Physics— Uspekhi 56 (11) 1047—1073 (2013)

©2013 Uspekhi Fizicheskikh Nauk, Russian Academy of Sciences

REVIEWS OF TOPICAL PROBLEMS

Electronic properties of pristine

PACS numbers: 61.46.Np, 61.48.De, 77.22.-d, 85.35.Kt

and modified single-walled carbon nanotubes

M V Kharlamova

DOI: 10.3367/UFNe.0183.201311a.1145

Contents
1. Introduction 1047
2. SWCNT atomic structure 1048
3. Band structure and electronic properties of SWCNTSs 1048
4. Methods for modifying the electronic properties of SWCNTs 1052
4.1 Chemical modification of the outer surface of SWCNTs with the use of functional groups; 4.2 Modification of the
outer surface of SWCNTs with the use of molecules forming no chemical bonds; 4.3 Substitution of carbon atoms in the
walls of SWCNTs by other atoms; 4.4 Intercalation of nanotube bundles; 4.5. Electrochemical doping; 4.6 Filling
internal channels of SWCNTs
5. Investigation of the electronic properties of filled SWCNTSs 1058
5.1 Experimental investigation of the electronic properties of filled SWCNTSs; 5.2 Simulation of the electronic
properties of filled SWCNTs
6. Applications of filled SWCNTSs 1068
7. Conclusion 1069
References 1070

Abstract. The current status of research on the electronic
properties of filled single-walled carbon nanotubes (SWCNTs)
isreviewed. SWCNT atomic structure and electronic properties
are described, and their correlation is discussed. Methods for
modifying the electronic properties of SWCNTs are considered.
SWCNT filling materials are systematized. Experimental and
theoretical data on the electronic properties of filled SWCNTSs
are analyzed. Possible application areas for filled SWCNTs are
explored.

1. Introduction

Carbon, the sixth element in Mendeleev’s Periodic Table, has
a few allotropic modifications. Some have been known for a
long time (diamond, graphite, amorphous carbon), while
others (fullerenes, carbon nanotubes, graphene) have only
recently been discovered. Tubular carbon forms were first
mentioned in the C Chambers patent dated 1889 [1]. T Edison
was the first to use carbon fibers in his light bulb model of
1892 [2]. In 1952, the Soviet scientists L V Radushkevich and
V M Luk’yanovich synthesized hollow carbon fibers 100 nm
in diameter by means of thermal decomposition of carbon
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monoxide on an iron catalyst [3]. The group of Japanese
researchers leaded by A Oberlin synthesized in 1976 carbon
fibers less than 10 nm in diameter by thermal decomposition
of benzene [4, 5].

The structure of hollow carbon tubes referred to as
multiwalled carbon nanotubes (MWCNTs) was comprehen-
sively described by S Iijima in his article published in Nature in
1991 and devoted to the synthesis of a new allotropic
modification of carbon by the arc-discharge method. That is
why the discovery of MWCNTs is dated 1991. The Soviet
researchers Z Ya Kosakovskaya, L A Chernozatonskii, and
E A Fedorov also managed to synthesize MWCNTs in 1992
[7]. Two years later the discovery of MWCNTs (i.e., in 1993),
the research teams headed by S Iijima and D Bethune
independently synthesized single-walled carbon nanotubes
(SWCNTs) by the arc-discharge method with the use of a
metal catalyst [8, 9].

Discovered 20 years ago, the SWCNTSs attracted the
attention of specialists all over the world, and the properties
of this new allotropic modification of carbon became the
subject of extensive research. Moreover, studies of the
physical properties of pristine and modified SWCNTs were
most popular among the scientific community throughout the
1990s—2000s till the discovery of graphene, another allotropic
modification of carbon with sp?-hybridized carbon atoms.
The SWCNT research boom was due to the great interest in
the unique physical, chemical, and mechanical properties of
these materials demonstrated by both the basic and applied
sciences. The small diameter (less than 2 nm) and unique
physical characteristics (high electrical conductivity and
current density, etc.) of SWCNTs made them promising
candidates for employment as elements of future nanoelec-
tronic devices.
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Very soon after the discovery of carbon nanotubes, the
first publications on filling their internal channels
appeared. Four papers published in 1993 described the
encapsulation of metals and chemical compounds (lead
[10], yttrium carbide [11], lead and bismuth oxides [12],
and nickel [13]) into MWOCNT internal channels.
MWCNTs have channels of a larger diameter (on aver-
age, 5-50 nm) than SWCNTs (1-2 nm); therefore, filling
internal channels of SWCNTSs encountered greater difficul-
ties that were overcome only 5 years after their discovery.
In 1998, B W Smith and co-workers [14] described the
synthesis of SWCNTs filled with fullerene Cgy molecules.
Another paper published in the same year by J Sloan et al.
[15] reported the incorporation of RuCl; molecules into the
internal channels of SWCNTs. Since then, many research-
ers have shown interest in filling SWCNT channels with a
variety of chemical compounds.

At the beginning (the 1990s), the researchers tried to
understand what substances can be introduced into SWCNT
channels. In the studies published at that time, filled nanotubes
were studied by high-resolution transmission electron micro-
scopy. They showed the possibility of inserting certain
compounds into the channels of single-walled nanotubes
applying a special filling technique. The effectiveness of
various methods and their applicability to the introduction of
different substances were evaluated.

At the second stage (the 2000s) of investigations devoted
to SWCNT channel filling, the researchers tried to elucidate
the structure of the chemical compounds intercalated into
SWCNT channels. At that time, the behavior of the inserted
substances under an electron beam was studied with reference
to the processes of dimerization, coalescence, and diffusion of
fullerene molecules in SWCNT channels; also, attention was
given to crystal clusterization and cluster rotation under these
conditions. The structure of one-dimensional crystals inserted
into SWCNT internal channels was considered, one- and
three-dimensional structures were compared, and crystal
lattice distortions were evaluated. The diameter of SWCNTs
was shown to influence the structure of the developing one-
dimensional crystals.

At the third stage (from 2007 till now), researchers have
been trying to find out how the introduced substances
influence the electronic properties of SWCNTs. The applica-
tion of various research methods, such as Raman spectro-
scopy (RS), X-ray photoelectron spectroscopy (XPS), optical
absorption spectroscopy (OAS), X-ray emission spectro-
scopy (XES), X-ray absorption spectroscopy (XAS), UV
photoelectron spectroscopy (UPS), and photoluminescence
spectroscopy (PLS), made it possible to precisely study at
both the qualitative and quantitative levels modification of
SWCNT electronic properties by utilizing the filling of
different materials.

The objective of the present review is to analyze, system-
atize, and summarize the currently available literature data
on the electronic properties of filled SWCNTs.

The layout of the review is as follows. Section 2 contains a
description of SWCNT atomic structure. The band structure
and electronic properties of SWCNTs and their relationship
with the nanotube structure are considered in Section 3.
Section 4 deals with a variety of methods addressing
modification of SWCNT electronic properties. Section 5
summarizes and organizes into a system the available data
on the electronic properties of filled SWCNTSs, which were
obtained in experimental and theoretical studies. Finally,

possible applications of filled SWCNTs are explored in
Section 6

2. SWCNT atomic structure

The structure of an ideal SWCNT can be described as a
hollow cylinder having the lateral surface formed by a folded
graphene sheet (hexagonal layer of carbon atoms). Each
carbon atom is covalently bound to three nearest-neighbor
carbons, and the angle between these bonds is 120°. The end
of the SWCNT is usually capped with a fullerene hemisphere
containing pentagonal carbon rings, besides hexagonal
fragments. Therefore, the minimal SWCNT diameter is
determined by the size of the smallest stable Cg fullerene,
and the maximum one reaches 3 nm [16, 17]. The ratio
between the length and diameter of nanotubes being 10* -
10°, they belong to the class of one-dimensional nanostruc-
tures [17]. It should be mentioned that the carbon nanotubes
form bundles containing hundreds of hexagonally packed
SWCNTs [16-19] bound by van der Waals forces;
the distance between adjacent nanotubes ranges 0.315-
0.320 nm [19].

The SWCNT structure is described in terms of chiral
vector (Cy) along which a graphene sheet rolls. This vector
connects two crystallographically equivalent points of the
hexagonal layer of carbon atoms [the origin of coordinates
and the point with coordinates (n, m), referred to as chirality
indices]; therefore, the chiral vector magnitude is equal to the
length of the SWCNT circumference. The chiral vector Cy
determines the nanotube geometric structure (n,m) and is
characterized by the chiral angle 0 between its direction and
the direction in which the adjacent hexagons have a common
side.

The chiral angle varies within 0 < 6 < 30° due to the
hexagonal symmetry of the graphene layer. It determines the
position of carbon hexagons inside the graphene layer with
respect to the nanotube axis. For this reason, nanotubes with
chirality (n, 0), for which 6 = 0°, are called zigzag carbon
nanotubes. In such nanotubes, carbon—carbon bonds are
parallel to the SWCNT axis. Nanotubes with chirality (n, n),
for which n = 30°, are called armchair nanotubes; C—C bonds
in such nanotubes are perpendicular to the axis. All the
remaining (n, m) nanotubes, for which 0 < 6 < 30°, belong
to the class of chiral nanotubes [17].

3. Band structure and electronic properties
of SWCNTs

Since SWCNTs are shaped like a graphene sheet rolled into a
cylinder, their electronic structure is usually described in
terms of graphene band structure [17]. Figure la shows a
graphene unit cell that contains two sp>-hybridized carbon
atoms, each having four valence electrons, three of which
form strong covalent o-bonds with the three nearest neigh-
bors, whereas nonhybridized carbon p.-orbitals form weaker
delocalized m-bonds directed perpendicular to the plane of the
graphene sheet [17, 18, 20].

The energy levels related to o-bonds are located far from
the Fermi level. Due to this, they do not influence the
electronic properties of graphene, whereas the bonding and
antibonding m-bands of graphene intersect the Fermi level
[18]. The first Brillouin zone of graphene has the form of a
hexagon with three high-symmetry points I', K, and M
(Fig. 1b) [17]. Nonhybridized p.-orbitals of carbon give rise
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Figure 1. (Color online.) Graphene unit cell (marked by a dotted line) (a)
and first Brillouin zone (grey color) (b) [17]; (c) schematic of intersection of
cone-shaped graphene conduction and valence bands in six corners of the
first Brillouin zone (K points) at the Fermi level [21]; (d) energy diagram of
graphene sheet in the first Brillouin zone; (e) section of graphene energy
diagram along the perimeter of 'MK triangle; the diagram was con-
structed using the following parameters: y, = 3.033 eV, &, =0, and
s = 0.129 (asymmetric dispersion—solid line) or s = 0 (symmetric dis-
persion — dashed line) [23, 24].

to conduction and valence bands in the form of cones near the
Fermi level (Fig. 1c) [21, 22]. The band structure of graphene
is unique in that the bottom of the conduction band touches
the top of the valence band at the Fermi level in the six corners
(points K) of the first Brillouin zone; hence, the semimetallic
properties of graphene [21, 22].

