detailed investigation of
nanotube formation in a clean room of about 1.4 nm width [345]. Besides, filling SWCNTs with
isotope-labeled fullerene molecules provided the possibility to produce DWCNTs with 13C enriched
inner and natural 12C outer tubes [341].



Fig. 22. The HRTEM images of DWCNTs grown from the filled SWCNTs. Fullerene C60-filled SWCNTs transformed to DWCNTs by
annealing at 1250 �C for 5 min (a) and 25 min (b). The white arrows indicate the fullerene molecules that are in the process of
coalescence. The black arrows denote the formed DWCNTs. Adapted with permission from Pfeiffer R et al. Nano Lett
2007;7:2428. Copyright 2007 American Chemical Society [345]. Ce-containing DWCNTs obtained by annealing of cerocene-
filled SWCNTs at 1000 �C (c and d). The scale bar is 1 nm. In (d) the black arrows show the grown inner tube and the
encapsulated cerium. Reprinted figure with permission from Shiozawa H et al. Phys Rev Lett 2009;102:046804. Copyright 2009
by the American Physical Society [51]. Pt-containing DWCNTs obtained as result of ex situ annealing of Pt acetylacetonate-filled
SWCNTs at 700 �C (e) and in situ annealing at temperatures up to 760 �C (f). Reprinted with permission from Shiozawa H et al.
Adv Mater 2010;22:3685. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [266].
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The HRTEM images in Fig. 22a and b illustrate the process of the DWCNT growth from fullerene
C60-filled SWCNTs after annealing at 1250 �C for 5 min and 25 min, respectively [345]. After 5 min,
there are still a considerable number of pristine fullerene C60 molecules inside the SWCNT channel.
However, coalescence has already started to a certain degree, as denoted by the white arrow
(Fig. 22a). After 25 min, the DWCNTs dominate clearly in the sample, as indicated by the black arrows.
Also, there are still some fullerenes left that are in the process of clustering together, as shown by the
white arrow (Fig. 22b).

It was demonstrated that the DWCNTs can be also formed using fullerene derivatives as precursors.
In Refs. [49,250,256], endohedral fullerene Gd@C82 was chosen as a precursor. The molecules were
incorporated into the SWCNT channels using the gas phase filling method. After that, the high-
vacuum high-temperature heat treatment at 1300–1400 �C of the filled nanotubes was performed,
which led to the formation of DWCNTs encapsulating Gd nanowires.

It was shown that the DWCNTs can be formed via the chemical transformation of metallocenes
inserted into the SWCNT channels. In 2007, the DWCNTs were firstly formed as result of the thermal
treatment of SWCNTs filled with ferrocene molecules by the gas phase approach [264]. Later on, other
authors reported on the synthesis and investigation of similar samples [50,257–261,265–268,284]. It
was demonstrated that metallocene molecules were decomposed upon annealing, and they acted as
catalyst source and provided carbon atoms for the inner tube growth at the same time. The annealing
of ferrocene-filled SWCNTs led to the formation of iron carbide-filled DWCNTs at temperatures as low
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as 600 �C. The possibility of the DWCNT formation was also reported for the nanotubes filled with
cerocene by the gas phase method [51,269]. Fig. 22c and d demonstrates the HRTEM images of
individual Ce-containing DWCNTs obtained by annealing of cerocene-filled SWCNTs at 1000 �C [51].
The indulating lines clearly seen in between the outer tube walls correspond to the grown inner
nanotubes. The observed dark dots are from the encapsulated cerium.

The growth of inner tubes was also observed during the thermal treatment of SWCNTs filled with
platinum acetylacetonate [266,270]. This chemical compound was introduced into the SWCNT chan-
nels using the methods from solution [266,270] or gas phase [270]. The annealing of filled nanotubes
at temperatures higher than 700 �C led to the formation of platinum-containing DWCNTs. As in the
case of metallocenes, platinum acetylacetonate acted as the source of catalyst and carbon for the
growth of inner nanotubes. Fig. 22e demonstrates the HRTEM micrographs of Pt-containing DWCNTs
obtained as result of ex situ annealing of Pt acetylacetonate-filled SWCNTs at 700 �C [266]. An inner
nanotube is observed inside an outer SWCNT. The open end of the inner tube is connected to a
nanocrystal inside the SWCNT. The interplanar distances of this nanocrystal agree with those of a
platinum crystal. These data testify that the platinum nanocrystal nucleates and grows the inner nan-
otube. Fig. 22f shows the micrograph of Pt-containing DWCNTs obtained as result of in situ annealing
of Pt acetylacetonate-filled SWCNTs at temperatures up to 760 �C [266]. As follows from the data, the
inner tube wall remains terminated at the platinum nanocrystal even at the high growth temperature.
The growth stops when there is no more carbon source, but the inner tube end remains on the Pt
surface [266].

It was found that the DWCNTs can also be grown from precursors that contain neither catalytic
nanoparticles nor preformed cap structures. The carbon atoms of toluene were shown in
isotope-substitution experiments to enter the inner nanotube walls if the toluene was filled into
the SWCNTs simultaneously with fullerene C60 molecules [349]. Also, the transformation to DWCNTs
was observed for anthracene [350].
6. Modification of SWCNT electronic properties by filling the channels

The filling of the SWCNT channels may lead to a charge transfer and the formation of chemical
bonds between the encapsulated substances and the nanotube walls [53,355]. If the charge transfer
takes place without chemical bonding, the modification of the nanotube electronic structure can be
considered in the rigid band model as a simple shift of the SWCNT Fermi level. In general, there are
three possible types of the modification of the SWCNT electronic properties that can happen as a result
of filling their channels: (1) acceptor doping accompanied by the charge transfer from the nanotube
walls to incorporated substances and lowering the SWCNT Fermi level, (2) donor doping accompanied
by the charge transfer from the encapsulated substances to the SWCNTs and rising the nanotube Fermi
level and (3) no doping of nanotubes.

The type of modification of the SWCNT electronic properties depends on the chemical and physical
properties of the encapsulated substance. The different molecules (fullerenes, endohedral fullerenes,
organic and organometallic molecules), simple substances (metals and nonmetals), chemical com-
pounds (metal halogenides and chalcogenides, oxides) possess acceptor and donor properties. These
substances can be inserted into the nanotube channels using the gas phase and liquid phase (solution
and melt) filling methods, using plasma or via chemical reactions. In general, the filling method
depends on the type of substance; that is why the methods of encapsulating potential acceptors
and donors of electrons inside the SWCNTs differ.

There are reports dedicated to the experimental and theoretical investigations of the above listed
types of modification of the electronic properties of filled SWCNTs. Experimental approaches allowed
studying the modified electronic structure of SWCNTs on a qualitative level (i.e., identification of the
charge transfer and its direction) and also quantitative level (i.e., measuring the work function, deter-
mination of the Fermi level position and its shift relative to the initial position). These investigations
were performed using the state-of-the-art spectroscopic techniques, such as Raman spectroscopy,
X-ray photoelectron spectroscopy, X-ray emission spectroscopy, optical absorption spectroscopy,
X-ray absorption spectroscopy, ultraviolet photoelectron spectroscopy and photoluminescence
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spectroscopy. The characteristic modification of spectra of filled nanotubes as compared to the ones of
pristine SWCNTs testified to the corresponding changes in the electronic properties of SWCNTs. The-
oretical investigations of the electronic properties of filled nanotubes were carried out using quantum-
chemical modeling methods.

6.1. Acceptor doping

6.1.1. Typical acceptors of electrons and methods of their encapsulation
According to the reports on the experimental and theoretical studies of the electronic properties of

filled SWCNTs, the following substances have an acceptor doping effect on the SWCNTs: different
molecules – organic molecules (tetracyano-p-quinodimethane (TCNQ) and tetrafluorocyano-
p-quinodimethane (F4TCNQ) [48,356]), fullerenes (C60 [240,357–363], C70, C78, C82 [360–362]),
endohedral fullerenes (Gd@C82 [49,256], La@C82, K@C60, Ca@C60, Y@C60 [358,360]), simple
substances – nonmetals (S, Se, Te [303]), chemical compounds – metal oxides (CrO3 [46]), metal
halogenides (SnF2 [322], AgCl, AgBr, AgI [306], FeCl2, FeBr2, FeI2 [310], CoBr2 [311], NiCl2, NiBr2 [312],
MnCl2, MnBr2 [313], ZnCl2, ZnBr2, ZnI2 [314], TbCl3, ZnCl2, CdCl2 [317], TmCl3 [315], ErCl3 [304], CuCl,
CuBr, CuI [307], CuI [305,319], CdCl2, CdBr2, CdI2 [316], KI [364]) and metal chalcogenides (GaSe
[315,328]).

To incorporate acceptors of electrons into the SWCNT channels, different methods were used. The
encapsulation of fullerene C60 [240,357], organic molecules (TCNQ and F4TCNQ [48]) and endohedral
fullerene Gd@C82 [49,256] was performed by the gas phase approach. This method is a convenient way
of the synthesis of samples for further spectroscopic investigations, because it allows achieving the
high filling degrees of the nanotube channels and obtaining clean samples. The effectiveness of this
method was demonstrated earlier by the incorporation of different molecules inside the SWCNTs
(see Section 5.2.2). That is possibly why the gas phase method was chosen to fill the SWCNTs with full-
erene and organic molecules for the investigation of their modified electronic properties. However, it
should be noted that this method is not the only approach that allows incorporating such electron
acceptors as fullerenes and their derivatives into the SWCNT channels. It was shown that fullerenes
can be encapsulated into the nanotubes by the in situ method during arc-discharge [12,14,234] and
laser ablation [5,13,14,235] synthesis of SWCNTs. Furthermore, fullerene C60 can be introduced into
the SWCNT hollow core by the liquid phase method using its solution in organic solvent
[14,241,275,276] or supercritical CO2 [297–299] and by the plasma filling method [335].

The most widely employed approach for the encapsulation of electron acceptors inside the
SWCNTs is the liquid phase method using melts, whose effectiveness was proven previously by filling
the nanotubes with different simple substances and chemical compounds (see Section 5.2.3). There
are reports dedicated to the investigation of the electronic properties of the SWCNTs filled by this
method with chalcogenes (S, Se, Te [303]), metal halogenides (SnF2 [322], AgCl, AgBr, AgI [306], FeCl2,
FeBr2, FeI2 [310], CoBr2 [311], NiCl2, NiBr2 [312], MnCl2, MnBr2 [313], ZnCl2, ZnBr2, ZnI2 [314], TbCl3,
ZnCl2, CdCl2 [317], TmCl3 [315], ErCl3 [304], CuCl, CuBr, CuI [307], CuI [305,319], CdCl2, CdBr2, CdI2
[316]) and metal chalcogenides (GaSe [315,328]). The homogenous filling of nanotube channels with
large filling degrees allowed precisely studying the modified electronic properties of the SWCNTs. It is
worth noticing that there are also examples for the introduction of some of the above listed electron
acceptors into the SWCNTs by other filling methods. The possibility of the gas phase encapsulation of
elemental selene inside the nanotubes was demonstrated in Ref. [17]. Also, iron chloride was intro-
duced into the SWCNTs by the solution method in Refs. [290,291]. The encapsulation of chromium
oxide CrO3 carried out in Ref. [46] was also performed via the solution method. The choice of the
solution filling method instead of the melt method was caused by the high melting temperature of
chromium oxide.

Fig. 23 shows the HRTEM data of SWCNTs filled with electron acceptors. Fig. 23a presents the cross-
sectional image of a bundle of SWCNTs filled with endohedral fullerene Gd@C82 molecules [250].
Inside the nanotube channels, which are seen as dark circles, circle contrast elements of the incorpo-
rated molecules are clearly visible.

Fig. 23b demonstrates the HRTEM image of the SWCNTs filled with elemental tellurium [303]. A
bundle of nanotubes is observed. Their channels are evidently filled, because dark material is seen



Fig. 23. The HRTEM data of SWCNTs filled with electron acceptors. (a) The cross-sectional image of a bundle of SWCNTs filled
with endohedral fullerene Gd@C82 molecules. Adapted with permission from Kitaura R et al. Nano Lett 2008;8:693. Copyright
2008 American Chemical Society [250]. (b) A bundle of SWCNTs filled with elemental tellurium. Adapted from Chernysheva MV
et al. Physica E 2008;40:2283. Copyright 2008, with permission from Elsevier [303]. Individual SWCNTs filled with 1D crystals
of silver bromide (c) (adapted from Eliseev AA et al. Carbon 2010;48:2708. Copyright 2010, with permission from Elsevier [306])
and copper bromide (d) (adapted from Eliseev AA et al. Carbon 2012;50:4021. Copyright 2012, with permission from Elsevier
[307]). The SWCNTs from the bundle periphery filled with 1D crystals of thulium chloride (e) (reprinted from Kharlamova MV
et al. Appl Phys A 2013;112:297. Copyright 2013 Springer-Verlag Berlin Heidelberg, with kind permission from Springer Science
and Business Media [315]), terbium chloride (f) (reprinted from Kharlamova MV. Appl Phys A 2013;111:725. Copyright 2013
Springer-Verlag Berlin Heidelberg, with kind permission from Springer Science and Business Media [317]), zinc iodide (g) (the
data are from Ref. [314]) and gallium selenide (h) (reprinted from Kharlamova MV et al. Appl Phys A 2013;112:297. Copyright
2013 Springer-Verlag Berlin Heidelberg, with kind permission from Springer Science and Business Media [315]). The arrows
indicate the encapsulated materials. In (h) the nanotube walls are also marked by the dashed vertical lines, and the SWCNT
diameter is shown by the horizontal arrows.
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between the SWCNT walls, as denoted by the arrow. It is visible that the encapsulated Te does not
form 1D crystals with well-ordered structure inside SWCNTs.

Fig. 23c shows the micrograph of an individual SWCNT filled with silver bromide [306]. It confirms
the continuous encapsulation of AgBr into the nanotube channel (as indicated by the arrow) and
absence of salt particles on the SWCNT external surface. The observed dark contrast elements are peri-
odically placed within the nanotube channel, which testifies to the formation of the well-ordered 1D
crystal. The visible pattern originates from the bromine atom arrangement. The reconstruction of the
1D crystal structure showed that the large bromide anions form a two-layered hexagonal closely-
packed array, and silver cations are located in tetrahedral sites [306]. From an analysis of the HRTEM
data for this sample, the filling degree of SWCNTs with AgBr and its crystallization factor were esti-
mated to be �60% [306].

Fig. 23d demonstrates the micrograph of an individual copper bromide-filled nanotube [307]. The
ordered arrangement of contrast elements (denoted by the arrow) inside the channel confirms the
growth of fine 1D CuBr crystal. Its modeled structure was represented as a column of hexagonal



Table 2
Typical acceptors of electrons, methods of their encapsulation inside the SWCNT channels and methods of investigation of the electronic properties of the obtained nanostructures.

Type of substance Substance Method of encapsulation Methods of investigation of electronic propertiesc Reference

Molecule Organic molecule TCNQa, F4TCNQb Gas phase OAS, RS [48]
– QM [356]

Fullerene C60 Gas phase XAS [357]
UPS [240]

– QM [358–363]
C70, C78, C82 – QM [360–362]

Endohedral fullerene Gd@C82 Gas phase XPS, UPS, XAS [49,256]
La@C82, K@C60, Ca@C60, Y@C60 – QM [358,360]

Simple substance Nonmetal S, Se, Te Liquid phase (melt) RS [303]

Chemical compound Metal oxide CrO3 Liquid phase (solution) RS [46]
– QM [365]

Metal halogenide SnF2 Liquid phase (melt) RS [322]
AgCl, AgBr, AgI OAS, RS, RS + EC charging, XAS, XPS [306]
FeCl2, FeBr2, FeI2 OAS, RS, XAS, XPS [310]
CoBr2 OAS, RS, XPS [311]
NiCl2, NiBr2 OAS, RS, XAS, XPS [312]
MnCl2, MnBr2 OAS, RS, XPS [313]
ZnCl2, ZnBr2, ZnI2 OAS, RS, XAS, XPS, WF, UPS [314]
TbCl3, ZnCl2, CdCl2 OAS, RS, XPS [317]
TmCl3 RS, XPS [315]
ErCl3 XPS, UPS, XAS [304]
CuCl, CuBr, CuI XAS, XES, OAS, RS, RS + EC charging, XPS, WF, UPS [307]
CuI RS [305,319]
CdCl2, CdBr2, CdI2 OAS, RS, XAS, XPS [316]
KI – QM [364]

Metal chalcogenide GaSe Liquid phase (melt) OAS, RS, XAS, XPS [315,328]

a TCNQ = tetracyano-p-quinodimethane.
b F4TCNQ = tetrafluorocyano-p-quinodimethane.
c OAS = optical absorption spectroscopy, RS (+EC charging) = Raman spectroscopy (with electrochemical charging), QM = quantum-chemical modeling, XAS = X-ray absorption spec-

troscopy, UPS = ultraviolet photoelectron spectroscopy, XPS = X-ray photoelectron spectroscopy, WF = work function measurements, XES = X-ray emission spectroscopy.
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Fig. 24. (a) The optical absorption spectra of the pristine SWCNTs and ZnCl2@SWCNT, CdCl2@SWCNT and TbCl3@SWCNT
nanostructures. The peaks corresponding to the first and the second vHs of semiconducting SWCNTs and the first vHs of
metallic SWCNTs are denoted by symbols ES

11, ES
22 and EM

11, respectively. Reprinted from Kharlamova MV. Appl Phys A
2013;111:725. Copyright 2013 Springer-Verlag Berlin Heidelberg, with kind permission from Springer Science and Business
Media [317]. (b) The RBM- and G-bands of the Raman spectra of the pristine SWCNTs and NiX2@SWCNT samples measured at a
laser excitation energy of 1.58 eV. The numbers denote the positions of the peaks. Reprinted with permission from Kharlamova
MV et al. Phys Status Solidi B 2012;249:2328. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [312].
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closely-packed (Br)3n triangles with the copper cations located either in tetrahedral or octahedral posi-
tions [307]. The estimated filling degree of SWCNTs with CuBr and its crystallization factor amounted
to 60% and 50%, respectively [307].

The HRTEM images of the SWCNTs filled with thulium chloride (Fig. 23e) [315], terbium chloride
(Fig. 23f) [317], zinc iodide (Fig. 23g) [314] and gallium selenide (Fig. 23h) [315] show the SWCNTs
from the bundle periphery. In all cases, contrast elements are seen inside the nanotube channels, as
marked by the arrows, which proves the incorporation of the compounds inside the SWCNTs. Their
ordered patterns testify to the formation of 1D crystals. No nanoparticles are visible on the external
surface of SWCNTs. On the basis of the HRTEM data, the filling degree of nanotubes was estimated
to be 70–80% for TmCl3 [315], 50–60% for TbCl3 [317] and 60% for ZnI2 [314] and GaSe [315]. The local
energy dispersive X-ray analysis confirmed the stoichiometry of the embedded compounds.

Table 2 summarizes typical acceptors of electrons, methods of their encapsulation inside the
nanotube channels and methods of investigation of the electronic properties of the obtained
nanostructures.
6.1.2. Characterization of electronic properties of SWCNTs filled with electron acceptors
6.1.2.1. Experimental methods. The identification of the charge transfer and its direction in the
nanotubes filled with electron acceptors was performed using optical absorption spectroscopy and
Raman spectroscopy. The determination of the Fermi level and its shift as compared to the initial
position was performed using Raman spectroscopy under electrochemical charging, X-ray photoelec-
tron spectroscopy, ultraviolet photoelectron spectroscopy and work function measurements. The
chemical bonding between the incorporated substances and the SWCNT walls was investigated using
X-ray absorption spectroscopy.

Optical absorption spectroscopy (OAS) gives information about the presence of charge transfer in
the filled nanotubes. Using this method it is impossible to determine the direction of charge transfer
and to conclude which type of doping of SWCNTs takes place. However, optical absorption spec-
troscopy is a very useful approach for investigating the modification of the electronic properties of
filled nanotubes. Fig. 24a shows the OAS spectra of the pristine nanotubes with a mean diameter of
1.4 nm and the SWCNTs filled with terbium, zinc and cadmium chlorides [317]. The spectrum
of unfilled nanotubes has several characteristic peaks at energies in the range from 0.5 to 3 eV
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corresponding to electronic transitions between van Hove singularities (vHs) of semiconducting and
metallic nanotubes. According to the Kataura plot, for SWCNTs with a diameter of 1.4–1.6 nm the peak
at the energy in the range from 0.6 to 0.8 eV can be assigned to the electronic transitions ES

11 between
the first vHs of semiconducting nanotubes. The peak at the energy of 1.0–1.4 eV corresponds to the
electronic transitions ES

22 between the second vHs of semiconducting nanotubes. The peak at the

energy in the range of 1.7–2.0 eV belongs to the electronic transitions EM
11 between the first vHs of

metallic nanotubes. The peak at the energy of 2.3–2.5 eV corresponds to the electronic transitions
ES
33 between the third vHs of semiconducting nanotubes [75].
In the spectra of nanotubes filled with terbium, zinc and cadmium chlorides (Fig. 24a) the peak cor-

responding to the electron transitions between the first vHs of semiconducting nanotubes disappears,
which testifies to the presence of the charge transfer in these nanostructures. It may occur from or to
the nanotube walls. In the first case, the Fermi level of SWCNTs downshifts and the first vHs of the
valence band of semiconducting nanotubes are emptied. The second case corresponds to an upshift
of the SWCNT Fermi level accompanied by the filling of the first vHs of the conduction band of semi-
conducting nanotubes. The disappearance of the ES

11 peak was also observed in the spectra of nan-
otubes filled with halogenides of iron [310], cobalt [311], nickel [312], manganese [313], zinc [314],
silver [306], cadmium [316] and copper [307]. Also, the OAS spectra of the SWCNTs filled with organic
molecules [48] were investigated (Table 2). These spectra demonstrated the decrease of intensity of
the ES

11 peak, which was explained by the presence of moderate charge transfer in the filled nanotubes.
Measuring the Raman spectra of filled SWCNTs at different laser wavelengths enables the

resonance excitation of nanotubes of different diameters and conductivity type. It makes Raman
spectroscopy a versatile tool to study the modified electronic properties of filled SWCNTs.

A Raman spectrum of SWCNTs consists of three main features [366]: a radial breathing mode
(RBM) at frequencies typically below 200 cm�1, which is assigned to synchronous radial vibrations
of carbon atoms (A1g symmetry), a D-line between 1300 and 1350 cm�1, which is optically forbidden,
but is enabled at defect sites, and a G-band at frequencies of 1500–1600 cm�1, which corresponds to
C–C bond vibrations (A, E1, E2 symmetries [367]). The G-line is split into two most intense components
[368]: the G�-mode at low frequencies (about 1540 cm�1) and the G+-mode at high frequencies (about
1590 cm�1). Both belong to longitudinal optical (LO) phonon (LO corresponds to the axial displace-
ment of the atoms) in metallic (G�) and semiconducting (G+) SWCNTs [369]. The G+ shows a shoulder
on the low frequency side, it stems from the transversal optical (TO) phonon (TO corresponds to the
circumferential displacement of the atoms) in semiconducting SWCNTs [369]. The shapes of the
G-band of semiconducting and metallic SWCNTs are drastically different. The G-band of semiconduct-
ing nanotubes is a narrow symmetric peak with a Lorentzian shape. The G-band of metallic nanotubes
has the broad asymmetric profile of a BWF function [366,370].

Fig. 24b shows the RBM- and G-bands of Raman spectra of pristine nanotubes and the SWCNTs
filled with nickel halogenides, which were acquired at a laser energy of 1.58 eV [312]. The spectra
of the filled nanotubes demonstrate the modification of peaks in the RBM-band, including the change
of their shapes and shifts, which may be assigned to changes in the resonance excitation conditions of
the SWCNTs as a result of filling their channels. Also, the spectra of the filled SWCNTs demonstrate the
shift of the G-band peaks as well as a modification of their shapes. The same effects were observed in
the Raman spectra of nanotubes filled with CrO3 [46], CuCl, CuBr, CuI [305,307,319], S, Se, Te [303],
SnF2 [322], organic molecules [48], FeCl2, FeBr2, FeI2 [310], CoBr2 [311], NiCl2, NiBr2 [312], MnCl2,
MnBr2 [313], ZnCl2, ZnBr2, ZnI2 [314,317], TbCl3 [317], TmCl3 [315], AgCl, AgBr, AgI [306], CdCl2, CdBr2,
CdI2 [316,317] and GaSe [315,328]. In the earliest reports [46,48,303,305,319,322], it was discussed
that the shift of the G-band peaks toward higher frequencies corresponded to the charge transfer from
the nanotubes to the incorporated substances and the shift of the G-band peaks toward lower
frequencies testified to the charge transfer from the encapsulated substances to the SWCNT walls.
On the basis of this hypothesis, it was concluded that CrO3 [46], S, Se, Te [303], CuI [305,319], SnF2
[322] and organic molecules TCNQ and F4TCNQ [48] were electron acceptors. However, ambipolar
electrochemical charging of SWCNTs showed that applying the positive potentials to the nanotubes,
which is analogous to donor doping, may also lead to hardening of the G-band [371]. That is why



Fig. 25. The C 1s X-ray photoelectron spectra of (a) the pristine SWCNTs and (b) CdCl2@SWCNT sample separated into the
components of the mixture of metallic and semiconducting nanotubes. The component I corresponds to the unfilled SWCNTs,
II – the filled SWCNTs, III – local interactions between the SWCNTs and encapsulated salt. Reprinted from Kharlamova MV et al. J
Mater Sci 2013;48:8412. Copyright 2013 Springer Science + Business Media New York, with kind permission from Springer
Science and Business Media [316]. The C 1s X-ray photoelectron spectra of (c) the pristine SWCNTs and (d) CuI@SWCNT
nanocomposite separated into the individual components for metallic and semiconducting nanotubes. The components I and II
correspond to the unfilled metallic and semiconducting nanotubes, respectively, the components IV and V – the filled
semiconducting and metallic SWCNTs, accordingly. The component III corresponds to local interactions between the SWCNTs
and the encapsulated salt. Reprinted from Eliseev AA et al. Carbon 2012;50:4021. Copyright 2012, with permission from
Elsevier [307].
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the conclusions about the direction of charge transfer in later reports [306,307,310–317,328] were no
longer exclusively drawn from Raman spectroscopy (Table 2).