In accordance with the tight-binding model, the formula
for energy dispersion of m-bands of the graphene sheet can be
represented in the form [17, 24]

& E (k)

EgiZD(k) T 1Fso(k) M)

where 7y, is the transfer integral (y, > 0), &, is the energy of
the 2p-atomic orbital position, and s is the overlap integral of
the electron wave functions of neighbor positions. The ‘+’
and ‘—’ signs in the numerator and denominator refer to the
antibonding ©* energy band and the bonding m band of
graphene, respectively.

Function w(k) can be written out in the following form
[17, 24]

(k)

= \/1+4cos <\/§2kxa> cos (%)+4COS2 (%) , (2

where a is the lattice parameter of the hexagonal carbon layer,
and a = v3ac. ~ 0.246 nm (ae is the length of the C—C
bond, equal to 0.142 nm).

Figure 1d illustrates the schematic energy diagram of a
graphene sheet in the first Brillouin zone. Figure le shows the
diagram section along the perimeter of the MK triangle; the
diagram was constructed using the following parameters:
Yo = 3.033 eV, &, =0, and s =0.129 (asymmetric disper-
sion—solid line) or s = 0 (symmetric dispersion —dashed
line). The upper and lower curves in the diagram correspond
to the antibonding ©* energy band and the bonding © band of

the graphene, respectively. These curves intersect at points K
at the Fermi level [23, 24].

When the overlap integral is zero, it follows from Eqn (1)
that ©* and © bands become symmetric near E = &),. Using
this approximation, the energy dispersion function of the
graphene sheet © bands takes the form [24, 25]

Eg (ks ky)

— :l:yo\/1+4cos (\/gzkxa> cos (%) +4cos? (%) (3)

Because SWCNTs are shaped like a graphene sheet rolled
into a cylinder, the boundary conditions imposed on the
structure of these objects are different: unlike graphene,
carbon nanotubes can be regarded as infinitely extended
only in the direction of their axes. Therefore, the wave vector
having the same direction as the translation vector T changes
continuously (in the case of an infinitely long SWCNT),
whereas the wave vector, the direction of which coincides
with that of the chiral vector C,, has a set of discrete
components [17]. Due to this, energy dispersion in the one-
dimensional case can be defined as [17, 24]

K
Eib (k) = Edp (k ﬁwm) , )

where k is the one-dimensional wave vector directed along the
SWCNT axis (—n/T < k <n/Tand u=1...N), by and b,
are the vectors of the graphene sheet reciprocal lattice,

K, :2(2n+m)b1 + (2m+n)b, K :2(mb1 — nby) ’
NcNRr Nc

Nc is the number of carbon atoms in a unit cell of the

SWCNT, Nc = [4(n? + nm + m?)/Ng], and Ng is the great-

est common divisor of numbers (2m + n) and (21 + m).

In the case of armchair (n, n) nanotubes, the application of
periodic boundary conditions to derive energy dispersion
formulas yields a small number of allowed wave vectors k, 4
having the same direction as the chiral vector Cp and
satisfying the following expression [17]:

3k, a=2ng, (g=1...2n). (5)

Figure 2 shows schematically parts of a unit cell (a) and the
first Brillouin zone (b) of an armchair nanotube (1, ).

Substitution of the respective expression for k, , into (3)
gives the wave vector dependence of energy for armchair
nanotubes (n,n) [17]:

E;rmchair (k)

_ qn ka 2 (ka
_:I:yo\/1+4cos(n >cos(2>+4cos <2 ), (6)

where —t < ka < mand ¢ = 1... 2n, while vector k is parallel
to vector Ky = (b; — by)/2.

At point k = 21/3a, the dispersion formula assumes the
following form

- 2
E;rmcm" (k = £> = £y01/2+ 2cos <%> . (7
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Figure 2. Part of a unit cell and the first Brillouin zone of an armchair (n, n)
nanotube (a, b) and zigzag (n, 0) nanotube (c, d) [17].

It follows from expression (7) that energy bands undergo
degeneracy at point k = 21/3a, given g = n regardless of the
value of n. It means that all armchair (n, n) nanotubes possess
metal type conduction.

The formulas for energy dispersion in zigzag nanotubes
are derived by imposing periodic boundary conditions on the
wave vector k, [17]:

nky ,a=2ng (g=1...2n). (8)
Figure 2 depicts schematically parts of a unit cell (c) and the
first Brillouin zone (d) of a zigzag (n, 0) SWCNT.

Substitution of the respective expression for k, , into
formula (3) gives [17]

Eqmgzag (k)

= iyo\/l +4cos (@) cos (%) + 4 cos? (qn_rc>7 9)

where —nt/v/3 < ka <m/v/3,andg=1... 2n.
In the center of the Brillouin zone (k = 0), the dispersion
formula assumes the form

ik =0 = s 12008 ().

(10)

It follows from expression (10) that valence and
conduction bands intersect at ¢ = 2n/3, which accounts for
metal type conductivity of zigzag (n, 0) nanotubes at n = 3/
(where /is an integer) and semiconducting type conductivity
for n # 31. The calculated results are confirmed by experi-
mental data [26].

Figure 3 presents a map of the distribution of metallic and
semiconducting nanotubes depending on the chiral vector Cy,
[22]. On the whole, nanotubes with arbitrary values of indices
n and m show metallic properties at n — m = 3/(/is an integer)
and semiconducting properties at n —m = 3/ 4+ 1[18, 27, 28].
In a sample of SWCNTSs not separated by conductivity type,
one third of the nanotubes had metallic properties and the
remaining two thirds show semiconducting properties [28].

@ Metallic
@ Semiconducting

Figure 3. (Color online.) Map of the distribution of metallic and
semiconducting nanotubes depending on the chiral vector Cy, [22].

The density of SWCNT electron states deduced from
Eqn (4) is expressed as [24]

T N1 dES (k)
DIE) =13 2. X;Hiilk

715(E11D(k) — E)dE,

(11)

where summation is performed over the number (N) of one-
dimensional conduction (4) and valence (—) bands. In the
case of metallic nanotubes, the density of electron states is
constant at the energy equaling the Fermi energy and is
inversely proportional to nanotube diameter d, [24]:

D(EF)

a
= Inted (12)

It is worthy of note that van Hove singularity is an
important feature of the density of SWCNT electron states.
When the energy dispersion function passes through local
maxima and minima, the denominator in expression (11)
becomes equal to unity, which results in an abrupt jump in the
density of electron states. This situation is illustrated by Fig. 4
showing the band structures of armchair (5, 5) (a), zigzag
(9, 0) (b) and (10, 0) (c), and chiral (8, 2) (d) nanotubes, and
the respective densities of electron states [18]. It follows from
Fig. 4 that (5, 5), (9, 0), and (8, 2) nanotubes (n — m = 3/) have
a nonzero density of electron states near the Fermi level. For
this reason, they are characterized by metallic conductivity,
whereas (10, 0) SWCNTs (n—m =3[+ 1) possess zero
conductivity and, therefore, exhibit semiconducting proper-
ties.

The presence of van Hove singularities is an important
feature of SWCNTSs, which was observed in studies of
nanotube properties by scanning tunneling spectroscopy
(STS) [29-32], optical absorption spectroscopy [33-35], and
Raman spectroscopy [36—40].

The energies of electronic transitions between the respec-
tive van Hove singularities of the valence and conduction
bands are related to the SWCNT diameter d; by the
expression [41]

2kygag
AEI" = p
d

(13)

where k is an integer, and gy is the distance between
neighboring carbons (~ 0.14 nm). This means that electro-
nic transition energies are inversely proportional to the
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Figure 4. Band structures and respective densities of electron states for armchair (5, 5) (a), zigzag (9, 0) (b) and (10, 0) (c), and chiral (8, 2) (d)

SWCNTSs [18].

SWCNT diameter. Calculations suggest at least four
electronic transitions (k =1, 2, 4, 8) in semiconducting
nanotubes, and two transitions (k = 3, 6) in metallic ones
[42, 43]. The theoretical dependences of electronic transition
energies between van Hove singularities on SWCNT
diameter, known as the Kataura plot, are widely used to
determine SWCNT diameter and chirality from optical
measurements [44].

Thus far, we have considered the SWCNT electronic
structure in terms of the band structure of a graphene sheet
with the use of periodic boundary conditions imposed on the
wave vector of the same direction as the chiral vector Cy,. In
this model case, we neglected curvature effects in the
graphene sheet disregarding the fact that the lengths of C—C
bonds parallel and perpendicular to the SWCNT axis are
somewhat different. In such a case, the basis vectors of the
hexagonal layer of carbon atoms have different magnitudes,
and the p.-orbitals of carbons are not strictly parallel to the
SWCNT axis. Moreover, the binding of carbon atoms was
considered regardless of the contribution from sp3-hybridiza-
tion of the orbitals likely to arise from the intersection of «
and o bands [18].

But it turned out that taking into account these effects in
the calculation of the SWCNT band structure results in only
armchair (n,n) nanotubes possessing metallic properties.
Nanotubes for which n —m =3[ (/ is an integer) are low
bandgap semiconductors, whereas all other SWCNTs are
their wide bandgap counterparts [18]. The width of the so-
called secondary band gap (arising from the curvature of the
graphene layer) in low bandgap semiconducting nanotubes is
inversely proportional to the diameter squared [18, 45]. For
example, this dependence for quasimetallic zigzag SWCNTs
(6 = 0°) has the form [18]

3'})0(102
W

2 _
AE? = (14)

However, this quantity is so small that it can be assumed for
practical purposes that nanotubes with n — m = 3/ possess
metallic properties at room temperature [18].

In previous paragraphs, we have considered the band
structure of individual single-walled carbon nanotubes, but
synthesized SWCNTs are usually packed into bundles
composed of 10-100 nanotubes of different diameters and
chiralities, and even the ideal packaging of identical nano-
tubes may result in a change in their electronic structure. For
example, it was shown by the first-principle calculations that
the breaking of mirror symmetry of armchair (10, 10)
nanotubes due to their interaction within a bundle leads to
the formation of a pseudo-bandgap as wide as 0.1 eV [18, 46]
(Fig. 5). This was also confirmed experimentally by low-
temperature scanning tunneling microscopy (STM) [47].
Simultaneously, it was shown that metal-type conductivity is
inherent in both armchair (6, 6) SWCNTs packed in a
hexagonal bundle and isolated (6, 6) SWCNTs [48, 49].

Thus, taking account of the curvature effects of the
graphene sheet and of the nanotube interaction within the

Isolated SWCNT a SWCNT bundle b
;o Er Z Er
ks 2 /\

k along

k along
the SWCNT axis

the SWCNT axis

Figure 5. (a) Schematic intersection of two linear bands (bonding ©
band and antibonding ©* band) for an isolated (n,n) SWCNT, and
(b) schematic of repulsion between bands in a nanotube bundle resulting
from the breaking of mirror symmetry [18].
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bundle in calculations of SWCNT band structure may
substantially change their results.

Moreover, we have so far considered the band structure of
defectless nanotubes, whereas in reality the walls of SWCNTs
may contain defects, such as the most widespread five- and
seven-membered carbon cycles responsible for a change in the
chiral vector and electronic structure [18, 50, 51]. It should be
emphasized that the directional introduction of defects into
SWCNT walls is a promising tool for the modification of their
electronic properties, opening up new possibilities for the
further application of nanotubes in nanoelectronic devices
[18, 52]. Because SWCNTSs have either metallic or semicon-
ducting conductivity, depending on their structure, the
directional introduction of a pair of defects (five-membered
plus seven-membered carbon cycles) may cause metal—
semiconductor, semiconductor-semiconductor or metal—
metal junctions as have been confirmed both theoretically
[53-57] and experimentally [58, 59].

4. Methods for modifying the electronic
properties of SWCNTSs

There are a few approaches to the modification of SWCNT
electronic properties (Fig. 6). They include:

(1) chemical modification of the outer surface of nano-
tubes with the use of functional groups;

(2) modification of the outer surface of SWCNTs with the
use of molecules forming no chemical bonds;

(3) substitution of carbon atoms in the walls of nanotubes
by other atoms;

(4) intercalation of nanotube bundles;

(5) electrochemical doping;

(6) filling of SWCNT internal channels.

Each of these approaches represents a separate line of
SWCNT inquiry with its own history, characteristic features,
and advantages and disadvantages, depending by and large
on the concrete research goal. Each method is highly specific
in terms of both the process design and the properties of the
resulting materials, developing independently of other meth-
ods without competing with them and likely finding concrete
applications in the future. It is therefore incorrect to compare
the advantages and disadvantages of these methods. In view
of this, only a brief description of each method is presented
below.

Figure 6. (Color online.) Methods for modification of SWCNT electronic
properties: (a) chemical modification of the outer surface of nanotubes
with the use of functional groups; (b) modification of the outer surface of
SWCNTs with the use of molecules forming no chemical bonds;
(c) substitution of carbon atoms in the walls of nanotubes by other
atoms; (d) intercalation of nanotube bundles; (e) electrochemical doping,
and (f) filling of internal channels of SWCNTs.

4.1 Chemical modification of the outer surface

of SWCNTSs with the use of functional groups

Chemical modification of the outer surface of an SWCNT
implies the attachment (usually by covalent bonding) of
various functional groups to it [60]. The advent of this
method was due to the necessity of dissolving and dispersing
nanotubes, because pristine SWCNTs are insoluble in all
known organic solvents and aqueous solutions [60, 61].
Nanotubes can be dispersed ultrasonically, but they rapidly
precipitate after the process is completed [60]. Also, SWCNTs
can interact with various compounds [16, 62-85]. The
possibility of forming nanotube-based supramolecular com-
plexes opens up new prospects for their application in
nanodevices. Nanotubes can enter into chemical reactions
that enhance their solubility, which allows them to be
introduced into inorganic, organic, and biological systems
[60]. Moreover, the attachment of functional groups to the
walls of SWCNTSs may change their electronic properties [61].

The methods devised for chemical modification of the
outer surface of SWCNTSs can be classified based on the type
of the functional groups to be attached to it. Fluorination of
nanotubes with elemental fluorine at 25-600 °C [86-92] leads
to the attachment of fluorine to carbon atoms, which causes
their transition to the sp*-hybridized state, accompanied by
reorganization of the band structure of both metallic and
semiconducting nanotubes; this process yields materials with
a wide bandgap [60]. Extensive studies of the nanotube
fluorination process are underway using transmission
electron microscopy [88], scanning tunneling microscopy
[93], X-ray photoelectron spectroscopy [94-98], X-ray
absorption spectroscopy [95, 99], and theoretical calcula-
tions [100-107]. Results of elemental analysis indicate that
maximum fluorination of nanotubes can be described by
empirical formula C,F [60]. Notice that the fluorine atoms
can be removed from the surface of nanotubes by treating it
with a hydrazine solution in propanol-2 [87, 88, 91] followed
by thermal treatment [108, 109].

It was demonstrated in Ref. [110] that SWCNT iodination
resulting in covalent attachment of iodine to the outer surface
of SWCNTs does not change their electronic properties.

Simultaneously, it was shown that the cycloadditions of
organic molecules to the SWCNT surface may cause a charge
transfer between functional groups and the nanotube walls
[60, 111-116]. By way of example, Ref. [113] describes a
method for the attachment of dichlorocarbene to SWCNT
walls, with 2% of the carbon atoms being covalently bound to
these groups. This resulted in a marked change in the
electronic properties of metallic SWCNTs.

Charge transfer between the SWCNT wall and a func-
tional group was also observed in the products of diazonium
salt radical addition [117-123]. Furthermore, methods for the
selective attachment of water-soluble diazonium salts to
metallic nanotubes have been developed [118, 122, 123].

4.2 Modification of the outer surface of SWCNTs

with the use of molecules forming no chemical bonds
Modification of the outer surface of SWCNTSs is possible not
only by means of covalent attachment of functional groups
but also by wrapping nanotubes with a variety of molecules,
e.g., polymers [62, 85], polycyclic aromatic compounds [124—
128], surfactants [129-131], and biological molecules [76], or
by adsorption of molecules on SWCNT walls without the
formation of chemical bonds. The interaction between
molecules and nanotubes is mediated through van der Waals
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forces and m—m=n stacking (i.e., noncovalent interaction
between molecules containing aromatic rings due to inter-
molecular overlap between p-orbitals in m-conjugate systems)
[60]. The choice of a concrete method to modify the SWCNT
outer surface depends on a specific research goal; however, it
does not necessarily result in a change in the nanotube
electronic properties, which is sometimes regarded as an
advantage [60].

Modification of the electronic properties of nanotubes
may be effected by their treatment with solvents and
dispersers [60, 132]. Thus, it was shown that even the use of
such conventional dispersers as sodium dodecyl sulfate (SDS)
and polythiophene may lead to a change in the SWCNT
electronic structure [133, 134]. Reference [135] reported the
influence of aromatic and aliphatic solvents containing
electron donor and electron acceptor groups on nanotube
electronic properties. It was revealed that when molecules of
the solvents are adsorbed at the outer surface of SWCNTs, a
charge transfer accompanied by a shift of the Fermi level of
SWCNTs occur between these molecules and the tube walls.
In this way, the nanotubes can be doped. The use of aniline
and butylamine, the molecules of which contain the —NH,
group, results in donor doping of SWCNTs, while the use of
nitrobenzene and nitromethane containing the —NO, group
leads to acceptor doping, whereas neither benzene nor hexane
affects the electronic properties of nanotubes.

The influence of gases adsorbed at the surface of
SWCNTs on their electronic properties was evaluated in
Refs [136, 137]. The studies revealed a dramatic difference
between electric conductivity, thermoelectromotive force,
and local density of electron states measured in the air and a
vacuum [136]. Moreover, these parameters changed reversi-
bly upon insignificant changes in adsorbed gas concentra-
tions; even the transition of semiconducting SWCNTSs to
metallic state could be observed [136]. The authors of
Ref. [137] documented both the increase and decrease in
measured electrical resistivity of SWCNTs placed in an
atmosphere of NO, or NH3, when compared with the same
parameters in a vacuum. The data obtained gave reason for a
conclusion about the possibility of using SWCNTs as gas
sensors [136, 137].

4.3 Substitution of carbon atoms in the walls of SWCNTSs
by other atoms

Obviously, a direct consequence of the substitution of carbon
atoms in the walls of SWCNTs by other atoms is the
modification of their electronic properties [61]. In this case,
the SWCNT electronic structure will depend on the type and
concentration of the doping atoms rather than the nanotube
structure [138]. Therefore, this method makes possible the
intentional modification of SWCNT electronic properties.
Moreover, the substitution of carbon atoms can enhance the
oxidation resistance of SWCNTs and their reactivity in
chemical processes involving doping atoms [61].

The first work [139] concerning the modification of
nanotube electronic properties by substituting carbon atoms
dates to 1993, i.e., immediately after the discovery of
SWCNTs [8, 9]. Since then, numerous studies on the
synthesis and investigations of SWCNTs doped with nitro-
gen [140-150] and boron [147, 151-158] have been published.

Evidently, the method under consideration allows two
parameters to be varied: the type and concentration of the
doping element. Nitrogen and boron are carbon’s neighbors in
the Periodic Table; therefore, the utilization of these elements,

having similar chemical properties to carbon, looks like a
logical choice for the substitution of carbon atoms in
nanotubes. Recall that carbon has the electron configuration
1s22s22p?, nitrogen — 15?2s%2p?, and boron — 1s22s?2p!. This
means that direct substitution of carbons by nitrogen and
boron atoms must lead to donor doping and acceptor doping,
respectively.

Indeed, it was theoretically predicted in Ref. [139] that
boron doping (B:C = 1:80) of SWCNTSs with chirality (8, 0)
gives rise to the acceptor level in the SWCNT band
structure, which is positioned 0.16 eV above the Fermi
level. The electronic properties of boron-doped SWCNTs
were later explored in Refs [147, 153, 154, 156, 158].
Simultaneously, it was shown that direct substitution of
carbon atoms by nitrogens results in donor doping of
nanotubes [138, 159-162].

However, this is not the only way in which nitrogen atoms
can be incorporated into the hexagonal lattice of carbon
atoms of SWCNT walls. The incorporation of a nitrogen
atom may result in a defect formation in the SWCNT wall,
which causes rearrangement of carbon atoms, after which
only two of them are bound to the nitrogen atom [138, 159,
162, 163]. In such a substitution, doping levels may emerge
either above or below the Fermi level, depending on the new
wall structure which accounts for acceptor or donor doping of
nanotubes, respectively, as demonstrated both in theory [160,
164] and experiment [144, 147, 149, 150].