The charge transfer from the nanotube walls to the incorporated substances and shift of the SWCNT
Fermi level was determined as a result of analysis of the C 1s X-ray photoelectron spectra of nanotubes
filled with Gd@C82 molecules [49,256], erbium chloride [304], halogenides of silver [306], cadmium
[316,317], copper [307], iron [310], nickel [312], manganese [313], zinc [314,317], cobalt bromide
[311], terbium chloride [317], thulium chloride [315] and gallium selenide [315,328], and comparison
of the spectra of filled nanotubes with the spectrum of pristine SWCNTs, which is a narrow peak with
the maximum at 284.65 eV binding energy and the FWHM of 0.4 eV [79] (Table 2).

Authors of reports [49,256,304] observed the shift, broadening and increase in asymmetry of the C
1s peak of filled SWCNTs, which were assigned to the charge transfer. In the case of the SWCNTs filled
with halogenides of silver [306], copper [307], iron [310], nickel [312], manganese [313], zinc
[314,317] and cadmium [316,317], cobalt bromide [311], terbium chloride [317], thulium chloride
[315] and gallium selenide [315,328], the C 1s spectra were separated into several components.
Fig. 25a and b shows the C 1s XPS spectra of the pristine and cadmium chloride-filled SWCNTs
[316]. The spectrum of the filled nanotubes is separated into three components. The first component
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corresponds to the unfilled SWCNTs, the second and third components belong to the filled nanotubes.
The arising of the second component shifted to lower binding energies as compared to the first com-
ponent is caused by a change in the work function of nanotubes as a result of filling their channels
[316]. The increase of the work function is connected with lowering the SWCNT Fermi level, and it
leads to the shift of the components of filled nanotubes toward lower binding energies. The origin
of the third component was attributed to local interactions between carbon atoms of the SWCNTs
and encapsulated substances [316].

In the case of copper halogenide-filled SWCNTs, the same conception was used for fitting the C 1s
XPS spectra [307]. But measuring the spectra with high resolution allowed to single out the compo-
nents corresponding to semiconducting and metallic SWCNTs. It was previously shown in Ref. [79]
that the C 1s peak of mixed nanotubes can be separated into individual components of metallic and
semiconducting nanotubes with maxima at 284.60 and 284.70 eV, and the FWHMs of 0.31 and
0.39 eV, respectively. The shift of the component of metallic SWCNTs by 0.1 eV toward lower binding
energies as compared to the semiconducting component was explained by the different work func-
tions in nanotubes of different conductivity type. Later on, the C 1s XPS spectra of purely metallic
or semiconducting SWCNTs were reported in Ref. [372]. Their maxima and FWHMs were at
284.43 and 284.48 eV binding energies, and 0.26 and 0.32 eV, respectively. The C 1s peak of metallic
SWCNTs had an asymmetry parameter of a = 0.11 [372]. Taking into consideration these differences
of the C 1s XPS spectra of nanotubes with different conductivity type, the spectra of copper
halogenide-filled SWCNTs reported in Ref. [307] were separated into five components. The first and
second components were assigned to the unfilled metallic and semiconducting nanotubes, respec-
tively. The forth and fifth components belonged to the filled semiconducting and metallic SWCNTs,
accordingly. The third component corresponded to local interactions between the SWCNT walls and
the encapsulated salts. Fig. 25c and d shows the C 1s XPS spectra of the pristine nanotubes and copper
halogenide-filled SWCNTs fitted with the metallic and semiconducting components [307]. The compo-
nents of the filled nanotubes are shifted toward lower binding energies as compared to the compo-
nents of the unfilled SWCNTs. This is analogous to the case of cadmium chloride considered above
(Fig. 25b), and thus it testifies to lowering the Fermi level of both metallic and semiconducting
nanotubes as a result of acceptor doping by the encapsulated copper halogenides.

The Fermi level shift of filled nanotubes can be determined from the data of Raman spectroscopy
under electrochemical charging.

Electrochemical charging allows the direct modification of the electronic structure of nanotubes
and accurate control of their doping level [373]. It leads to a change in the SWCNT Fermi level, which
is proportional to the applied potential [373]. It was shown in Ref. [374] that the coefficient of
proportionality is 0.4–0.7 eV/V. The combination of electrochemical charging with in situ Raman
spectroscopy allows the detailed investigation of the modifications of the spectra of SWCNTs that
correspond to a defined shift of their Fermi level [375].

The first measurement of Raman spectra of SWCNTs under electrochemical charging was carried
out in 1999 [217]. As a matter of fact, the process of electrochemical charging was concomitted by
the intercalation of sulfuric acid inside the SWCNT bundles, which was used as the electrolyte
[373]. In 2000, the measurements were performed in common electrolytes, such as water [376] or
tetrahydrofuran [231]. Later, a number of reports were published, which were dedicated to the
investigation of the SWCNT properties under electrochemical charging in water [374,377–390],
acetonitrile [391–395] and ionic liquids [396]. The SWCNTs were used as thin films deposited on inert
metals (Au, Hg, Pt) [376,378,379,384–386,392–394,396] or as buckypaper [377,382,387–389,397]. In
all cases, in situ experiments were performed using three-electrode electrochemical cells where the
SWCNTs acted as the main electrode.

Employing Raman spectroscopy under electrochemical charging for the investigation of the elec-
tronic properties of the nanotubes filled with silver iodide [306] and copper halogenides [307] allowed
the precise determination of the Fermi level shift. In the case of AgI the value equaled �0.6 eV [306],
and in the case of copper iodide the Fermi level was shifted by �0.3 eV, whereas for copper chloride
the shift reached �0.75 eV [307].

Fig. 26 demonstrates the Raman spectroscopy maps (two-dimensional dependence of the intensity
of the G-band components versus Raman shift and applied potential) of the pristine nanotubes and
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Fig. 26. Raman spectroscopy maps (two-dimensional dependence of the intensity of the G-band components versus Raman
shift and applied potential) obtained under the electrochemical charging of the pristine SWCNTs (a), CuCl@SWCNT (b) and
CuI@SWCNT (c) samples at the applied potentials in the range from �1.5 to 1.5 V. The maps include the joined positive
and negative bias branches. The Raman spectra were normalized to the maximal intensity at frequencies in the range of
1450–1650 cm�1 in order to achieve a better representation. The dashed lines follow the phonon branches. The maps illustrate a
downshift of the Kohn anomaly for the copper halogenide-filled SWCNTs. Reprinted from Eliseev AA et al. Carbon
2012;50:4021. Copyright 2012, with permission from Elsevier [307].
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SWCNTs filled with copper chloride and copper iodide [307]. The dependence of the position of the
G-band peaks of the pristine SWCNTs on the applied potential includes two branches as shown in
Fig. 26a. The first branch shifts toward higher frequencies at potentials above �0.35 V. The second
branch is independent of the applied potential, which is typical for armchair nanotubes [398]. Thus,
in the case of the pristine nanotubes the Kohn anomaly is located at �0.35 V. It was suggested in
Ref. [307] that its shift to negative potentials was caused by the interaction of SWCNTs with
electrolyte molecules. The Raman spectroscopy maps of the SWCNTs filled with copper chloride
(Fig. 26b) and copper iodide (Fig. 26c) illustrate some broadening of the Raman spectra with the
applied potential. However, the position of the Kohn anomaly can be still determined and it equals
�1.1 V for CuCl and �0.65 V for CuI, respectively. The shift of the Kohn anomaly as compared to its
position in the pristine nanotubes by �0.75 V for CuCl and �0.30 V for CuI was attributed to the
corresponding downshift of the SWCNT Fermi level [307].

The shift of the SWCNT Fermi level can be directly determined via measuring the secondary
electrons cutoff and valence band photoemission spectra of filled nanotubes.

The secondary electrons are the electrons that received their energy from collisions with photo-
electrons; their cutoff corresponds to the work function of the sample. Fig. 27a shows the secondary
electron cutoff spectra of the pristine nanotubes and the SWCNTs filled with zinc bromide [314]. The
spectra are sharp peaks, whose maxima are placed at kinetic energies in the range of 4.5–5.0 eV. From
these spectra, the work function was calculated as the value of kinetic energy at the half-maximum of



Fig. 27. The secondary electrons cutoff (a) and valence band (b) spectra of the pristine SWCNTs and ZnBr2@SWCNT sample,
recorded at an excitation energy of 86.7 eV. The secondary electrons cutoff spectra (a) were used for the calculation of the work
function of nanotubes as the value of kinetic energy at the half-maximum of the peak. The p-resonance is labeled in the valence
band spectra. Reprinted from Kharlamova MV et al. Eur Phys J B 2012;85:34. Copyright 2012 EDP Sciences, Società Italiana di
Fisica, Springer-Verlag, with kind permission from Springer Science and Business Media [314].
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the peak. According to the obtained data, the work function of the pristine nanotubes was 4.8 eV, and
the value of the zinc bromide-filled SWCNTs was 5.1 eV [314]. In Ref. [307], the work function of the
pristine and copper iodide, copper bromide and copper chloride-filled SWCNTs was measured by
the same method, and the values were 4.6, 4.8, 5.2 and 5.25 eV, respectively. Because the variation
of the work function is directly connected with the change in the SWCNT Fermi level, its shift as a
result of acceptor doping was determined. The Fermi level shift of nanotubes filled with ZnBr2, CuI,
CuBr and CuCl amounted to �0.3, �0.2, �0.6 and �0.65 eV, accordingly [307,314].

The results of the valence band spectra measurements of the filled nanotubes were in agreement
with the work function measurements. The valence band spectrum of the pristine nanotubes has
the shape, which is characteristic of all sp2 carbon, and includes two main peaks: the p- and
r-resonances. The p-resonance corresponds to photoelectron emission from the nanotube p-band.
The r-resonance belongs to photoelectron emission from the r-band of SWCNTs [372]. Fig. 27b
demonstrates the part of the valence band spectra containing the p-resonance of the pristine SWCNTs
and nanotubes filled with zinc bromide [314]. The spectrum of the zinc bromide-filled nanotubes
demonstrates a shift of the p-resonance toward higher kinetic energies by 0.3 eV. This tendency
was explained by the downshift of the SWCNT Fermi level as result of the charge transfer from the
nanotube walls to the incorporated zinc bromide [314]. Acceptor doping effect on the SWCNTs was
also proven by the valence band spectra measurements for endohedral fullerene Gd@C82 [49,256],
erbium chloride [304], copper halogenides [307] and fullerene C60 [240].

It was found that filling the SWCNT channels with electron acceptors may lead not only to the
charge transfer from the nanotube walls to the encapsulated substances, but also to the formation
of chemical bonds between them. X-ray absorption spectroscopy of the SWCNTs filled with copper
halogenides showed that chemical bonds are formed in the filled nanotubes [307]. Fig. 28
demonstrates the C 1s and Cu 2p XAS spectra of the pristine and copper halogenide-filled nanotubes.
The C 1s spectrum of the pristine nanotubes includes two main features: the resonance A located at a
photon energy of 285.5 eV and the band B–C positioned at photon energies ranging from 291 to 293 eV
(Fig. 28a). The resonance A corresponds to transitions of the C 1s electrons to the unoccupied p⁄-band
of SWCNTs. The band B–C accompanied by the less intensive features D–F belongs to electronic
transitions to the nanotube r⁄-band [79]. The C 1s XAS spectrum of the filled nanotubes (Fig. 28a)
is similar to the spectrum of the pristine SWCNTs in the range of the absorption features B–F. However,
an additional peak A⁄ appears at the low-energy side of the p⁄-resonance A. It is located at a photon
energy of �284.0 eV. The emergence of this peak testifies to the formation of new localized states



Fig. 28. (a) The C 1s X-ray absorption spectra of the pristine SWCNTs, CuCl@SWCNT, CuBr@SWCNT and CuI@SWCNT (the left
part before the break in the photon energy scale is stretched). The peak A is the p⁄-resonance that is assigned to transitions of
the C 1s electrons to the unoccupied p⁄-band of SWCNTs. The band B–F belongs to electronic transitions to the nanotube
r⁄-band. The position of the new peak A⁄ is denoted by the dashed vertical line. (b) The Cu 2p X-ray absorption spectra of
CuCl@SWCNT, CuBr@SWCNT, CuI@SWCNT and reference samples CuI and CuO. The peaks A⁄ and A1

⁄ correspond to electronic
transitions from the Cu2p3/2 and Cu2p1/2 core levels, respectively, to the same empty Cu 3d electronic states. Their positions are
marked by the dashed vertical lines. The bands a–b and a1–b1 are assigned to the Cu2p? 4s electronic transitions. Reprinted
from Eliseev AA et al. Carbon 2012;50:4021. Copyright 2012, with permission from Elsevier [307].
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in the SWCNT band structure, which are caused by the hybridization of the carbon p-orbitals with the
incorporated copper halogenides [307]. It should be noted that this new peak has a resemblance to the
case of iron trichloride-intercalated SWCNT bundles, which was discussed earlier in Section 4.3.

Fig. 28b shows the Cu 2p XAS spectra of the copper halogenide-filled SWCNTs and the reference
samples – CuO and CuI. The Cu 2p spectra of the copper halogenide-filled nanotubes demonstrate
two main peaks located at photon energies of �931 eV (labeled A⁄) and �951 eV (labeled A1

⁄). They
correspond to electronic transitions from the Cu2p3/2 and Cu2p1/2 core levels, respectively, to the same
empty Cu 3d electronic states [307]. These peaks are not observed in the spectrum of CuI (Fig. 28b).
They arise due to electronic transitions to empty Cu 3d electronic states, which are not present in
CuI and appear in the filled SWCNTs as a result of a chemical interaction between the encapsulated
substances and nanotubes. This causes a change in the valence electron configuration of the Cu+ ion
from 3d104s0 for CuI to 3d10�x for the copper halide-filled SWCNT [307]. The spectrum of CuO, where
the Cu2+ ion has the valence electron configuration of 3d9 and the 3d shell is partially unfilled, also
demonstrates the similar peaks A⁄ and A1

⁄ (Fig. 28b). Besides the appearance of the peaks A⁄ and A1
⁄,

the Cu 2p spectra of the filled SWCNTs show a suppression of the bands a–b and a1–b1 that are
observed for CuI and are assigned to the Cu2p? 4s electronic transitions. This is caused by a distortion
of the structural groups – ionic tetrahedrons CuI4 in the encapsulated salt [307].