As shown earlier, the second parameter varied in the
method of interest is the concentration of doping elements.
Indeed, the change in electronic properties of SWCNTs
at low-level doping (e.g., 0.2at.% N [140] or 0.3at.% N
[141]) can be considered in the context of the rigid band
model [138, 159, 165]. However, high-level doping is
associated with the formation of so-called heteronanotubes,
which makes this model inapplicable [138, 159]. It should be
noted that the problem of boundary concentration remains to
be resolved [138].

As shown theoretically in Ref. [156] dealing with hetero-
nanotubes having the empirical formula BCj;, high-level
boron doping of nanotube walls gives rise to a 0.4-eV-wide
bandgap and an additional energy level positioned 0.1 eV
higher than the Fermi level. Calculations in Ref. [166] showed
simultaneously that nitrogen-containing heteronanotubes
having the empirical formula C3N4 are semiconductors with
a bandgap ~ 3.0 eV in width.

Phosphorus and silicon can also substitute atoms in the
walls of SWCNTs [167-169]. Simulations show that the
incorporation of silicon atoms into the hexagonal lattice of
carbon atoms causes distortion of the cylindrical surface of
the nanotubes, which enhances their reactivity in chemical
processes [167, 168].

4.4 Intercalation of nanotube bundles

Modification of the electronic properties of SWCNTs can be
made by the intercalation of their bundles with simple
substances (sometimes compounds) exhibiting acceptor or
donor properties. This process is analogous to the intercala-
tion of graphite and fullerenes described earlier in Refs [170]
and [171], respectively. But unlike fullerenes, SWCNTs can be
doped with both electron donors and acceptors.

The first two studies concerning SWCNT intercalation
with potassium (electron donor) and bromine (electron
acceptor) were published in 1997. They studied the resulting
nanosystems by Raman spectroscopy [172] and measured
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their electrical resistance [173]. Thereafter, it was shown that
donor doping of nanotubes, accompanied by a rise in the
Fermi energy and charge transfer from the dopants to the
tube walls, is possible by the intercalation of alkali metals (Li,
Na, K, Rb, Cs) and Ba into SWCNTs [71, 113, 174-200].
Acceptor doping of SWCNTs associated with a downward
shift of the Fermi level and charge transfer from the walls to
the doping agents can be performed by the intercalation of
bromine, iodine, FeCl;, AuCl;, HNOs, H,SO4, and HCI
molecules [35, 113, 133, 174, 180, 186, 192, 201-212].

The substances being intercalated fill triangular cavities
between nanotubes in a bundle, usually without the formation
of chemical bonds between the inserted atoms or molecules
and the nanotube walls. At the same time, Ref. [189] reported
local interactions between barium and single-walled carbon
nanotubes intercalated with this metal.

Usually, intercalation does not change the structural
properties of isolated SWCNTSs. According to X-ray and
electron diffraction measurements, this process simulta-
neously leads to a disorder in the hexagonal packing of
SWCNTs within a bundle due to a greater intertube spacing
[175, 176, 180, 181, 187, 191]. The structural disorder in the
bundle increases with a rise in the radius of the alkali dopant
[180]. Moreover, intercalation proved to be selective with
respect to the diameter of the SWCNT under doping by
agents possessing both donor (K) and acceptor (FeCls)
properties [213].

It was demonstrated that the maximum doping level in the
intercalation of alkali metals (K, Rb, Cs) corresponds to an
empirical formula MC5; [188], which is slightly higher than the
maximum potassium doping level in graphite (KCs) [170,
214]; this is somewhat different from the level of fullerene
doping (KsCgp) [215]. In the case of lithium doping, the
maximum metal concentration in nanotubes corresponds to
empirical formulas LiCs [183, 190] and Li;»Ce [178],
depending on the method of intercalation.

It was reported that the intercalation of nitric acid into an
SWCNT bundle increases the intertube spacing by 0.185 nm
following treatment with a strong solution for 2 hours [201].
This process was shown to be reversible. Prolonged acid
treatment of nanotubes (over 12 hours) destroyed them
[201], presumably due to oxidation and the formation of
defects in the nanotube walls [79, 216]. References [133, 201,
204, 206, 210, 212] described the modification of SWCNT
electronic structure by treating nanotubes with strong
solutions of sulfuric, nitric, and hydrochloric acids. These
studies showed that intercalation results in acceptor doping
of SWCNTSs [204] with the formation of a doping level near
the Fermi level [217] and the occurrence of charge transfer
[201, 212].

It was shown in Ref. [35] that the maximum bromine
doping level of SWCNTs corresponds to the empirical
formula BrC;, which it was much higher than in the case of
Br,Cs, described in paper [173], even though the authors of
the latter publication observed marked modification of the
SWCNT Raman spectrum upon bromine intercalation into
nanotubes; this effect was attributed to charge transfer from
the nanotubes to the intercalated molecules [172].

Intercalation of melted iodine resulted in a doping level
corresponding to the empirical formula IC;, [205] and caused
disorder in the hexagonal packing of nanotubes in the bundle.
Deintercalation of iodine failed to restore the initial packa-
ging of SWCNTs [205]. It was revealed that gaseous iodine
fills only triangular cavities between nanotubes in the bundle,

whereas intercalation of melted iodine gave rise to spirals
formed from polyiodide chains inside SWCNT channels;
their orientation with respect to the SWCNT wall depended
on the nanotube chiral vector [203]. The authors attributed
this fact to the higher reactivity of melted iodine [203].

The electronic properties and charge transfer in SWCNTs
intercalated with electron donors and acceptors were investi-
gated by Raman spectroscopy [113, 172-174, 186, 192, 202,
205, 210, 213, 218-220], optical spectroscopy [35, 113, 183,
190, 209, 221, 222], electron energy loss spectroscopy (EELS)
[177, 188, 189, 191, 198, 209, 222, 223], electron spin
resonance (ESR) [181, 182, 197, 224, 225], and XPS
techniques [184, 185, 194, 195, 199, 200], and by measuring
the transport properties [173, 176, 178, 187, 222, 226]. It was
shown that the intercalation of SWCNTSs may cause a shift of
up to 1.3 eV of the Fermi level [193]. To recall, intercalation is
usually a reversible process, as was demonstrated by K and Cs
intercalation as early as 1998 [177, 198]. However, deinterca-
lation can be complicated by the instability of the resultant
systems under certain conditions, e.g., in the air [61]. Such
systems may find application in the development of energy
storage devices after optimization of methods for reversible
intercalation of SWCNTs [61].

4.5 FElectrochemical doping

Doping of SWCNTs is possible by charging in an electro-
chemical cell. This process makes possible intentional mod-
ification of the nanotube electronic structure and ensures
precise control of the doping level [227]. Electrochemical
doping changes the position of the SWCNT Fermi level in
proportion to the applied voltage [227]. As shown in paper
[228], the coefficient of proportionality ranges 0.4-0.7eV V.
The electrochemical technique makes possible SWCNT
doping under conditions excluding chemical modification or
damage of nanotubes by choosing a proper electrolyte, a
range of voltages to be applied, the materials of the electrodes,
and other experimental characteristics [227].

The first electrochemical study of SWCNTs was pub-
lished in 1999 [229]. Later studies of nanotube properties
under electrochemical charging were conducted with the use
of voltamperometry [230-234] and spectroelectrochemical
methods [210, 225, 228, 233-255]. The former technique
makes possible donor and acceptor doping of SWCNTs in a
single experiment, and the cyclic voltamperograms obtained
permit one to assess the reversibility of these processes [227].
The spectroelectrochemical technique provides a powerful
tool for the study of SWCNT electronic properties, because it
combines the advantages of electrochemical and spectro-
scopic methods and permits comprehensively evaluating the
modification of nanotube spectra, which corresponds to the
changes in their electronic properties resulting from electro-
chemical doping [256].

The electrochemical approach is usually combined with
Raman spectroscopy or optical spectroscopy in the visible
and near-infrared regions. In either case, in situ experiments
make use of a three-electrode electrochemical cell in which
SWCNTs serve as the working electrode.

Raman spectra of nanotubes under electrochemical
charging were first measured in 1999 [210]. The real process
included electrochemical doping of nanotubes and their
intercalation with sulfuric acid used as an electrolyte [227].
In 2000, the measurements were made in traditional electro-
lyte solutions, such as aqueous [233] and aprotonic (tetra-
hydrofuran) [225] solutions. Later on, many authors studied
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SWCNT properties in aqueous electrolyte solutions [228,
235-241, 249-255], acetonitrile [234, 242, 243, 245, 246], and
ionic fluids [244]. SWCNTSs were usually used in the form of
thin films deposited onto an inert metal substrate (Au, Hg, Pt)
[233, 234, 236, 237, 243-245, 249-251] or in the form of
buckypaper [235, 240, 252-254, 257].

The optical absorption spectra of electrochemically
charged nanotubes were measured for the first time in 2000
[233]. Unlike the above Raman spectroscopy technique,
optical spectroscopy technique requires that nanotubes be
deposited onto an optically transparent conducting material,
e.g., indium-tin oxide (ITO) [233, 234, 243, 244] or a thin
semitransparent platinum film [247, 248], and it employs
aqueous [233] and acetonitrile [234, 243, 247, 248] electrolyte
solutions or ionic fluids [244]. The results of these measure-
ments were shown to agree with those obtained in the studies
of SWCNTs intercalated with electron donors and acceptors
[35, 190, 218, 221].

Generally speaking, electrochemical doping may find a
variety of applications [258-262]. In particular, electrochemi-
cal studies of nanotubes are motivated by the possibility of
utilizing them for hydrogen storage [263, 264], and the
construction of batteries [265-267], supercapacitors [230,
231], sensors [258, 262], and nanoelectronic devices [228, 268—
270]. However, these electrochemical studies need highly
sensitive equipment, much time to prepare an experimental
setup, and time-consuming experimentation and data proces-
sing to be conducted [256]. Moreover, spectroscopic studies
under electrochemical charging should be taken in special
electrochemical cells and the choice of electrolytes, materials
for electrodes, or other parameters is limited by the spectro-
scopy requirements, which may dictate the use of materials
with electrochemically disadvantageous properties [256].

4.6 Filling internal channels of SWCNTSs

This method is based on the encapsulation of simple
substances and compounds of various chemical natures into
the internal channels of SWCNTs. Thus far, experiments on
filling internal channels of SWCNTs with more than 150
substances have been reported. Figure 7 presents their
classification by chemical nature, whereas Table 1 sum-
marizes the results of almost 100 studies published in the
past 15 years and mentions concrete filling materials.

These materials include atoms, molecules, chemical
elements (encapsulated as nanowires, clusters, or nanocrys-
tals), and chemical compounds. The encapsulation of atoms
into the channels of SWCNTS is a challenging experimental
task; only a few examples are reported in the literature. One is
the formation of spirals from polyiodide chains described in
Refs [203, 271, 272]. Moreover, metallic caesium [273, 274]
and carbon [275] were also shown to form atomic chains
inside SWCNT channels.

The first molecule encapsulated into an SWCNT channel
was the Cg fullerene [14]. Thereafter, many research groups
reported on synthesis of similar nanostructures and filling
nanotube channels with other fullerenes (Cyg, Crg, Cso, Csa,
Cyp [216, 276-294]); endohedral fullerenes (M@ Cg,, where
M = Ca, La, Ce, Sm, Gd, and Dy) [279, 284, 287, 295-302],
M, @Cgp, where M = La and Ti, [303, 304], Sc,@Cg4 [305],
Gd,@Cy; [306], M3N@Cgg, where M = Sc, Dy, and Er [283,
307-309], and N@ Cqgg [289]; exohedral fullerenes (CgO [310],
CeCs [311]); Cgo/Re, Os carbonyl complexes [312-314];
fullerenes modified by Cg (COOH), and Cg (COOC;Hs),
functional groups [283, 315]; Cg with alkyl chains [316];
Ceo with an organic Cd complex [317]; metallocenes
(ferrocene (CsHs),Fe [318-329], cobaltocene (CsHs),Co,
(CsH4C,Hs),Co [330], cerocene (CsHs),Ce [331, 332]); and
other organic molecules, such as Pt (II) [329, 333] and Co (IT)
[334] acetylacetonates, ortho-carborane [335], Zn (IT) and Pt
(IT)-porphyrin complexes [282, 336], rhodamine, chlorophyll
[336], P-carotene [337, 338], tetracene, pentacene, and
anthracene [339].

Chemical elements other than iodine, caesium, and carbon
usually form nanowires, clusters, and/or nanocrystals in
SWCNT channels. Also introduced into nanotube channels
were nonmetals (elemental S, Se, Te [340, 341]) and metals
including alkali metals (K [342]), p-metals (Bi [343]), transi-
tion metals (Fe [344, 345], Co [334], Ru [15], Pd [346],
Ag [346-352], Cu [347, 353], Re [354—356], Au [346], Pt
[346], W [354, 356], Os [354, 356]), and lanthanides (Eu [357,
358] and Er [359]).

Chemical compounds make up the largest group of
dopants incorporated into SWCNT channels. They attract
great interest for several reasons. First of all, the possibility of
varying the chemical nature of cations and anions of salts
markedly increases their number suitable for encapsulation,
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Figure 7. Classification of filling substances for SWCNTs by chemical nature.
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Table 1. Classification of SWCNT-filling materials by chemical nature.

Table 1. (Continued)

Type of Chemical nature Examples References Type of Chemical nature Examples | References
material material
Atoms | Nonmetal I, [203, 271, Mole- | Other organic molecules Orthocarbor- [335]
272] cules ane
CioHz [275] Zn(11), Pt(11)| [282, 336]
porphyrine
Metal Cs [273, 274] complexes
Metal/nonmetal Cs/1 [408] Rhodamine, 336]
Mole- | Fullerene Ce0, C10, Crs, [14, 216, chlorophyll
cules Ca, Cez, Coo 276~ 294] B-carotene | [337, 338]
Azafullerene CsoN [409] TDAE! [339]
Doped fullerene Ceo/K [410—412] TMTSF 2,
TTF 3,
Ceo/FeCl3 [412] DNBN*,
TCNQ?,
Endohedral | M@Cs» Ca@Csa, [279, 284, F4sTCNQ®
fullerene La@Csa, 287,
Ce@Csa, 295-302] Pentacene, [339]
Sm@Cs,, anthracene
Gd@Csa,
Dy@Csg» Ele- Nonmetal S, Se, Te [340, 341]
ments
M>@Cso La,@Cso, [303, 304] (in the | Metal Alkali metal K [342]
Ti@Cso form of
nano- p-metal Bi [343]
Mr@Cgq Sco@Csa [305] wires,
- clusters d-metal | 3d Fe [344, 345]
M>@Co Gd@Co: [306] or
- - nano- Co [334]
M3N@Cso | SesN@Cgo, [283,
DysN@ Cso, 307-309] Crlys' Cu [347, 353]
ErsN@Cro, tals)
Er,Sc;_ N@Csgo 4d Ru [15]
X@Cso N@Ceo [289] Pd [346]
Exohedral fullerene Ce00 [310] Ag [346—-352]
Cs0Cs [311] 5d Re [354-356]
Ceo/Re, Os [312-314] Au, Pt [346]
carbonyl complexes
. W, Os [354, 356]
Fullerene containing C61(COOH)3, [283, 315]
functional group Ce1(COOC:Hs) Lanthanide Eu [357, 358]
chains
. . Com- Halogen- | Fluoride SnF» [360]
Ceo with Cd organic [317] pounds | ide
complex Chloride | M'CI (Na/Cs/Cu/ [61, 351,
Ag/T1)Cl 361-364
Endohedral fullerene con- | ScsN@Cso [307] g/meC ]
taining functional group with organic groups MUCI, (Fe/Co/Ni/ [61, 346,
Metalocene Ferrocene [318—-329] E/I(;/CP ld/ Zn/ 364-370]
(CsHs)oFe 2
MMCl; | (Fe/Y/Ru/ [15, 61,
Cobaltocene 330 -
(C5H5)2Con 1330 Au/La/Nd/ 344346,
) Sm/Eu/ 359, 364,
(CsH4C2Hs)2Co
Gd/Tb/Ho/ 365,370
Cerocene [331, 332] Er/Yb)Cls, 373]
(CsHs)sCe AlClg
Metal acetylacetonate Pt(acac), [329, 333] MWCly | (Zr/Hf/ [346, 364,
Pt/Th)Cl4 370, 374
Co(acac), [334 377]
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Table 1. (Continued)

Table 1. (Continued)

Type of Chemical nature Examples | References Type Chemical Examples References
material of material nature
Com- |Halogen- |Chloride |MVCls MoCls [61] Compounds | Acetate UO,(CH3CO0), [406]
pounds |ide
MV'Clg | WCly [61, 364] Mixed Atoms/ Cs/Ceo [408]
molecules
Mixture | (KCI),(UCly), | [351, 378]
Molecules/ Ceo/Felz [364]
Bromide | M'Br (Cs/Cu/Ag)Br | [351, 361, compounds
362, 364] Ce0/ThCl4 [364]
M"Br, | (Fe/Co/Ni/ [366—369, !'TDAE — tetrakis(dimethylamino)ethylene
Mn/Zn)Br> 379] 2TMTSF — tetramethyl-tetraselenfulvalene
3TTF — tetrathiafulvalene
Todide M (Li/Na/K/Rb/ | [361, 362, 4*DNBN — 3,5-dinitrobenzonitryl
Cs/Cu/Ag)l 364, 375— STCNQ — tetracyano-p-quinodimethane
378, 380 6 F4,TCNQ — tetrafluorotetracyano-p-quinodimethane
387
MU, (Ca/St/Ba/Fe/ | [368, 369, as well as a versatility of their chemical and physical proper-
Co/Zn/Cd/ 375377, ties. Moreover, filling SWCNT channels with chemical
Pb)l, 388-390] compounds and their subsequent chemical modification
o make it possible to incorporate chemical elements that
MTL Lal;, Alle [3725 23 o1, cannot be inserted through a one-step process.
] Metal halogenides compose the biggest group of chemical
MV, Snl, [61, 364] compounds used to fill nanotube channels. SWCNT channels
have been filled with various fluorides (SnF, [360]), chlorides
Mixed AgClo2Brog (351] (M'Cl, where M = Na, Cs, Cu, Ag, Tl [61, 351, 361-364],
AgCly I, (364, 378, MUCl,, where M = Fe, Co, Ni, Mn, Pd, Zn, Cd [61, 346, 364—
393] 370], MM Cl;, where M = Fe, Y, Ru, Au, La, Nd, Sm, Eu,
Gd, Tb, Ho, Er, Yb, AL,Clg [15, 61, 344-346, 359, 364, 365,
AgClLBr, I (61, 351, 370-373], MV Cly, where M = Zr, Hf, Pt, Th [346, 364, 370,
375.3801 | 374-377], MVCls, where M = Mo [61], MV'Cls, where
Chalco- | ATTBVI HeTe [394, 395] M =W [61, 364], (KCI)X(UC14)J, [351, 378]), bromides
genide (M'Br, where M = Cs, Cu, Ag[351, 361, 362, 364], M"Br»,
CdS, ZnTe [396] where M = Fe, Co, Ni, Mn, Zn [366-369, 379]), iodides (M1,
AIVBYI PhTe [396] where M = Li, Na, K, Rb, Cs, Cu, Ag [361, 362, 364, 375~
378, 380-387], MI,, where M = Ca, Sr, Ba, Fe, Co, Zn, Cd,
SnSe [376] Pb[368, 369, 375-377, 388-390], M 15, where M = La, Al,I¢
[370, 391, 392], M V14, where M = Sn [61, 364]), and their
SnTe [397,398] | mixtures (AgCly ,Brog [351], AgCl,_ I, [364, 378, 393], and
AIVBY! MoS, (399] AgCl Br,I. [61, 351, 375, 380]). . .
The second most popular group of encapsulating materi-
AVIBY! MnTe; [400,401] | als are metal chalcogenides A"BY!' (HgTe [394, 395], CdS
- ) [396], ZnTe [396]), AVBY! (PbTe [396], SnSe [376], SnTe [397,
Halogenide/chalcogenide CdBr,_,Te, [375] 398)), AIVB;]I (MoS; [399]), and AVIIB;/I (MnTe; [400, 401]).
Oxide PbO [402] Moreover, channels of SWCNTs have been filled with oxides
(PbO [402], Sb, O3 [403, 404], Cr,03 [405], UO; [406], CrO;
Sbo03 [403, 404] [350, 407], Re.O, [355]), hydroxides (KOH, CsOH [406]),
Cra0s [405] nitrates (AgNO; [346-350, 352], Cu(NOs), [347, 353],
- Bi(NOs3); [343], UO,(NO;), [406]), and acetates
U0, [406] (UO,(CH3COO0), [406]). There are publications that report
the simultaneous filling of SWCNT channels with atoms and
CrOs 350, 407] molecules (Cs/Cg, [408]) or molecules and chemical com-
Re, O, [355] ‘pOLlHdS (Céo/Felz, C60/ThC]4 [364])
- Naturally, the method of encapsulation of a filling
Hydroxide CsOH, KOH [406] material into SWCNTs depends on its chemical nature.
Nitrate AZNO; (346350, Overall, cgmpounds can be inserted into the chgnnels in ‘the
352] gaseous, liquid, or s.ohd state.‘Therefore, specific physmal
properties of a filling material can be of considerable
Cu(NO3)» [347, 353] importance, viz. solubility in a concrete solvent, melting,
] boiling, and decomposition points, surface tension coeffi-
Bi(NOs); [343] cient and melt viscosity, vapor pressure at a given tempera-
UO5(NO3), [406] ture, etc. On the one hand, the choice of material for filling

nanotube channels is determined by the research goal and
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limited by its properties and potential of the concrete filling
technique. On the other hand, the development of novel
filling methods for the purpose opens up new opportunities
for the synthesis of new nanostructures.