The appearance of the additional peaks in the C 1s and Cu 2p XAS spectra of the copper
halogenide-filled SWCNTs was explained by authors of Ref. [307] by the hybridization of the p-orbitals
of SWCNTs and the Cu 3d orbitals of the incorporated salts. In this case, electronic transitions occur
from the C 1s and Cu 2p levels to the same empty state of the CuX@SWCNT nanocomposite with a
hybridized Cu3d–C2pz nature. It was shown that the energy positions of the new localized states
are independent on the type of halogen atom. At the same time, the spectral weight of these localized
states increases from copper iodide to copper bromide to copper chloride [307].
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The C 1s XAS spectra of the SWCNTs filled with other electron acceptors were also reported. The list
includes C60 [357], Gd@C82 [49,256], AgCl, AgBr, AgI [306], FeCl2, FeBr2, FeI2 [310], NiCl2, NiBr2 [312],
ZnCl2, ZnBr2, ZnI2 [314], CdCl2, CdBr2, CdI2 [316], ErCl3 [304] and GaSe [328] (Table 2). In the case of the
nanotubes filled with halogenides of silver [306], iron [310], nickel [312], zinc [314] and cadmium
[316], a new peak located at lower energies as compared to the p⁄-resonance emerged in the C 1s
XAS spectra, as it was discussed above for the copper halogenide-filled SWCNTs. In these studies, it
was also concluded that new localized states in the band structure of filled SWCNTs were formed
due to the hybridization of carbon p-orbitals with the incorporated substances.
6.1.2.2. Theoretical methods. Employing theoretical methods for the investigation of the electronic
properties of the SWCNTs filled with electron acceptors allowed performing the modeling of the band
structure and density of states of filled nanotubes of different chiralities. Furthermore, it also allowed
studying the dependence of the SWCNT electronic properties on their diameter and the structure of
the encapsulated substances.

By quantum-chemical modeling, the electronic properties of armchair and zigzag nanotubes filled
with fullerenes C60 [358–363], C70, C78, C82 [360–362] and endohedral fullerenes La@C82, K@C60,
Ca@C60, Y@C60 [358,360] were simulated (Table 2). It was demonstrated that the modification of
the electronic properties of the filled SWCNTs depended on the nanotube diameter. The encapsulation
of fullerene C60 inside the SWCNTs with a diameter larger than 1.18 nm resulted in a small charge
transfer from the nanotubes to the incorporated molecules [363]. Also, it was found in Ref. [358] that
the charge transfer from the SWCNTs to the encapsulated molecules was larger for endohedral
fullerenes K@C60, Ca@C60, Y@C60 than for fullerene C60 molecules.

It was shown in Ref. [356] that the filling of the SWCNTs with electrophylic organic molecules
(TCNQ and F4TCNQ) led to acceptor doping of nanotubes. These calculations were in agreement
with earlier reported experimental results [48]. Fig. 29 demonstrates the structural models and
Fig. 29. Structural models and electronic band structures of (16,0) SWCNTs filled with TCNQ (a) and F4TCNQ (b) molecules. In
the optimized geometries the molecules are centrally located in the SWCNT channels. The oblique angles of the molecular
planes relative to the SWCNT axis are 27–28�. Pink ball: C, white ball: H, blue ball: N, green ball: F. The band structures are
represented along the X–C direction. The Fermi level of SWCNTs is denoted by the dotted line. The flat bands labeled a near the
Fermi level are related to the lowest unoccupied molecular orbital states of the molecules. Reprinted figure with permission
from Lu J et al. Phys Rev Lett 2004;93:116804. Copyright 2004 by the American Physical Society [356].
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corresponding band structures of (16,0) nanotubes filled with TCNQ and F4TCNQ molecules. The opti-
mized geometries of the filled SWCNTs show that the nanotube wall is unchanged upon the encapsu-
lation of the molecules, which are centrally located in the SWCNT channels. The optimized oblique
angles of the molecular planes relative to the SWCNT axis are 27–28� [356]. In the band structures
of the TCNQ@SWCNT (Fig. 29a) and F4TCNQ@SWCNT (Fig. 29b) samples, the flat bands labeled a near
the Fermi level of SWCNTs (marked by the dotted line) are related to the lowest unoccupied molecular
orbital states of the molecules [356]. These a bands are partially occupied in the molecule-filled
SWCNTs. This testifies to the charge transfer from the nanotube walls to the encapsulated molecules,
i.e., acceptor doping of the SWCNTs [356]. The comparison of two band structures shows that the
lower-lying a band is more populated in the F4TCNQ@SWCNT sample (Fig. 29b). The conducted
Mulliken population analysis confirmed that the charge transfer from the SWCNT walls to the
encapsulated F4TCNQ molecules is larger than to TCNQ molecules. The number of transferred
electrons per molecule was 0.32 for TCNQ and 0.60 for F4TCNQ. This was explained by larger adiabatic
electron affinity of F4TCNQ (3.38 eV) as compared to TCNQ (2.80 eV) [356].

The authors of Ref. [356] concluded that under ambient conditions the escaping process of TCNQ
and F4TCNQ molecules appears unlikely once they are encapsulated inside the SWCNTs. Also, the
incorporation of these molecules inside nanotubes causes their air stability, because the outer
nanotube walls preserve the molecules from oxidation.

There are also reports dedicated to the modeling of the electronic properties of nanotubes filled
with chemical compounds. In Ref. [365], the band structure of (8,0) nanotubes filled with chromium
oxide CrO3 was calculated. It was found that the encapsulation of chromium oxide inside the nanotube
cavities led to acceptor doping of the SWCNTs. These calculations agreed with the experimental
observations reported in Ref. [46]. Also, it was demonstrated in Ref. [364] that the incorporation of
potassium iodide into the SWCNT interior space caused a very small charge transfer from the
nanotube walls to the nanocrystals.

6.2. Donor doping

6.2.1. Typical donors of electrons and methods of their encapsulation
According to the data presented in reports on the experimental and theoretical investigations of the

electronic properties of filled SWCNTs, the following substances have an electron donor effect on the
nanotubes: molecules – organic molecules (tetrakis(dimethylamino)ethylene (TDAE) and tetrathiaful-
valene (TTF) [48,356]) and organometallic molecules (Co(C5H5)2, Co(C5H4C2H5)2 [47,399,400],
Fe(C5H5)2 [50,260,262,263,265,267,399,400], Ce(C5H5)3 [51,269], M(C5H5)2, M = V, Cr, Mn, Ni [399])
and simple substances – metals (Ag [46,293,294,296,315,365,401], Cu [293,295], Eu [272,402], Li, K
[403], Ti, Zn, Co, Ni, Fe, Mo, Gd, Cu [402,404–410]).

The incorporation of donors of electrons into the SWCNT channels was carried out using different
methods. The filling of the nanotubes with organic molecules (TDAE, TTF [48,356]) and organometallic
molecules (Co(C5H5)2, Co(C5H4C2H5)2 [47], Fe(C5H5)2 [50,260,262,263,265,267], Ce(C5H5)3 [51,269])
was performed via the gas phase method (see Section 5.2.2), which resulted in clean samples suitable
for further spectroscopic investigations. It should be noted that it was also reported that the incorpo-
ration of ferrocene Fe(C5H5)2 into the nanotubes can be performed by the liquid phase method using
its solution in an organic solvent [284].

The encapsulation of metals (Ag [46,293,294,296,315] and Cu [293,295]) inside the SWCNTs was
carried out via the liquid phase method (from metal nitrate solutions) with subsequent thermal treat-
ment (see Section 5.2.5). This approach allowed obtaining clean samples (without metallic particles on
the SWCNT outer surface) owing to the multistep sample washing procedure. It is worth noticing that
it was reported that metallic silver inside the SWCNTs can also be obtained by the photolytic decom-
position of the encapsulated silver chloride [21]. To introduce the europium into the SWCNT channels,
the gas phase approach was used [272].

Fig. 30 shows the HRTEM micrographs of the SWCNTs filled with electron donors. Two individual
nanotubes filled with Co(C5H4C2H5)2 molecules are presented in Fig. 30a [47]. The encapsulated
molecules are clearly seen inside the SWCNT channels, as indicated by the arrows. The micrograph
in Fig. 30b demonstrates an individual ferrocene-filled nanotube [265]. Dark contrasts are observed



Fig. 30. The HRTEM images of SWCNTs filled with electron donors: bis(ethylcyclopentadienyl) cobalt Co(C5H4C2H5)2 (a)
(adapted by permission from Macmillan Publishers Ltd: Nat Mater, Li LJ et al. Nat Mater 2005;4:481, Copyright 2005 [47]),
ferrocene Fe(C5H5)2 (b) (reprinted with permission from Shiozawa H et al. Adv Mater 2008;20:1443. Copyright 2008 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim [265]), cerocene Ce(C5H5)3 (c) (reprinted figure with permission from Shiozawa H et al.
Phys Rev Lett 2009;102:046804. Copyright 2009 by the American Physical Society [51]), elemental silver (d) (the data are from
Ref. [293]) and copper (e) (the data are from Ref. [295]). The arrows indicate the encapsulated substances. In (e) the nanotube
walls are also marked by the dashed vertical lines, and the SWCNT diameter is shown by the horizontal arrows.
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inside the SWCNT channel, as highlighted by the arrows. They are not observed outside the SWCNTs.
This proves the successful encapsulation of Fe(C5H5)2 molecules into the nanotubes. Fig. 30c demon-
strates the HRTEM image of an individual cerocene-filled SWCNT [51]. Arrays of contrasts are easily
discerned within the nanotube walls. They correspond to the incorporated Ce(C5H5)3 molecules.
Fig. 30d presents the micrograph of silver-filled SWCNTs [293]. It is seen that the SWCNT channel
is filled, as denoted by the arrows. Fig. 30e demonstrates the HRTEM image of copper-filled nanotubes
[295]. The nanotube walls are marked by the dashed vertical lines, and the SWCNT diameter is shown
by the horizontal arrows. This micrograph confirms the presence of metal atoms within the nanotube
walls, as denoted by the arrow.

Table 3 summarizes typical donors of electrons, methods of their encapsulation into the SWCNTs
and methods of investigation of the electronic properties of the obtained nanostructures.
6.2.2. Characterization of electronic properties of SWCNTs filled with electron donors
6.2.2.1. Experimental methods. The charge transfer and its direction in the nanotubes filled with
electron donors were characterized by optical absorption spectroscopy, Raman spectroscopy, X-ray
absorption spectroscopy and photoluminescence spectroscopy. The determination of the Fermi level
position and its shift as compared to the initial position was carried out using X-ray photoelectron
spectroscopy and ultraviolet photoelectron spectroscopy.

Fig. 31a shows the optical absorption spectra of the pristine SWCNTs, the nanotubes with open
ends used for the filling, and ferrocene-filled SWCNTs [260]. The spectra have two regions – ES

11 and

ES
22, each of which contains several peaks. The peaks located in the ES

11 region correspond to electronic
transitions between the first van Hove singularities of semiconducting SWCNTs, and the peaks located
in the ES

22 region belong to those between the second vHs of semiconducting tubes. Every single peak
relates to an electronic transition between the corresponding vHs of semiconducting SWCNT with a
specific chirality [260]. The spectrum of the nanotubes with open ends demonstrates a significant
decrease in the intensity of peaks placed in the ES

11 region at wavelengths in the range from 900 to
1100 nm, as well as the shift of these peaks to longer wavelengths as compared to the spectrum of
the pristine SWCNTs. These changes were attributed to acceptor doping of nanotubes by adsorbed
oxygen molecules, the formation of carbon–oxygen bonds and the filling of the SWCNT channels with
water molecules from the solution, in which the nanotubes were dispersed for measuring the OAS
spectra [260]. The case of acceptor doping of SWCNTs is analogous to the one considered above in
Section 6.1.2. Acceptor doping of the nanotubes leads to removing the electrons from the valence band
of SWCNTs, lowering the SWCNT Fermi level and the corresponding suppression of electronic



Table 3
Typical donors of electrons, methods of their encapsulation inside the SWCNT channels and methods of investigation of the electronic properties of the obtained nanostructures.