The question of filling SWCNT internal channels by
various methods is extensively discussed in the literature.
Detailed reviews of the methods devised for encapsulating
different materials can be found in Refs [61, 413-417].

5. Investigation of the electronic properties
of filled SWCNTSs

Interactions between an encapsulated material and a tube
wall are mediated through the formation of local chemical
bonds or nonlocal effects (e.g., charge transfer) [413]. In the
latter case, the influence of incorporating materials on
SWCNT electronic properties can be considered in the
context of the rigid band model as the doping of nanotubes
with the proper increase (donor doping) or decrease (acceptor
doping) in the nanotube Fermi energy. In such cases,
modification of the tube electronic structure due to accom-
panying charge transfer, alteration of work function, and
shift of a Fermi level results in a change in SWCNT optical,
transport, and electric properties.

Investigations into nanotube electronic properties aimed
at detecting charge transfer, its direction, and local interac-
tions between the encapsulated atoms and tube walls, as well
as measurements of the work function of the filled SWCNTs
and the shift of the Fermi level, can be conducted by such
experimental methods as the aforementioned RS, XPS, XES,
OAS, XAS, UPS, and PLS. The last four techniques directly
yield information about modifications of van Hove singula-
rities, a distinctive feature of the band structure of SWCNTs
(see Section 3). Moreover, the electronic properties of
SWCNTs can be studied by quantum-chemical simulation.
Table 2 summarizes results of experimental and theoretical
studies on the electronic properties of filled nanotubes.

5.1 Experimental investigation of the electronic properties
of filled SWCNTs

The literature contains publications on the qualitative
(detection of charge transfer and its direction) and quanti-
tative (measurement of the work function, determination of

the Fermi level position and its displacement with respect to
the initial position) analysis of the modification of SWCNT
electronic properties using experimental methods. In what
follows, the reported studies on electronic properties of
filled SWCNTs by experimental techniques will be consid-
ered.

5.1.1 Detection of charge transfer and its direction. The
detection of charge transfer and the determination of its
direction at the qualitative level can be performed by optical
absorption spectroscopy, Raman spectroscopy, photolumi-
nescence spectroscopy, and X-ray absorption spectroscopy.

Optical absorption spectroscopy. Optical absorption spec-
tra of SWCNTSs show characteristic peaks in an energy range
from 0.5to 3 eV, corresponding to electron transitions between
van Hove singularities of semiconducting and metallic
SWCNTs (Fig. 8a). The distance between van Hove singula-
rities of the conduction and valence bands being inversely
proportional to SWCNT diameter, the energy position of the
peaks differs for nanotubes of various diameters [418].
According to the Kataura plot (Fig. 8b), the peak in the 0.6—
0.8 eV region for SWCNTs 1.4-1.6 nm in diameter corre-
sponds to transition Ef; between the first van Hove singula-
rities of semiconducting nanotubes, the peak in the 1.0-1.4 eV
region to transition EJ, between the second van Hove
singularities of semiconducting nanotubes, the peak in the
1.7-2.0 eV region to transition £ between the first van Hove
singularities of metallic nanotubes, and the peak in the 2.3—
2.5 eV region to transition E3; between the third van Hove
singularities of semiconducting nanotubes [44].

Modification of OA spectra, e.g., variation of peak
intensity and position, may reflect changes in electronic
properties of SWCNTSs. The literature contains reports of
OA spectra of SWCNTs filled with organic [339] and
metallorganic [322, 330] molecules, and halogenides of iron
[369], cobalt [379], nickel [366], manganese [367], zinc [368],
silver [361], and copper [362]. The authors of these studies
observed both a decrease [339] and an increase [322, 330] in
the intensity of the peak of the first van Hove singularity in
semiconducting SWCNTs or its complete disappearance [361,
362, 366-369, 379]. It was therefore concluded that charge
transfer occurs in filled nanotubes (see Table 2) even if its
direction cannot be determined by the method in question.
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Figure 8. (a) Schematic of the band structure of semiconducting SWCNTs, (b) Kataura plot: dependence of electron transition energy between van Hove
singularities on nanotube diameter (the plot shows the region corresponding to SWCNTSs 1.4-1.6 nm in diameter) [44], and (c) optical absorption spectra

of pristine and silver halogenide-filled nanotubes [361].
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Table 2. Investigations of the electronic properties of filled SWCNTSs using experimental and theoretical methods.
Observed Encapsulated Method Result References
effect material
Charge Ceo XAS Slightly modified shape of the Cls-spectrum and altered intensity of [432]
transfer the components suggest small charge transfer from SWCNT walls
from to encapsulated Cgo molecules.
SWCNT
wall UPS SWCNT spectra before and after filling are identical. [288]
Quantum-chemical Changes in electronic properties of SWCNTs depend on their | [437—-442]
calculations diameter. For example, nanostructures resulting from the encapsu-
lation of molecules into SWCNTs more than 1.18 nm in diameter
were characterized by a small charge transfer from SWCNT walls to
Cgo molecules, whereas after filling of SWCNTSs less than 1.18 nm in
diameter charge transfer from Cgp molecules to tube walls occurred.
Cr9, Cg, Cs2 Quantum-chemical Changes in electronic properties of SWCNTs depend on their | [439-441]
calculations diameter. Charge transfer from tube walls occurred in (17, 0)
SWCNTs filled with Cg> molecules.
CrO; RS A shift of G-mode peaks to the high-energy region; the G-mode [350]
shape changes to the semiconducting type.
Quantum-chemical Calculations of the band structure suggest acceptor doping of [454]
calculations SWCNTs.
Cul RS A shift of G-mode peaks to the low-energy region; the G-mode [381]
shape changes to the semiconducting type.
RS A shift of G-mode peaks to the high-energy region; the G-mode [385]
shape changes to the semiconducting type.
S, Se, Te RS A shift of G-mode peaks to the high-energy region. [341]
SnF, RS A shift of G-mode peaks to the high-energy region. [360]
Organic molecules OAS, RS Altered relation between intensities of components of G-mode [339]
(tetracene, pentacene, peaks in Raman spectra and lowered intensity of the peak
anthracene, corresponding to electron transitions between the first van Hove
TDAE,! TMTSF,? singularities of semiconducting nanotubes in OAS spectra give
TTF,> DNBN.,* evidence of charge transfer. Charge transfer from SWCNT walls
TCNQ,’ F4,TCNQ ©) to encapsulated molecules is proved for TCNQ.
Quantum-chemical Encapsulation of TCNQ and F4sTCNQ electrophilic molecules [443]
calculations results in acceptor doping of SWCNTSs.
Gd@Cs» XPS, UPS, XAS A shift of Cls XPS peak to the high-energy region and its broad- [301]
ening due to charge transfer from SWCNT walls. Heating of
Gd@Cg@SWCNT nanostructures results in formation of metal-
lic Gd inside DWCNTs, a shift of Cls XPS spectrum to the low-
energy region, and the loss of van Hove singularity signal in Cls
XAS spectrum. The XPS spectrum of this specimen is characterized
by the enhanced density of electron states at the Fermi level,
suggesting donor doping of SWCNTs.
La@Cs, K@Cep, Quantum-chemical The efficiency of charge transfer from SWCNT walls to dopant | [437, 439]
Ca@Ce0, Y@Coeo calculations molecules is higher than for Ceo.
KI Quantum-chemical Charge transfer from SWCNT walls to the nanocrystal turns to be [456]
calculations very small.
AgCl, AgBr, Agl OAS, RS, RS OAS spectra evidence the loss of the peak corresponding to electron [361]

with electrochemical
charging, XAS , XPS

transitions between the first van Hove singularities of semiconduct-
ing SWCNTSs. Raman spectra undergo a shift of G-mode peaks to
the high-energy region; the G-mode shape changes to the semicon-
ducting type. According to RS with electrochemical charging, the
Fermi level of Agl-filled SWCNTs shifts downward by 0.6 eV. Cls
XAS spectrum has an additional peak on the low-energy side of *
resonance, which corresponds to the appearance of a new unoccu-
pied level due to charge transfer from SWCNT walls. XPS spectrum
contains additional components. Charge transfer increases in the
Agl-AgBr—AgCl line. Local interaction presumably occurs, but its
nature is unknown.
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Table 2. (Continued)

Observed
effect

Encapsulated
material

Method

Result

References

Charge
transfer
from
SWCNT
wall

FeCl,, FeBr», Fel,

OAS, RS, XAS, XPS

Peak corresponding to electron transitions between the first van Hove
singularities of semiconducting SWCNTSs disappears in OAS spectra.
Raman spectra undergo a shift of G-mode peaks to the high-frequency
region; G-mode shape changes to the semiconducting type. Cls XAS
spectrum has an additional peak on the low-energy side of ©* resonance,
which corresponds to the appearance of a new unoccupied level due to
charge transfer from SWCNT walls. XPS spectrum contains additional
components.

[369]

COBrz

OAS, RS, XPS

OAS spectra evidence the loss of the peak corresponding to electron
transitions between the first van Hove singularities of semiconducting
SWCNTs. Raman spectra undergo a shift of G-mode peaks to the high-
energy region; the G-mode shape changes to the semiconducting type.
XPS spectrum contains additional components.