Type of substance Substance Method of encapsulation Methods of investigation
of electronic propertiesc

Reference

Molecule Organic molecule TDAEa, TTFb Gas phase OAS, RS [48]
– QM [356]

Organometallic
molecule

Co(C5H5)2, Co(C5H4C2H5)2 Gas phase OAS, PLS [47]
– QM [399,400]

Fe(C5H5)2 Gas phase UPS [265]
XPS, UPS, XAS, QM [50]
XPS, UPS, XAS [262,263]
OAS, PLS, QM [260]
XPS, XAS [267]

– QM [399,400]
Ce(C5H5)3 Gas phase XPS, UPS, XAS [51,269]
M(C5H5)2, M = V, Cr, Mn, Ni – QM [399]

Simple substance Metal Ag Liquid phase (AgNO3 solution
+ annealing)

RS [46]
OAS, RS, XPS [293,294,315]
XAS [296]

– QM [365,401]
Cu Liquid phase (Cu(NO3)2 solution

+ annealing)
RS, XPS [293,295]

Eu Gas phase XPS, UPS, XAS [272]
– QM [402]

Li, K – QM [403]
Ti, Zn, Co, Ni, Fe, Mo, Gd, Cu – QM [402,404–410]

a TDAE = tetrakis(dimethylamino)ethylene.
b TTF = tetrathiafulvalene.
c OAS = optical absorption spectroscopy, RS = Raman spectroscopy, QM = quantum-chemical modeling, UPS = ultraviolet photoelectron spectroscopy, XPS = X-ray photoelectron spec-

troscopy, XAS = X-ray absorption spectroscopy, PLS = photoluminescence spectroscopy.
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Fig. 31. (a) The optical absorption spectra of the pristine, open-ended and ferrocene-filled nanotubes suspended in bile salt
water solution. The symbols ES

11 and ES
22 denote regions that contain peaks corresponding to the first and the second vHs of

semiconducting SWCNTs of different chiralities, respectively. All spectra were normalized at the position of the minimum
between ES

11 and ES
22 regions, as marked by the dashed vertical line. The gray area shows the ES

11 peak, which exhibits the
strongest intensity increase upon filling. Reprinted with permission from Liu XJ et al. Adv Funct Mater 2012;22:3202. Copyright
2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [260]. (b) The resonance Raman spectra of the pristine and silver-filled
SWCNTs obtained at Elaser = 1.96 eV. The numbers denote the positions of the peaks. Reprinted from Corio P et al. Chem Phys
Lett 2004;383:475. Copyright 2004, with permission from Elsevier [46].
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transitions between valence and conduction bands of the open-ended nanotubes [260]. In the spec-
trum of ferrocene-filled SWCNTs (Fig. 31a), the peaks in the ES

11 region maintain the red shift, but their
intensity increases significantly as compared to the spectrum of the open-ended nanotubes. This tes-
tifies that the charge transfer occurs from the incorporated ferrocene molecules to the SWCNT walls,
i.e., donor doping of nanotubes takes place [260].

Fig. 31b demonstrates the Raman spectra of pristine nanotubes and SWCNTs filled with silver,
which were acquired at a laser energy of 1.96 eV [46]. The spectrum of the filled nanotubes shows
the change in the intensities of the RBM peaks, as well as the shift of the G-band peaks and
modification of the G-band profile. This is an evidence of a change in resonance excitation conditions
of the filled nanotubes due to charge transfer. Such changes were also observed by other authors for
SWCNTs filled with silver [293,294,315], organic molecules [48] and copper [293,295]. As it was
noticed in Section 6.1.2, it is impossible to derive conclusive information about the direction of the
charge transfer in the filled nanotubes from the Raman spectroscopy data. However, the softening
of the G-band accompanied by the relative increase in intensity of the G�-mode as compared to the
G+-mode (and change of the G-band profile from semiconducting to metallic type) may testify to
donor doping of the nanotubes by the encapsulated substances [46,48,293–295,315].

Besides the charge transfer, the local interactions between carbon and metal atoms were found in
the silver-filled SWCNTs. Authors of Ref. [296] observed a new additional peak between the p⁄- and
r⁄-resonances in the C 1s core level excitations of the filled nanotubes (Fig. 32a), which was attributed
to the hybridization of valence orbitals of carbon and silver along with the charge transfer from the
incorporated metallic nanoparticles to the SWCNTs.

The C 1s XAS spectra of the nanotubes filled with other electron donors were investigated. Among
them are ferrocene [50,262,263,267], cerocene [51,269] and europium [272] (Table 3). Fig. 32b
demonstrates the spectrum of the SWCNTs filled with cerocene in comparison with the spectrum of
pristine nanotubes [269]. The spectrum of the filled nanotubes contains the p⁄- and r⁄-resonances,
which are characteristic of all sp2 carbon. Performing the measurements with high resolution allowed
investigating the fine structure of the p⁄-resonance, where every single peak corresponds to an
electronic transition from the C 1s core level to an individual van Hove singularity in the SWCNT
conduction band [79]. Fig. 32c shows the part of the C 1s XAS spectra containing the p⁄-resonance
of the nanotubes filled with cerocene in comparison with the data of the pristine SWCNTs [269].
The peaks indicated in the spectra belong to the first, the second and the third vHs of semiconducting



Fig. 32. (a) The core level excitations of the pristine (blue dotted line) and silver-filled SWCNTs (dark red solid line). The
spectrum of the silver-filled SWCNTs demonstrates a new peak between the p⁄- and r⁄-resonances. The data are replotted from
Ref. [296]. (b) The C 1s X-ray absorption spectra of the pristine and cerocene-filled nanotubes, which include the p⁄- and
r⁄-resonances. Reprinted with permission from Shiozawa H et al. Phys Status Solidi B 2009;246:2626. Copyright 2009
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [269]. (c) The region of the C 1s XAS spectra from (b) containing the
p⁄-resonance of the pristine and CeCp3-filled SWCNTs. The positions of the peaks corresponding to the first, the second and the
third vHs of semiconducting SWCNTs and the first vHs of metallic nanotubes (S1⁄, S2⁄, S3⁄ and M1

⁄, respectively) are denoted by
vertical lines. Reprinted with permission from Shiozawa H et al. Phys Status Solidi B 2009;246:2626. Copyright 2009Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim [269].
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SWCNTs and the first vHs of metallic nanotubes (S1⁄, S2⁄, S3⁄ and M1
⁄, respectively). The spectrum of the

filled SWCNTs demonstrates the decrease in intensity of the component corresponding to the first van
Hove singularity of semiconducting SWCNTs, which is caused by the charge transfer from the
encapsulated substance to the nanotube walls. The same changes in the C 1s XAS spectra were
reported for SWCNTs filled with Eu [272] and ferrocene [50,262,263].

Additional information on the charge transfer in filled nanotubes can be obtained by photolumines-
cence spectroscopy. Fig. 33 demonstrates the photoluminescence (PL) maps of the pristine nanotubes,
the SWCNTs with open ends and the ferrocene-filled SWCNTs [260]. The photoluminescence maps
(two-dimensional dependence of photoluminescence intensity on excitation and emission wave-
lengths) include characteristic maxima, each of which corresponds to SWCNTs of a certain chirality
[78,411]. In general, themodificationof thesemaps, such as the change in the photoluminescence inten-
sity for nanotubes of specific chiralities and the shift of the corresponding maxima along the axes of
emission and excitation wavelengths may be evidence of changes in the electronic properties of
SWCNTs.

The comparison of the photoluminescence maps of the pristine SWCNTs (Fig. 33a) and the open-
ended nanotubes (Fig. 33b) testifies to significant changes of spectral features for small diameter
SWCNTs [260]. The photoluminescence intensity of tubes with chiralities of (8,3), (6,5) and (7,5)
decreases substantially, and the maxima corresponding to (6,4) and (9,1) nanotubes vanish com-
pletely in the PL map of the open-ended nanotubes (Fig. 33b). This may be caused by the fact that
the SWCNTs with small diameters are easier to be oxidized during the opening of their ends [260].
At the same time, there is an increase in the photoluminescence intensity of nanotubes of large diam-
eters in the PL map of the SWCNTs with opened ends. Besides, this PL map demonstrates the shift of
the maxima to longer emission and excitation wavelengths (Fig. 33b). This may be explained by the
presence of water molecules inside the opened SWCNTs, which cause a reduction of electron–electron
repulsion and exciton binding energies by dielectric screening resulting in the observed red shifts
[260]. The shift values are bigger for the nanotubes of larger diameters, because they are more suitable
for filling than smaller SWCNTs. It should be noted that among all the nanotubes on the PL map, only
the SWCNTs with chiralities of (8,6), (9,5), (8,7), (11,1) and (10,5) have big enough diameter for the
incorporation of ferrocene molecules. The molecules cannot be encapsulated into the SWCNTs of
smaller diameters [260]. This is proven by the data of filled nanotubes (Fig. 33c). The PL map of the
filled SWCNTs demonstrates a significant increase in the photoluminescence intensity of the
nanotubes of large enough diameters reaching 170% for (8,6) SWCNTs and 270% for (9,5) SWCNTs



Fig. 33. The photoluminescence maps (two-dimensional dependence of photoluminescence intensity on excitation and
emission wavelengths) of the pristine (a), opened (b) and ferrocene-filled SWCNTs (c) dispersed in bile salt water solution. The
photoluminescence intensity is normalized to the optical density at 900 nm and plotted on a logarithmic scale. The circles
denote the maxima, which correspond to the detected SWCNTs of certain chiralities. The chirality assignment is shown by
labels. The yellow circles in (b) denote the maxima that disappeared in the opened SWCNTs, but are present in the pristine
nanotubes. Reprinted with permission from Liu XJ et al. Adv Funct Mater 2012;22:3202. Copyright 2012 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim [260].

184 M.V. Kharlamova / Progress in Materials Science 77 (2016) 125–211
in comparison with the PL map of the open-ended nanotubes. Besides, the red shift of the maxima
along the axis of emission wavelength is observed in the PL map of the ferrocene-filled SWCNTs
(Fig. 33c). On the basis of these data, the authors of Ref. [260] drew the conclusion about the charge
transfer from ferrocene molecules to the SWCNT walls, i.e., donor doping of nanotubes.

The information on the charge transfer and upshift of the SWCNT Fermi level as a result of their
filling with electron donors can be derived from X-ray photoelectron spectroscopy measurements.
There are reports on investigations of the C 1s XPS spectra of nanotubes filled with ferrocene
[50,262,263,267], cerocene [51,269], europium [272], silver [293,294,315] and copper [293,295]
(Table 3). In Refs. [50,51,262,263,267,269,272], the changes in position, width and shape of the C 1s
peak were attributed to the modification of the electronic properties of nanotubes. Fig. 34a shows
the C 1s XPS spectrum of cerocene-filled SWCNTs in comparison with the spectrum of the pristine
nanotubes [269]. The spectrum of the filled SWCNTs demonstrates a slight shift of the maximum
toward higher binding energies and an increase in the asymmetry and width of the C 1s peak, which
is caused by the change in the nanotube work function as result of the charge transfer from the
encapsulated molecules to the SWCNTs [269]. It is worth noticing that these changes resemble the
ones observed at the intercalation of SWCNT bundles by alkali metals [58,192], which was discussed
above in Section 4.3.



Fig. 34. (a) The C 1s X-ray photoelectron spectra of the pristine and cerocene-filled SWCNTs. Reprinted with permission from
Shiozawa H et al. Phys Status Solidi B 2009;246:2626. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [269].
(b) The C 1s XPS spectra of the pristine and silver-filled SWCNTs separated into the individual components. The component I
corresponds to the unfilled SWCNTs. The component II belongs to the filled SWCNTs. The component III is caused by local
interactions between the nanotube walls and atoms of the encapsulated metal. The data are replotted from Ref. [293].
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For the SWCNTs filled with silver [293,294,315] and copper [293,295], the C 1s XPS spectra were
separated into several components. Fig. 34b shows the spectrum of the silver-filled nanotubes in com-
parison with the spectrum of the pristine SWCNTs [293]. The spectrum of the pristine nanotubes can
be fitted using one single component, whereas the spectrum of filled SWCNTs is separated into three
components. The first component belongs to the unfilled nanotubes, and the second and the third
components correspond to the silver-filled SWCNTs [293]. The maximum of the second component
is shifted by 0.33 eV toward higher binding energies as compared to the position of the first compo-
nent. The origin of this new component is analogous to the case discussed in Section 6.1.2 for the
SWCNTs filled with metal halogenides. The only difference is that in the case of metal-filled nanotubes
this new component appears at higher binding energies than the first component. This is caused by
the change in the work function of SWCNTs as a result of increasing their Fermi level due to the charge
transfer from the incorporated metallic nanoparticles [293]. The origin of the third component in the
spectra was explained by possible local interactions between the nanotube walls and atoms of the
encapsulated metal [293].