[379]

Niclz, NiBrz

OAS, RS, XAS, XPS

Peak corresponding to electron transitions between the first van Hove
singularities of semiconducting SWCNTs disappears in OAS spectra.
Raman spectra undergo a shift of G-mode peaks to the high-frequency
region; G-mode shape changes to the semiconducting type. Cls XAS
spectrum has an additional peak on the low-energy side of n* resonance,
which corresponds to the appearance of a new unoccupied level due to
charge transfer from SWCNT walls. XPS spectrum contains additional
components.

[366]

MnCl,, MnBr,

OAS,
RS, XPS

OAS spectra evidence the loss of the peak corresponding to electron
transitions between the first van Hove singularities of semiconducting
SWCNTs. Raman spectra undergo a shift of G-mode peaks to the high-
energy region; the G-mode shape changes to the semiconducting type.
XPS spectrum contains additional components.

[367]

ZnCly, ZnBr»,
Zl‘lIz

OAS, RS, XAS, XPS,
measurement of work
function, UPS

Peak corresponding to electron transitions between the first van Hove
singularities of semiconducting SWCNTs disappears in OAS spectra.
Raman spectra undergo a shift of G-mode peaks to the high-frequency
region; G-mode shape changes to the semiconducting type. Cls XAS
spectrum has an additional peak on the low-energy side of n* resonance,
which corresponds to the appearance of a new unoccupied level due to
charge transfer from SWCNT walls. XPS spectrum contains additional
components. Measurements of work function show thatitequals 4.76 eV
for pristine SWCNTSs, and 5.14 eV for ZnBr»-filled nanotubes. The
valence band spectrum of filled nanotubes shows a shift of ©* resonance
to the low-frequency region by 0.26 eV, corresponding to a shift of the
Fermi level in filled SWCNTSs.

[368]

TbCl3, ZnCl,
CdCl,

OAS, RS, XPS

OAS spectra evidence the loss of the peak corresponding to electron
transitions between the first van Hove singularities of semiconducting
SWCNTs. Raman spectra undergo a shift of G-mode peaks to the high-
energy region; the G-mode shape changes to the semiconducting type.
XPS spectrum contains additional components.

[365]

Charge
transfer

to SWCNT
wall

Ag

RS

A shift of G-mode peaks to the low-energy region, broadening of the
G-band, G-mode shape changes to the metallic type.

[350]

OAS, RS, XPS

A shift of G-mode peaks to the low-energy region, broadening of the
G-mode peak, G-mode shape changes to the metallic type. XPS
spectrum contains additional components.

[347, 348]

Quantum-chemical
calculations

Calculations of the band structure suggest donor doping of SWCNTs.

[454, 455]

Cu

RS, XPS

A shift of G-mode peaks to the low-energy region, broadening of the
G-mode peak, G-mode shape changes to the metallic type. XPS
spectrum contains additional components.

[347, 353]

Organic molecules
(tetracene, penta-
cene, anthracene,
TDAE,

TMTSF, TTF,
DNBN,

TCNQ,
F4TCNQ)

OAS, RS

Altered relation between intensities of components of G-mode peaks in
Raman spectra and lowered intensity of the peak corresponding to
electron transitions between the first van Hove singularities of semi-
conducting nanotubes in OAS spectra give evidence of charge transfer.
Charge transfer from encapsulated molecules to SWCNT walls is proved
for TMTSF and TTF.

[339]

Quantum-chemical
calculations

Encapsulation of TDAE and TTF nucleophilic molecules into SWCNT
channels results in donor doping of nanotubes.

[443]
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Table 2. (Continued)

Observed
effect

Encapsulated
material

Method

Result

References

Charge
transfer

to SWCNT
wall

CO(C5H5)2,
CO(C5H4C2H5)2

OAS,PLS

A shift of peaks in PL spectra of filled SWCNTs to the low-energy region
along the emitted radiation energy axis suggests formation of impurity
levels below the conduction band. Enhanced intensity of the peaks
positioned at energies below 1 eV in OAS spectra.

[330]

Quantum-chemical
calculations

Filling (17, 0) and (12, 0) nanotubes results in charge transfer from
Co(CsHs)> molecules onto SWCNT walls.

444, 445]

Fe(CsHs)z

UPS

A shift of peaks of the first and second van Hove singularities in
semiconducting SWCNTs and of the first singularity in metallic
SWCNTSs by 0.1 eV to the high-energy region.

[328]

XPS, UPS, XAS ,
quantum-chemical
calculations

Broadened and more asymmetric Cls XPS spectrum. Decreased
intensity of m* resonance in Cls XAS spectrum. Van Hove singularity
peaks in UPS spectra are shifted toward the higher binding energies,
which suggests charge transfer to SWCNT walls. Heating of the sample
causes decomposition of ferrocene accompanied by a shift of van Hove
singularity peaks in the opposite direction down to values below those in
pristine SWCNTs, i.e., the type of doping switches from donor to
acceptor. Estimated charge transfer density is 0.0067 e~ A~ for ferro-
cene-filled SWCNTs, and is 0.001 e~ A for the sample annealed at
600°C for 8 h. Quantum-chemical calculations showed that charge
transfer density for ferrocene-filled (9, 9) SWCNTs is 0.002 and
0.0029¢~ A" for perpendicular and linear orientations of the mole-
cules in the nanotube channel, respectively.

[326]

XPS, UPS, XAS

Broadened Cls XPS spectrum. Decreased intensity of the component of
the first van Hove singularity in Cls XAS spectrum corresponds to
donor doping of SWCNTSs. The shape of Fe2p XAS spectrum suggests a
change in the oxidation level of iron to Fe*!* due to charge transfer.
UPS spectrum does not change because of a low filling degree of
SWCNT channels.

[324]

OAS, PLS,
quantum-chemical
calculations

Increased intensity of the peak corresponding to electron transitions
between the first van Hove singularities of semiconducting SWCNTs is
observed in the OAS spectrum. Photoluminescence spectrum shows
increased intensity of the signal for (8, 6) and (9, 5) SWCNTs
(d~ 0.9 nm) due to charge transfer to SWCNT walls. Quantum-
chemical calculations implied that charge transfer density is
0.0119¢~ A" for (8, 6) SWCNTSs, 0.0124e~ A" for (9, 5) SWCNTs,
and 0.0106e~ A~" for (16, 0) SWCNTSs.

[322]

Quantum-chemical
calculations

Filling (17, 0) and (12, 0) nanotubes results in charge transfer from
Fe(CsHs), molecules to SWCNT walls.

[444, 445]

Ce(CsHs)s

XPS, UPS, XAS

Decreased intensity of the component of the first van Hove singularity of
semiconducting SWCNTs in Cls XAS spectrum. Broadened and more
asymmetric Cls XPS spectrum, suggesting donor doping of SWCNTs.
UPS spectrum of annealed cerocene-containing nanotubes is character-
ized by enhanced density of electron states at the Fermi level, which
suggests increased donor doping level.

[331, 332]

M(C5H5)2, where
M=V, Cr, Mn, Ni

Quantum-chemical
calculations

Calculations of the band structure give evidence of SWCNT doping
upon filling their channels.

[444]

Eu

XPS, UPS, XAS

Decreased intensity of components of van Hove singularities of
semiconducting SWCNTs SWCNTs in Cls XAS spectrum. Shift of
Cls peak in XPS spectrum toward higher binding energies and its
broadening. Shift by 0.1 eV of van Hove singularity peaks in UPS
spectrum to the high-energy region. Increased density of electron states
at the Fermi level in UPS spectrum, which suggests donor doping of
SWCNTs. Number of transferred electrons is 1.79 per Eu atom.

[358]

Quantum-chemical
calculations

Calculations of the band structure of filled (10, 0) and (6, 0) nanotubes
give evidence of donor doping of SWCNTs.

[451]

Quantum-chemical
calculations

Calculations of the band structure of filled [Li@Ca4], and [K@Csg],
tubulenes give evidence of charge transfer from the nanotube walls to the
encapsulated metallic atoms.

[436]
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Table 2. (Continued)

Observed
effect

Encapsulated
material

Method

Result

References

Charge
transfer

to SWCNT
wall

Ti, Zn, Co, Ni, Fe,
Mo, Gd, Cu

Quantum-chemical
calculations

Calculations of the band structure and the density of electron states of
filled nanotubes with different chiral vectors give evidence of donor
doping of SWCNTs.

[446 - 453]

Local
interaction
and charge
transfer

Ag

XAS

Appearance of additional peak between ©* and c* resonances in the Cls
spectrum reflects hybridization of carbon and silver valence orbitals.
Decreased intensity of the n*-peak may indirectly suggest charge transfer
from silver atoms to carbon atoms of nanotube walls.

[345]

ErCl3

XPS, UPS, XAS

Broadening of Cls XPS spectrum up to 0.2 eV, its shift toward lower
binding energies, and appearance of additional peak on the low-energy
side suggest hybridization of erbium 5d-orbitals and carbon m-orbitals.
Sample annealing with formation of Er clusters in SWCNT channels
causes reverse shift of Cls peak and its narrowing. Cls XAS spectrum of
annealed sample shows increased intensity of components of van Hove
singularities located on the low-energy side from n* resonance; this
suggests increased charge transfer as confirmed by resonant UPS for Er
3d and 4d levels.

[359]

CuCl, CuBr, Cul

XAS, XES, OAS, RS,
RS with electrochemical
charging, XPS, measure-
ment of work function,
UPS

The appearance of additional peaks in Cls and Cu2p XAS spectra and
modification of the Cu KBs RES spectrum suggest the formation of a
new localized level due to hybridization between 2p. n-orbitals of carbon
and 3d-orbitals of copper. The energy position of this peak is virtually
independent of the type of the halogen atom, while the density of
electron states at this level increases in the Cul-CuBr—CuCl series.
OAS spectra evidence the loss of the peak corresponding to electron
transitions between the first and the second (in the case of CuCl) van
Hove singularities of semiconducting SWCNTs. In Raman spectra, the
G-mode peaks shift to the high-energy region, while the G-mode shape
changes to the semiconducting type. According to results of RS with
electrochemical charging, the Kohn anomaly is also displaced, which
corresponds to the shift of the Fermi level in SWCNTs (by —0.3 eV for
Cul, and —0.75 eV for CuCl). Because copper halogenides cannot
accept electrons, charge transfer occurs from SWCNT walls to the new
localized level. Measurements of the work function show that it equals
4.6 eV for pristine SWCNTs, 4.8, 5.2, and 5.25 eV for nanotubes filled
with Cul, CuBr, and CuCl, respectively. The valence band spectrum of
filled nanotubes exhibits a shift of ©* resonance to the low-energy region
by 0.2 eV for Cul, 0.6 eV for CuBr, and 0.7 eV for CuCl; these values
correspond to the displacement of the Fermi level in filled SWCNTs. The
XPS spectrum contains additional components whose shift increases in
the Cul-CuBr—CuCl series. Thus, charge transfer occurs with the
participation of the newly formed localized levels; moreover, acceptor
doping of SWCNTs takes place due to the difference in the work
function between SWCNTSs and encapsulated copper halogenides.