The determination of the shift value of the Fermi level of SWCNTs filled with electron donors was
carried out using ultraviolet photoelectron spectroscopy. The valance band spectra were investigated
for SWCNTs filled with ferrocene [50,262,263,265], cerocene [51,269] and europium [272] (Table 3).
The high resolution measurements revealed three peaks near the Fermi level, which correspond to
the individual van Hove singularities of SWCNTs [80,202]. Fig. 35 demonstrates the valence band spec-
tra of the nanotubes filled with ferrocene molecules (Fig. 35a) [265] and europium atomic wires (AWs)
(Fig. 35b) [272] in comparison with the spectra of the pristine SWCNTs. The peaks marked in the spec-
tra belong to the first and the second vHs of semiconducting SWCNTs and to the first vHs of metallic
nanotubes (S1, S2 and M1, respectively). In the spectra of the filled SWCNTs, there is the shift of peaks
of vHs to higher binding energies by 0.05 eV for ferrocene (Fig. 35a) and 0.1 eV for europium (Fig. 35b),
which corresponds to increasing the Fermi level by these values. Besides, the increase of density of
states on the Fermi level is clearly visible in the spectrum of europium-filled SWCNTs (Fig. 35b).
The changes in the spectra of the filled nanotubes indicate the charge transfer from the incorporated
substances to the SWCNT walls, i.e., donor doping of nanotubes [265,272]. It should be noted that
these changes are similar to those observed at the intercalation of nanotube bundles by alkali metals
[58,192,202,412], which was considered above in Section 4.3.
6.2.2.2. Theoretical methods. As a complementary approach to the experimental methods, the elec-
tronic structure of the SWCNTs filled with electron donors was investigated via quantum-chemical



Fig. 35. (a) The ultraviolet photoelectron spectra of the pristine and ferrocene-filled SWCNTs. The solid vertical lines denote the
positions of the peaks corresponding to the first and the second vHs of semiconducting SWCNTs and the first vHs of metallic
nanotubes (S1, S2 and M1, respectively). The spectrum of the filled SWCNTs demonstrates an additional trapezoidal structure at
binding energies ranging from 1.7 to 2 eV, as shown on the plot, which stems from the highest occupied molecular orbital of
ferrocene. The dashed vertical line marks the Fermi level. The data are replotted from Ref. [265]. (b) The UPS spectra of the
pristine and europium-filled SWCNTs. The positions of the peaks of vHs of semiconducting and metallic nanotubes (S1, S2 and
M1) are denoted by the blue and red dashed vertical lines. The arrows show the shift of the peak positions for the filled SWCNTs.
The dark yellow dashed vertical line marks the Fermi level. Reprinted figure with permission from Nakanishi R et al. Phys Rev B
2012;86:115445. Copyright 2012 by the American Physical Society [272].
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modeling. Reports are dedicated to the modeling of the band structure and the DOS of filled nanotubes
with specific chiralities, as well as the revealing of the correlation between the structure of the encap-
sulated metallic nanowires and their influence on the SWCNT electronic properties.

The authors of Ref. [356] found that the encapsulation of nucleophilic organic (TTF and TDAE) and
organometallic (cobaltocene) molecules into the SWCNT channels led to donor doping of nanotubes.
The donor doping effect on the SWCNTs of other metallocenes was demonstrated in Refs. [50,399,400]
for compounds M(C5H5)2, where M = V, Cr, Mn, Fe, Co, Ni.

The calculation of the band structures of metal-filled nanotubes [Li@C24]n and [K@C36]n was per-
formed in Ref. [403]. The charge transfer from the nanotube walls to the incorporated metallic atoms
was proven for these nanostructures. Similarly, the calculation of the band structure of silver-filled
(8,0) nanotubes carried out in Ref. [365] showed that the incorporation of silver inside the SWCNT
channels led to donor doping of the (8,0) nanotubes. This was in agreement with the experimental
findings reported in Ref. [46]. Furthermore, there are other reports on the investigation of
donor doping of SWCNTs by metals, such as Ti, Zn [405], Co, Ni [410], Fe [405,406,409], Mo [407],
Gd [402,408], Eu [402], Cu [404], and Ag [401] (Table 3).

Fig. 36 shows the structural models and band structures of the pristine SWCNTs with a chirality of
(8,8) and the nanotubes filled with iron nanowires (Fen@SWCNT), containing n = 5, 9 and 13 metal
atoms in the cross section [406]. As it is seen in the band structure in Fig. 36a, the (8,8) nanotube is
metallic, since the p and p⁄ bands are touching at the Fermi level. Because of the differences in the
work functions (WFbulk Fe = 4.5 eV and WFSWCNT = 4.8 eV), the filling of the SWCNTs with iron
nanowires leads to the charge transfer from the iron atoms to the SWCNT walls [406]. As a result,
the C-related bands are lowered in the band structures of the filled nanotubes, and the effect is
more prominent for the nanotubes containing a larger number of iron atoms in their cross section
(Fig. 36b–d). If the iron nanowires do not interact with the SWCNT walls, the band structure of the
filled SWCNTs can be simply represented by a superposition of the individual band structures. This
is the case for the Fe5@SWCNT system (Fig. 36b). If the iron nanowire contains a larger number of
atoms placed closer to the SWCNT wall, the hybridization between the p orbitals of the carbon atoms
and the d orbitals of the iron atoms occurs. This strongly perturbs the p bands of nanotubes, especially
for the Fe13@SWCNT sample (Fig. 36c and d).



Fig. 36. The ball-and-stick cross-section models and calculated band structures of an empty (8,8) nanotube (a) and the (8,8)
nanotubes filled with iron nanowires (Fen@SWCNT), containing n = 5 (b), 9 (c) and 13 (d) metal atoms in the cross section. The
structural models of iron nanowires are represented as one central Fe atom encircled by one, two or three shells with four Fe
atoms each in the Fe5@SWCNT, Fe9@SWCNT and Fe13@SWCNT samples, respectively. The Fe shells of nanowires are marked by
dashed circles with corresponding numbers. The band structures are represented along the C–X direction. The Fermi level of
SWCNTs is positioned at zero. Reprinted figure with permission from Kang YJ et al. Phys Rev B 2005;71:115441. Copyright 2005
by the American Physical Society [406].

M.V. Kharlamova / Progress in Materials Science 77 (2016) 125–211 187
6.3. No modification of electronic properties

The encapsulation of some substances does not lead to the modification of the SWCNT electronic
properties. In this case, the electronic structure of the incorporated substances is unperturbed, too.
This opens the way to use the SWCNTs as templates for synthesizing unique one-dimensional struc-
tures, not interacting with the nanotube walls, for instance 1D nanocrystals with only a few atoms in
their cross-sections that would not be stable on their own. Moreover, the internal channels of the
SWCNTs are protecting the incorporated substances from reactions with the environment.

In Ref. [323], quasi-free-standing one-dimensional SnTe nanocrystals were grown inside the
SWCNTs via the melt filling method. Fig. 37a–c shows the HRTEM micrographs of the obtained nanos-
tructures. The low-magnification image (Fig. 37a) of the nanotube bundle proves the incorporation of
tin telluride into the SWCNTs, because contrast elements are observed inside the nanotube channels.
Moreover, the visible periodicity of the contrast elements demonstrates the crystallization of
the encapsulated SnTe. The micrograph in Fig. 37b shows the cross-sectional view of the filled
nanotube bundle. It also gives an evidence of the incorporation of tin telluride into the SWCNTs. Inside
the SWCNT channels, which are seen as dark circles, contrast elements of the encapsulated SnTe that
form circle patterns are clearly visible. The micrograph in Fig. 37c, which is a high-magnification
image of the nanotube bundle observed in Fig. 37a (as denoted by the black rectangle in Fig. 37a),
shows two individual nanotubes with a diameter of 1.35 nm. Three atoms are seen inside the SWCNT
channel along the diameter direction. The distance between them is 0.33 nm, and the periodicity along
the tube axis is 0.28 nm, as indicated on the micrograph. The measured 1D crystal period is essentially
smaller than that in the bulk rocksalt structure (0.316 nm), which implies a significant bond lengths
contraction along the SWCNT axis [323].



Fig. 37. The HRTEM micrographs of tin telluride-filled SWCNTs: (a) the filled SWCNT bundle, (b) cross-sectional view of the
filled nanotube bundle, (c) high-magnification image of the nanotube bundle observed in (a), as denoted by the black rectangle.
In the micrograph (c) the derived structural parameters are indicated: the nanotube diameter is 1.35 nm, the distance between
atoms along the diameter direction is 0.33 nm and the periodicity along the tube axis is 0.28 nm. The calculated total density of
states of the 1D nanocrystals (SnTe)4n (d), (SnTe)5n (e) and bulk tin telluride (f). The Fermi level is denoted by the red line. The
insets show the optimized geometries of two structures of the 1D SnTe crystal. The carbon atoms are represented as gray balls,
and tin and tellur atoms – as yellow and green balls. Adapted with permission from Yashina LV et al. J Phys Chem C
2011;115:3578. Copyright 2011 American Chemical Society [323].
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Fig. 38. The Raman spectra of the SWCNTs before (a) and after (b) the incorporation of b-carotene. The peaks m1, m2, m3, and m4
correspond to the characteristic Raman signal from b-carotene molecules. The numbers denote the peak positions. The optical
absorption spectra of the pristine (c) and b-carotene-filled (d) SWCNTs in dimethylformamide (DMF) solution. The new peak at
488 nm in the spectrum (d) belongs to b-carotene. (e) The optical absorption spectra of b-carotene in the DMF solution before
(solid line) and after (dotted line) the UV irradiation, which demonstrate the vanishing of the absorption band of b-carotene
after the irradiation. (f) The difference optical absorption spectra between the b-carotene-filled nanotubes and pristine SWCNTs
before (solid line) and after (dotted line) the UV irradiation, which demonstrate the keeping of the absorption band of the
encapsulated b-carotene after the irradiation. Reprinted with permission from Yanagi K et al. Adv Mater 2006;18:437. Copyright
2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [289].

M.V. Kharlamova / Progress in Materials Science 77 (2016) 125–211 189
The Raman spectroscopy, optical absorption spectroscopy and X-ray photoelectron spectroscopy
data testified that the tin telluride-filled SWCNTs exhibit their pristine intrinsic electronic properties,
because no significant differences were found between the spectra of the pristine and filled nanotubes.
This allowed investigating the electronic structure of quasi-free-standing 1D SnTe crystals without
taking into account the interaction with the outer SWCNTs.

Fig. 37d–f shows the DFT calculation results of the total density of states for the one-dimensional
SnTe crystals with two suggested structures: (SnTe)4n and (SnTe)5n in comparison with the DOS of
bulk SnTe [323]. The optimized geometries of two structures are presented in the insets. The structure
(SnTe)4n (see the inset in Fig. 37d) has 4 atoms in the cross section and 8 atoms in a unit cell. The
structure (SnTe)5n (see the inset in Fig. 37e) has 5 atoms in the cross section and 10 atoms in a unit
cell. Both structures can be derived from the tin telluride bulk structure by cutting it along the
[100] direction [323]. The crystal projection observed in Fig. 37c fits to the (SnTe)5n structure well.
The quantum confinement effect predicts an increase in the band gap of 1D semiconductor crystals
as compared to the bulk crystals. However, the DFT calculations showed that the (SnTe)5n crystal
exhibits metallic properties with a non-zero density of states at the Fermi level (Fig. 37e). At the same
time, the (SnTe)4n crystal possesses a band gap of 2 eV (Fig. 37d), which is much higher than the value
of 0.19 eV of the rocksalt tin telluride crystal (Fig. 37f). The gapless state of the (SnTe)5n crystal was
explained by the contribution of the edge atoms possessing low coordination number (which amounts
to 3) [323].

It was found that the encapsulation of bismuth telluride (Bi2Te3) inside the SWCNT channels also
does not lead to a modification of their electronic properties [315]. Authors made this conclusion on
the basis of the Raman spectroscopy and XPS data that did not demonstrate sufficient differences in
the spectra of unfilled and filled SWCNTs.

In Ref. [289], the nanohybrid consisting of highly stabilized b-carotene inside the SWCNT channels
(Car@SWCNT) was prepared using the solution filling method. It was shown that this p-conjugated
molecule, which is easily degraded under ambient conditions by reactions with radical species and
trans-to-cis isomerizes under illumination by light or as a result of heat treatment [289], can be pro-
tected from these transformations by encapsulation inside the SWCNT channels. The filled nanotubes
were investigated by Raman spectroscopy and optical absorption spectroscopy (Fig. 38a–d) [289]. No
differences between the spectra of the pristine and filled nanotubes were found except for the appear-
ance of additional peaks of b-carotene. In the Raman spectrum of the filled SWCNTs (Fig. 38b), there
are four peaks (m1, m2, m3, and m4) that relate to the characteristic Raman signal from b-carotene
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molecules. In the optical absorption spectrum of the filled nanotubes (Fig. 38d), there is one additional
peak at 488 nm that belongs to b-carotene. These data testify to the filling of the SWCNTs with
b-carotene molecules and show that no charge is transferred in the filled nanotubes [289]. Authors
compared the UV radiation stabilities of free b-carotene and the molecule encapsulated inside the
SWCNT channels. Fig. 38e and f shows the absorption spectra of two samples in dimethylformamide
(DMF) solution before (solid line) and after (dotted line) the irradiation with UV light [289]. The
absorption band of b-carotene in the DMF solution almost vanishes after the UV irradiation
(Fig. 38e), whereas the absorption band of the encapsulated b-carotene is still kept after the irradiation
(Fig. 38f). This clearly proves that the incorporation can suppress the light degradation of the molecule
[289]. The demonstrated protection from degradation is a crucial step toward applications of
p-conjugated molecules in photonic devices.
7. Tailoring the electronic properties by nanochemical reactions inside the SWCNT channels

Conducting chemical reactions inside the SWCNT channels allows controllable changing their elec-
tronic properties. This section is dedicated to discussing the modifications of the SWCNT electronic
properties taking place as a result of chemical transformations of the encapsulated substances.

7.1. Nanochemical reactions with the formation of DWCNTs

Among the chemical reactions carried out inside the SWCNT channels that lead to the modification
of their electronic properties, the ones involving the formation of DWCNTs are most intensively stud-
ied. Indeed, an exposure to high temperatures may lead to a chemical transformation of the incorpo-
rated precursor that is accompanied by a change in its influence on the electronic properties of
nanotubes. The subsequent growth of inner nanotubes also leads to the modification of the electronic
properties of the nanostructure. The selection of conditions for the nanochemical reaction (type of pre-
cursor, temperature and duration) may give the possibility to tweak the SWCNT doping level and even
to reverse the direction of charge transfer. This makes such nanotube-based hybrids promising com-
ponents for future electronic devices.

7.1.1. Transformation of precursors to inner tubes
Different substances were found to be suitable precursors for the growth of DWCNTs: fullerenes

(C60 [339–348] and C70 [341,342]), endohedral fullerenes (Gd@C82 [49,250,256]), metallocenes
(ferrocene [50,257–261,264–268,284], cerocene [51,269]), metal acetylacetonates (Pt(C5H7O2)2
[266,270]) and other molecules (toluene + C60 [349], anthracene [350]), which were discussed in
Section 5.2.5. The thermal treatment of the precursor-filled SWCNTs led to the formation of DWCNTs.

The main tool used to confirm the formation of inner tubes inside the SWCNTs is Raman spec-
troscopy. The position of peaks in the RBM band of the Raman spectra is inversely proportional to
the nanotube diameter [413]. It means that the formation of inner tubes that possess smaller diameter
than the outer SWCNTs corresponds to the appearance of additional peaks in the RBM band at higher
frequencies. Fig. 39a compares the RBM-region of Raman spectra acquired at laser energy of 1.16 eV of
the pristine, ferrocene-filled SWCNTs and the FeCp2-filled sample annealed at 600 �C for 2 h and at
1150 �C for 1 h [265]. The Raman spectrum of ferrocene-filled SWCNTs contains the RBM peaks which
are upshifted and broadened as compared to those of the pristine nanotubes, which is common for
molecule-filled SWCNTs [265]. The Raman spectra of annealed samples demonstrate the appearance
of additional peaks at frequencies in the range of 300–350 cm�1, which were assigned to the RBM
signals from the (6,5) and (7,3) inner nanotubes [265].

Further confirmation of the DWCNT formation was provided by the HRTEM data. Fig. 39b–d shows
the micrographs of ferrocene-filled SWCNTs annealed at 600 �C for 2 h and 1150 �C for 1 h [265].
Fig. 39b demonstrates the growing inner tube (showing two parallel dark lines) as well as amorphous
contrasts (corresponding to the precursor nanoparticles) inside a SWCNT. Fig. 39c shows an SWCNT
containing the growing inner tube with capped end inside the channel. Fig. 39d displays the HRTEM
image of the sample annealed at 1150 �C for 1 h showing a clean formed DWCNT.



Fig. 39. (a) The RBM-region of Raman spectra acquired at a laser energy of 1.16 eV of the pristine, ferrocene-filled SWCNTs and
FeCp2-filled sample annealed at 600 �C for 2 h and at 1150 �C for 1 h. The new peaks in the spectra of the annealed samples at
frequencies ranging from 300 to 350 cm�1 correspond to the (6,5) and (7,3) inner nanotubes. The HRTEM micrographs of
ferrocene-filled SWCNTs annealed at 600 �C for 2 h (b and c) and at 1150 �C for 1 h (d), which confirm the growth of inner tubes
inside the SWCNTs. Reprinted with permission from Shiozawa H et al. Adv Mater 2008;20:1443. Copyright 2008 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim [265].
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7.1.2. Characterization of electronic properties of filled SWCNTs and DWCNTs
The modification of the electronic properties of precursor-filled SWCNTs as a result of the DWCNT

growth was investigated by X-ray photoemission spectroscopy, X-ray absorption spectroscopy and
ultraviolet photoemission spectroscopy.

The possibility of switching between p- and n-doping as a result of precursor transformation inside
the SWCNT channels was proven for Gd@C82-filled nanotubes [49,256]. Encapsulated endohedral
fullerenes caused p-doping of nanotubes, as it was discussed in Section 6.1.2. The thermal annealing
of metallofullerene-filled SWCNTs led to the formation of Gd nanowires inside the DWCNTs, which, in
turn, had strong n-doping effect on the nanotubes [49,256].

The use of resonant valence band photoemission spectroscopy across the Gd 4d edge
allowed detailed studies of the density of states at the Fermi level for the Gd@C82-filled SWCNTs
and Gd-filled DWCNTs. This technique is based on the photoemission process that is resonantly
enhanced by the participation of an electron excited in an X-ray absorption process. This additional
electron ends up in the valence band and then another electron is ejected and contributes to the
photoemission process [256]. Fig. 40 shows the series of the resonant valence band photoemission
spectra recorded across the Gd 4d edge for the metallofullerene-filled SWCNTs and Gd nanowire-
filled DWCNTs. The photon energies at which the spectra were acquired correspond to values before
(135 eV), on- (149 eV) and after (180 eV) the resonance observed in the Gd 4d XAS response for both
samples [256]. All spectra include the characteristic p- and r-resonances of SWCNTs positioned at the
binding energy of 3 and 8 eV, respectively. In the on-resonance spectra, an additional peak at the bind-
ing energy of 12 eV is observed, which corresponds to the resonance enhancement of the Gd 4f signal
(the 4f7 multiplet) [256].

An enhancement of the photoemission response at the Fermi level on the Gd resonance is not
observed for the Gd@C82-filled SWCNTs (Fig. 40). This indicates that the Gd ions are isolated within
the metallofullerenes and that the charge transfer to the fullerene cage does not result in the forma-
tion of metallic fullerene chains inside the SWCNTs [256]. In contrast, the spectra of the Gd-filled
DWCNTs demonstrate a strong increase in the density of states at the Fermi level (as it is shown
for example in the inset in Fig. 40 for the spectra recorded before the resonance). This fact proves that
these samples have increased metallicity in comparison with the Gd@C82-filled SWCNTs. The authors
of Ref. [256] noted that the observation of the Fermi edge of the Gd-filled DWCNTs showed that the



Fig. 40. The series of the resonant valence band photoemission spectra recorded across the Gd 4d edge for the Gd@C82-filled
SWCNTs (blue lines) and Gd nanowire-filled DWCNTs (dark red lines). The spectra are acquired at photon energies of 135 eV,
149 eV and 180 eV, which correspond to values before, on- and after the Gd 4d resonance. An additional peak at the binding
energy of 12 eV (denoted by the red arrow) in the on-resonance spectra corresponds to the resonance enhancement of the Gd 4f
signal (the 4f7 multiplet). The inset shows the vicinity of the Fermi level in the spectra recorded before the resonance. It
demonstrates a strong increase of the density of states at the Fermi level for the Gd nanowire-filled DWCNTs. The data are
replotted from Ref. [256].
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nanotubes are highly doped. As a result, the nanotube bundle is driven into a metallic state, and in this
case the charge transfer from the Gd nanowires induces the transition of the Tomonaga–Luttinger
liquid ground state of a 1D metal [80,414,415] into a normal Fermi liquid state.

The possibility of increasing the SWCNT doping level via precursor transformation inside their
channels was demonstrated for cerocene-filled nanotubes [51,269]. Incorporated cerocene caused
n-doping of the nanotubes, which was discussed in Section 6.2.2. Authors of Ref. [51] found that
the thermal decomposition of cerocene inside the SWCNT channels with formation of DWCNTs led
to an enhancement of the density of conduction electrons; moreover, the transition of
cerium-containing semiconducting nanotubes to the metallic state caused an increase in screening
of the photoexcited core hole potential.

Fig. 41a and b demonstrates the photoemission spectra of the pristine, cerocene-filled SWCNTs and
Ce-containing DWCNTs [51]. Fig. 41a compares the Ce 3d? 4f on-resonance photoemission spectra of
these samples. The spectra are similar and include a single peak placed at a binding energy of 2 eV
belonging to the Ce 4f1 ? 4f 0 transition [51]. Fig. 41b compares the Ce 3d off-resonance spectra, which
are different for the samples. The spectrum of Ce-containing DWCNTs demonstrates a significant
increase of the DOS at the Fermi level as compared to the spectra of the pristine and cerocene-filled
SWCNTs. This was interpreted as electron doping beyond the first van Hove singularity in the
conduction band of semiconducting nanotubes, which led to the enhanced conductivity of the
nanotube bundles [51]. These data were in agreement with the X-ray absorption spectroscopy results
shown in Fig. 41c. The C 1s XAS spectra of annealed samples containing the peak of the p⁄-resonance



Fig. 41. The Ce 3d on-resonance (a) and off-resonance (b) photoemission spectra of the pristine, cerocene-filled SWCNTs and
Ce-containing DWCNTs. The positions of the p and r resonances are marked in the off-resonance spectra. The dashed vertical
line denotes the Fermi level. (c) The C 1s X-ray absorption spectra containing the p⁄-resonance of the pristine, cerocene-filled
SWCNTs and the annealed samples (intermediate sample and Ce-containing DWCNTs). The positions of the peaks
corresponding to the first, the second and the third vHs of semiconducting SWCNTs and the first vHs of metallic nanotubes
(S1⁄, S2⁄, S3⁄ and M1

⁄, respectively) are denoted by black vertical lines. The annealed samples demonstrate the suppression of the S1⁄

and S2⁄ peaks and appearance of two new peaksS1M
⁄
and S2M

⁄
, as shown by arrows. The positions of new peaks are marked by red

vertical lines. Reprinted figure with permission from Shiozawa H et al. Phys Rev Lett 2009;102:046804. Copyright 2009 by the
American Physical Society [51].
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demonstrate a significant suppression of the peak components corresponding to the first and the
second vHs of semiconducting SWCNTs (labeled S1⁄ and S2⁄ in Fig. 41c) and the appearance of two
new peak components (denoted S1M

⁄
and S2M

⁄
in Fig. 41c) due to electron doping of the semiconducting

nanotubes [51].
The possibility of fine tuning the SWCNT doping level and achieving both n- and p-type doping via

the interconversion of incorporated molecules was demonstrated for ferrocene-filled SWCNTs
[50,267]. The variation of time and temperature of thermal annealing of ferrocene-filled nanotubes
resulting in the DWCNT formation allowed tailoring precisely their Fermi level.

Fig. 42a shows the C 1s X-ray photoelectron spectra of the pristine, ferrocene-filled SWCNTs and
FeCp2-filled samples annealed at 600 �C for 2 and 22 h [50]. The C 1s peak of ferrocene-filled
nanotubes is much broader and more asymmetric than that of the pristine SWCNTs. This may be
due to the C 1s response from ferrocene present inside the nanotubes as well as changes in the
chemical environment of carbon atoms as a result of the filling [267]. In contrast, the spectra of
annealed samples almost recover the shape of the spectrum of pristine SWCNTs. Furthermore, the C
1s peaks of annealed samples are slightly shifted toward lower binding energies, which can be
attributed to changes in the electronic properties of nanotubes.

Tracing the van Hove singularity peaks in the valence band spectra acquired by ultraviolet
photoelectron spectroscopy allowed the detailed investigation of the degree of charge transfer
between the nanotube and filler (Fig. 42b) [50]. The spectrum of ferrocene-filled SWCNTs
demonstrates the shift of the vHs peaks to higher binding energies as compared to the spectrum of
the pristine SWCNTs testifying to n-type doping of nanotubes, which was discussed in Section 6.2.2.
Upon annealing at 600 �C the vHs peaks are gradually shifted to lower binding energies and eventually
surpass those of the pristine SWCNTs (at this stage, the samples consist of iron doped DWCNTs) [50].



Fig. 42. (a) The C 1s X-ray photoelectron spectra of the pristine (A), ferrocene-filled SWCNTs (B), Fe-containing DWCNTs
obtained after annealing at 600 �C for 2 h (C) and 22 h (D). Gray spectrum (G) is a Doniach-Sunjic profile convoluted with a
Gaussian reproducing well the C 1s peak of the SWCNTs. The data are replotted from Ref. [50]. (b) The valence band spectra of
the pristine (A), ferrocene-filled SWCNTs (B), Fe-containing DWCNTs obtained after annealing at 600 �C for 2 h (C), 8 h (D), 54 h
(E) and 212 h (F) and at 1150 �C for 1 h (G). The peaks corresponding to the first and the second vHs of semiconducting SWCNTs
and the first vHs of metallic nanotubes are denoted by symbols S1, S2 and M1, respectively. The shift of the vHs peaks upon
annealing steps is shown by arrows. The Fermi level is marked by the dashed vertical line. The inset shows the annealing time
dependence of the charge transfer density (CT) for the outer tube in units of e�/Å. Reprinted figure with permission from
Shiozawa H et al. Phys Rev B 2008;77:153402. Copyright 2008 by the American Physical Society [50].
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Upon annealing at 1150 �C the vHs peaks are further shifted to lower energies (at this stage, the
sample consists of empty DWCNTs) [50]. This proves that the annealing of ferrocene-filled SWCNTs
results in a change of the doping type of nanotubes from n to p. Moreover, the increase in annealing
duration and temperature of treatment enhances the p-doping level. The authors of Ref. [50] explained
this tendency by the fact that the annealing of sample increased the content of empty DWCNTs,
exhibiting charge transfer from the outer tube to the inner tube.

The inset in Fig. 42b demonstrates the dependence of the calculated charge transfer density (CT) on
the outer tube per unit length for different durations of annealing at 600 �C. The charge transfer
density has a maximum negative value of �0.0067 e�/Å for ferrocene-filled SWCNTs, it decreases
drastically at the first annealing steps and saturates at a positive constant value around
+0.0010 e�/Å after 8 h of annealing [50].
7.2. Other nanochemical reactions

The electronic properties of SWCNTs can also be modified via chemical reactions without inner
tube formation inside their channels.

Authors of Ref. [304] performed the investigation of the electronic properties of nanotubes filled
with erbium chloride ErCl3 via the melt method and the erbium-filled SWCNTs obtained as result of
their high-temperature annealing in vacuum. Fig. 43a shows the HRTEM data of erbium chloride-
filled SWCNTs and the same sample after annealing [304]. The low-magnification micrograph in
Fig. 43a1 demonstrates the overall morphology of the ErCl3-filled SWCNTs. The high-resolution image
in Fig. 43a2 presents an individual filled nanotube. Both low and high-magnification micrographs in
Fig. 43a1 and a2 demonstrate a high filling ratio and crystallinity of ErCl3 inside the SWCNTs. The
HRTEM micrographs of filled nanotubes after heat treatment obtained in low-magnification
(Fig. 43a3) and high-magnification (Fig. 43a4 and a5) regimes demonstrate erbium nanowires inside



Fig. 43. (a) The HRTEM images obtained in low-magnification and high-magnification regime of the erbium chloride-filled
SWCNTs (1 and 2, respectively) and erbium-containing SWCNTs (3 and 4, 5, respectively). The scales shown on the top of the
high-magnification images are made on the basis of the given nanotube mean diameter (1.9 nm). (b) The X-ray photoelectron
spectra of the pristine, ErCl3-filled SWCNTs and the heated sample acquired in the C 1s core level region (1) and in the survey
scan regime (2). The inset to (1) zooms in the maxima of the C 1s peaks. Their positions are denoted by the dashed vertical lines.
The shifts of the peak positions are shown by arrows. In the spectra (2) the assignment of the observed peaks is shown by
symbols. (c) The C 1s X-ray absorption spectra of the erbium chloride-filled SWCNTs (dark yellow) and heated sample (violet).
The inset demonstrates the overall C 1s XAS spectra, which include the p⁄- and r⁄-resonances, and the main panels show the
region of the spectra containing the p⁄-resonance. The recorded data (plotted in circles) are shown together with their fitting
with the peaks of the overall conduction band p⁄ and individual vHs. The symbols S1⁄, S2⁄, S3,4⁄ and M1

⁄ denote the first, the second,
the third/fourth vHs of semiconducting SWCNTs and the first vHs of metallic nanotubes, respectively. The peaks with shaded
area labeled S1M

⁄
and S2M

⁄
correspond to the screened vHs in the conduction band of semiconducting tubes. Reprinted figure with

permission from Ayala P et al. Phys Rev B 2011;83:085407. Copyright 2011 by the American Physical Society [304].
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the SWCNT channels. Their chemical composition was confirmed by the energy dispersive X-ray
analysis.

A combination of X-ray photoelectron spectroscopy and X-ray absorption spectroscopy was
employed as a versatile tool set to probe the charge transfer and bonding environment in the
ErCl3-filled SWCNTs and the annealed sample. Fig. 43b compares the XPS data of the pristine, erbium
chloride-filled SWCNTs and erbium-filled nanotubes [304]. Fig. 43b1 shows the C 1s XPS spectra of the
samples. The C 1s peak of ErCl3-filled SWCNTs is shifted to lower binding energies as compared to the
peak of pristine nanotubes, and there is also a shoulder appearing at lower binding energies. This
shoulder testifies to a finite hybridization of the erbium chloride states with the SWCNT p-orbitals.
The C 1s XPS spectrum of the annealed sample (Fig. 43b1) demonstrates the shift of the peak back
to higher binding energies (slightly lower than the position of pristine SWCNTs) and smearing out
of the shoulder. The spectral changes are in line with the formation of Er nanowires inside the SWCNT
channels, which is further corroborated by the XPS survey scan spectra (Fig. 43b2), demonstrating the
decomposition of the ErCl3 and the loss of the Cl atoms after annealing.

Fig. 43c shows the C 1s X-ray absorption spectra of the erbium chloride-filled SWCNTs and heated
sample. The inset demonstrates the overall C 1s XAS spectra, which include the p⁄- andr⁄-resonances.
The main panels show the region of the spectra containing the p⁄-resonance together with a
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line-shape analysis that includes the individual vHs peaks. The labels S1⁄, S2⁄, S3,4⁄ and M1
⁄ indicate the

first, the second, the third/fourth vHs of semiconducting SWCNTs and the first vHs of metallic
nanotubes, respectively, and S1M

⁄
, S2M

⁄
correspond to the vHs of semiconducting tubes where the core

holes are screened by the encapsulated material [304]. The peaks of the screened vHs are increased in
the spectrum of the annealed sample, which can be attributed to an additional charge transfer in the
sample after heat treatment as a result of stronger hybridization between the nanotube p-states and
the Er 5d orbitals [304]. This was also proven by resonant photoemission spectra recorded across the
Er 4d and 3d edges, showing a reduced effective valence of the Er in the nanowire hybrid [304].
8. Applications of filled nanotubes

The possibility of incorporating specific substances into the SWCNT channels and controlling the
nanotube doping level makes these nanostructures promising candidates for applications in different
fields. This section is dedicated to the discussion of possible (demonstrated and expected) applications
of filled SWCNTs.

8.1. Nanoelectronic devices

The most promising applications of filled nanotubes are in the field of nanoelectronics [16,53,54,
239,247,277,332,416–425].

It was suggested that the filled SWCNTs can be used for very effective nanoelectronic circuits [334].
An air-stable p–n junction was created in Ref. [420] as result of the partial filling of the SWCNT channel
with iron. Later on, the possibility to realize an air-stable p–n junction as result of piecewise filling the
SWCNT channel with electron donor and acceptor substances (cesium and iodine, and also cesium and
fullerene C60 molecules) was pioneered in Ref. [334]. Also, it was found that the transport properties of
SWCNTs are directly dependent on the doping level, and it is possible to control them during the
SWCNT filling process [332].

Authors of Ref. [424] showed that the SWCNTs filled with fullerene C60 molecules can be used as
channels of field effect transistors with p-type conductivity. At the same time, it was demonstrated
that the encapsulation of endohedral fullerene Gd@C82 inside the SWCNT inner cavities led to a
decrease of the SWCNT band gap from about 0.5 eV to about 0.1 eV, and on the basis of these findings
the use of nanostructures as the channels of transistors with ambipolar conductivity type was
proposed [419,422,424].

The temperature dependence of the conductivity type of the SWCNTs filled with the molecules of
endohedral fullerene Dy@C82 was found in Refs. [247,416]. These nanostructures had p-type conduc-
tivity at room temperature, but cooling them down to 265 K switched the conductivity to n-type.
Fig. 44a shows the atomic force microscopy (AFM) image and the sketch of the device fabricated for
the transport measurements in Ref. [247]. The device was constructed on a silicon dioxide insulating
layer on top of a degenerately doped silicon substrate, which functioned as a back-gate electrode mod-
ulating the electrostatic potential of the Dy@C82-filled nanotube [247]. The resulting gate voltage
dependencies of the conductance along the nanotube at room temperature (300 K) and at 265 K are
shown in Fig. 44b and c. The dependence measured at room temperature (Fig. 44b) demonstrates
the increase of the conductance at negative gate voltages, indicating the p-type semiconducting
behavior of the peapod. The dependence measured at 265 K (Fig. 44c) demonstrates the increase of
the conductance at positive gate voltages, indicating the n-type semiconducting behavior of the
peapod due to extra electrons on the nanotube. Decreasing the gate voltage leads to a complete
suppression of the conductance (Fig. 44c) [247].

8.2. Electrochemical energy storage

The use of filled nanotubes for electrochemical energy storage and production was among
the earliest suggested applications of filled nanotubes [57]. It was demonstrated in Ref. [426] that
the pseudocapacitance effects connected with the presence of high capacity chromium oxide inside



Fig. 44. (a) The atomic force microscopy image of an individual Dy@C82-filled SWCNT 1.5 nm in height, which was adsorbed
from a dispersion on top of predefined electrodes with a spacing of 150 nm. The inset shows the sketch of the device fabricated
for the transport measurements. Reprinted with permission from Chiu PW et al. Appl Phys Lett 2001;79:3845. Copyright 2001,
AIP Publishing LLC [247]. The dependencies of the conductance along the nanotube (G) on gate voltage (VG) at 300 K (b) and at
265 K (c). The insets demonstrate the schemes of the band diagrams. The upper solid horizontal line represents the bottom of
the conduction band, the lower – the top of the valence band. At 300 K (b) the peapod has the p-type semiconducting behavior,
and the Fermi level (shown as the dashed horizontal line) is placed near the top of the valence band of SWCNTs. At 265 K (c) the
peapod has the n-type semiconducting behavior, and the Fermi level is positioned near the bottom of the conduction band of
SWCNTs. The data are replotted from Ref. [247].
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the channels of highly conductive SWCNTs open the way to use these nanostructures for building
efficient electrodes of supercapacitors. The authors showed that the encapsulation of nanoparticles
of chromium oxide into the SWCNTs led to an increase in the charging rate of the electrical double
layer and fast faradaic reactions. The achieved capacitance of the system was 60 F g�1, and the charge
propagation was observed to be exceptionally quick. This was explained by the peculiarities of
physical and textural properties of the CrO3-filled SWCNTs [426].
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8.3. Catalyst support

The filled nanotubes can also be used as a catalyst support. It was suggested in Ref. [336] that the
clusters of transition metals located inside the SWCNT channels may be promising for catalytic
applications, because the nanoparticles of smaller size have larger catalytic activity; moreover, the
nanotubes of small diameters influence the course of chemical reactions. The SWCNTs filled with
nanoparticles of a catalyst can be mixed with the components of a chemical reaction, and the
nanotube wall will prevent the nanoparticles from the direct contact with them. Under special
conditions, the SWCNT wall can be damaged that leads to releasing the catalytic particles [55].

8.4. Biomedical applications

The filled SWCNTs can also be employed for biomedical applications. One of them is the use as
nanocontainers for the delivery of contrast agents to organism tissues in order to perform the
investigations by magnetic resonance imaging (MRI). As pointed out in Ref. [57], the contrast agents
like gadolinium [427] or iron oxide [428] that are contained inside the SWCNTs will be less likely to
interact with the surrounding tissue and being excreted from the organismmore quickly. The contrast
agents can be directly delivered to certain body tissues and provide molecular level contrast and
biosensing [428]. Additionally, these nanostructures can be used for hyperthermic treatment of cancer
via selective heating by applying the magnetic field of the diseased tissue that was previously
impregnated with magnetic particle-containing nanotubes.

It was suggested that the nanotubes containing endohedral fullerenes with incorporated
radioactive atoms can be used as markers for radiographic investigations of organisms [55].

Another biomedical application of filled SWCNTs is targeted drug delivery. The medicines
chemically attached to fullerenes that are encapsulated inside the nanotube channels can be delivered
to different parts of the body, organs or cells [55]. In these cases, a nanotube acts both as a
nanocontainer for medicine delivery and a nanosyringe for its injection.

8.5. Other applications

Besides the cases discussed above, the filled SWCNTs can have applications in other fields. It was
demonstrated in Ref. [429] that the nanotubes containing fullerene and endohedral fullerene
molecules can be used for processing quantum information, which provides a possible route for
building a quantum computer.

The authors of Ref. [430] demonstrated that the SWCNTs filled with copper iodide have a small
work function, and it paves the way to use such nanostructures for the creation of field emitters of
electroluminescence and X-ray tubes [54].

Also, it was suggested that the SWCNTs filled with fullerenes containing special functional groups
may be used as active elements in sensors [298].
9. Summary and outlook

The single-walled carbon nanotubes are a promising material for electronic applications, because
of their unique properties. Developing methods of tailoring the SWCNT electronic properties is a
key step to realize potential applications of nanotubes in devices.

In the present review, the methods of filling the SWCNT internal channels and chemical
transformation of encapsulated substances were discussed with a view to their use for tailoring the
electronic properties of nanotubes. These methods are promising for the modification of the SWCNT
electronic properties, because of the following reasons. Firstly, a long list of substances possessing
different chemical and physical properties can be introduced into the nanotube channels. This was
demonstrated via the systematization of electron acceptors and donors encapsulated into the
SWCNTs. Secondly, various approaches can be used to fill the internal channels of nanotubes with
different substances. This was shown by the analysis of literature data and classification of filling
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methods of the SWCNTs. These methods are well-established. This was illustrated by the description
of the filling methods and comparison of their effectiveness for the encapsulation of various sub-
stances inside the nanotubes. Thirdly, the process of incorporation can lead to large filling degrees
of the SWCNT internal channels, and it may cause significant changes in the electronic properties of
nanotubes. This was demonstrated by the analysis and summary of the results reported on experi-
mental and theoretical investigations of the electronic properties of filled nanotubes. Fourthly, the
chemical reactions inside the SWCNT channels open the way of fine tuning the SWCNT electronic
structure by choosing a suitable precursor and conditions for the reaction. This was illustrated by
the systematization of precursors for the DWCNT formation, methods of their encapsulation and
transformation and the analysis of the data on the characterization of the electronic properties of
these nanostructures.

This review is the result of a detailed systematic investigation of more than 400 reports, most of
which were published in the last five years, because the field of studying the electronic properties
of filled SWCNTs is actively developing. The substances incorporated into the SWCNTs were for the
first time categorized by their influence on the electronic properties of nanotubes, and the reported
data on the modification of the electronic properties of the SWCNTs as a result of the filling and the
nanochemical reactions inside their channels were analyzed and summarized.

In conclusion, virtually all of the reports discussed here were dedicated to the tailored modification
of the electronic properties of bundled SWCNTs and their spectroscopic investigations on the bulk
scale. The established methods and knowledge about the modified electronic properties provide the
fundamentals for functioning devices on the basis of functionalized nanotubes. The next step toward
applications of these nanostructures should be applying the approaches of tailoring the electronic
properties to individual nanotubes, which can be integrated into nanoelectronic devices.
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