[362]

No effect on
electronic
properties

SnTe

RS, OAS, XPS

Similar SWCNT spectra before and after filling.

[397]

B-carotene

RS, OAS

Similar SWCNT spectra before and after filling.

[338]

I TDAE — tetrakis(dimethylamino)ethylene, 2 TMTSF — tetramethyl-tetraselenfulvalene, 3 TTF — tetrathiafulvalene, * DNBN — 3,5-dinitroben-
zonitryl, > TCNQ — tetracyano-p-quinodimethane, ¢ FAsTCNQ — tetrafluorotetracyano-p-quinodimethane.

Figure 8c shows OA spectra of pristine nanotubes and
SWCNTs filled with silver halogenides [361].

Raman spectroscopy. Raman spectra of SWCNTs are
characterized by the presence of three features, viz. the radial
breathing mode (RBM) at frequencies < 200 cm~! corre-
sponding to synchronous radial vibrations of carbon atoms
(A1), high-frequency G-band between 1500 and 1600 cm™!
related to vibrations of the C—C bond (E,, vibrations of the
graphene layer), and D-line in the 1300-1350 cm™' region
related to structural defects and disordering, along with the
second-order modes in the 2400-3000 cm™! region [419].

The position of RBM peaks in the Raman spectrum is
inversely proportional to SWCNT diameter [36, 419-422].

The use of lasers with various energies makes it possible to
detect SWCNTs of different diameters. Therefore, the
analysis of RBM band permits assessing the diameter
distribution of nanotubes [420, 422].

The G-region of SWCNT Raman spectra is characterized
by the two most intense modes, G~ and G" [421]. For
semiconducting nanotubes, the G~ mode is related at low
frequencies (~ 1540—-1575 cm~!) to tangential vibrations (at a
tangent along the nanotube perimeter) of carbon atoms, and
the G* mode at high frequencies (~ 1590 cm~') to long-
itudinal (along the SWCNT axis) vibrations. On the other
hand, the inverse relationship takes place for metallic
nanotubes due to electron—phonon interaction [423]. This
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accounts for a marked difference between G-mode profiles of
semiconducting and metallic nanotubes. In the former case,
the G-mode shows up a narrow symmetric peak described by
the Lorentz function; in the latter case, the G-mode has a wide
asymmetric shape described by the Breit-Wigner—Fano
(BWF) function [419, 424).

Modification of the Raman spectrum, specifically the
shift of G-mode peaks and a change in the mode profile,
may reflect changes in SWCNT electronic properties. There-
fore, the measurement of the Raman spectra of filled
SWCNTs at different laser energies, making it possible to
reach resonant conditions of excitation of nanotubes differing
in diameter and conduction type, is an important tool for
investigating the electronic properties of filled SWCNTs.

The reports are issued describing Raman spectra of
SWCNTs filled with CrO;3 [350], CuCl, CuBr, Cul [362,
381, 385], S, Se, Te [341], SnF; [360], organic molecules
[339], FeCl,, FeBr,, Fel, [369], CoBr, [379], NiCl,, NiBr,
[366], MnCl,, MnBr; [367], ZnCl,, ZnBr,, Znl, [365, 368],
CdCl, [365], TbCl; [365], AgCl, AgBr, Agl [361], Ag [347,
348, 350], Cu [347, 353], SnTe [397], and B-carotene [338]
(see Table 2).

The authors of the above-mentioned papers observed
modification of RBM peaks along with the displacement of
G-mode peaks and changes in the mode profile. In early
studies [341, 350, 360, 381], the shift of G-mode peaks to the
higher-frequency region was attributed to charge transfer
from nanotube walls, while the low-frequency shift was
related to charge transfer to SWCNT walls. Based on these
evidences it was concluded that CrO; [350], S, Se, Te [341],
Cul [381, 385], and SnF; [360] are electron acceptors, while
Ag [350] is a donor of electrons. The authors of Ref. [350]
noted that this conclusion is confirmed by measurements of
SWCNT Raman spectra under electrochemical charging
[236], but a paper published in 2008 [425] demonstrated that
application of positive potentials to SWCNTs (analogous
to donor-type doping of nanotubes) may cause a shift of
G-mode peaks to the high-frequency region of the Raman
spectrum. This was probably the reason why the authors of
later studies [347, 348, 353, 361, 362, 365-369, 379, 397] could
not come to a conclusion as regards the direction of charge

transfer based on the RS data alone. Figure 9 presents the
Raman spectra of SWCNTs filled with S, Se, and Te [341].

Photoluminescence spectroscopy. When a semiconducting
SWCNT is laser irradiated with a photon energy sufficient to
initiate electron transition between the second van Hove
singularities of the valence and conduction bands, an
electron enters the conduction band. As it returns to the
valence band by means of transition between the first van
Hove singularities, it emits radiation (Fig. 10a) [426-428].

Photoluminescence spectra maps reflecting the two-
dimensional dependence of photoluminescence intensity on
the wavelengths of exciting and emitted radiation show up
separate points (Fig. 10b,c). The width of the SWCNT
bandgap being dependent on its structure and inversely
proportional to nanotube diameter, each such point corre-
sponds to an SWCNT of a definite chirality [426, 427].

Modification of PL spectra, such as variation of PL
intensity for nanotubes of definite chirality, and displace-
ment of the points corresponding to these tubes along the axes
of exciting and emitted radiation wavelengths may indicate
changes in the electronic properties of SWCNTs. Moreover,
this observation permits estimating the effectiveness of filling
SWCNTs of a given chirality with the selected substance.

There are known in literature only a few studies on PL
spectra of filled nanotubes (see Table 2). The authors of
Ref. [322] recorded PL spectra of ferrocene-filled SWCNTs
and showed that the molecules are incorporated only into
nanotubes having the chiral vectors (8, 6), (9, 5), (8, 7), (11, 1),
and (10, 5). The comparison of PL maps of pristine (Fig. 10b)
and filled (Fig. 10c) SWCNTSs revealed signal enhancement
by 170% and 270% for (8, 6) and (9, 5) SWCNTs,
respectively. Moreover, the authors observed a red shift of
PL peaks along the axis of the emitted radiation wavelength.
From the above evidences it was concluded that charge
transfer from ferrocene molecules to SWCNT walls took
place.

X-ray absorption spectroscopy. Cls XAS spectra of
SWCNTs, which were recorded upon initiation of electron
transitions from the Cls core level to the conduction band of
nanotubes by exposure of the sample to synchrotron radia-
tion, show two main peaks [429]. One of them is ©* resonance

— === SWCNT
——— S@SWCNT
Se@SWCNT
RB;VI Te@SWCNT
i
II
II
i
L
Iy
Y i R
A
ek AR N Nl A et e - S e -

1590

G-mode 4

' 1591

' 1553 15-?0:‘:

:: =T 1503

1572

| 1556

P 1592

I 1556 1373

]

I Toss L5T2 me
PV = 1 1 I i

- “ 1530 1560 1590 1620 1650

Jhe Raman shift, cm™!

153 184
169
100 138 /18183
G 119140
i I I

300 600 900 1200

Raman shift, cm™!

219
236
|
120 160 200 240
Raman shift, cm™!

1500 1800 80

Figure 9. Results of Raman spectroscopic studies for SWCNTs filled with elemental sulfur, selenium, and tellurium [341].
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Figure 10. (Color online.) Schematic representation of the photoluminescence process (a) [426] and the photoluminescence maps of pristine nanotubes (b)

and SWCNTs filled with ferrocene molecules (c) [322].
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Figure 11. (a, b) Cls X-ray absorption spectra of pristine and cerocene—filled nanotubes [332], and (c) schematic of electron transition from the Cls core

level to the conduction band of doped SWCNTs [331].

located at an energy of 285.5 eV, which corresponds to
electron transition into the n*-band of SWCNTs. The other
peak relates to o resonance located at 291.8 eV and
corresponds to electron transition into the o*-band of
nanotubes (Fig. 11a). The presence of these two peaks is
characteristic of Cls XAS spectra for all allotropic modifica-
tions of carbon with sp>-hybridization of the atoms; it was
thoroughly investigated for graphite in Ref. [430].

High-resolution spectroscopic measurements make it
possible to study the fine structure of ©* resonance for an
SWCNT sample with narrow diameter distribution [431],
with each peak corresponding to an electron transition from
the Cls core level to individual van Hove singularities of the
SWCNT conduction band (Si, Sy, S5 are the first, second, and
third van Hove singularities of semiconducting SWCNTs,
respectively, and M; is the first van Hove singularity of
metallic nanotubes in Fig. 11b) [429].

Modification of C1s XAS spectra, specifically variation of
intensity of m* resonance components, corresponding to
individual van Hove singularities, and regular changes of the
n*-resonance profile, the disappearance of its fine structure or
the appearance of additional peaks near ©* resonance, may
reflect changes in the electronic properties of SWCNTs. There
are reports on the measurement of Cls XAS spectra of
SWCNTs filled with Cg [432], Gd@Cs; [301], AgCl, AgBr,
Agl [361], CuCl, CuBr, Cul [362], FeCl,, FeBr,, Fel, [369],

NiCly, NiBr; [366], ZnCl,, ZnBr,, Znl, [368], Ag[345], ErCl;
[359], Eu [358], ferrocene [324, 326], and cerocene [331, 332]
molecules; the fine structure of n* resonance was studied for
the last four compounds (see Table 2).

Cls XAS spectra of SWCNTs filled with Ag [361], Cu
[362], Fe [369], Ni [366], and Zn [368] halogenides contain an
additional peak on the low-energy side from n* resonance. In
the case of Ag, the additional peak appears between *- and
o*-resonances [345]. From these evidences it was concluded
that charge transfer gives rise to a new level in the SWCNT
band structure. As far as nanotubes filled with europium
[358], ferrocene [324, 326], and cerocene [331, 332] are
concerned, the authors observed in Cls XAS spectra a
decrease in intensity of the component corresponding to the
first van Hove singularity of semiconducting SWCNTs,
which was attributed to donor doping of nanotubes by the
filling agents. Figure 1la,b presents Cls XAS spectra of
cerocene-filled nanotubes, and Fig. 11c shows schematically
the electron transition from the Cls core level to the
conduction band of doped nanotubes.

5.1.2 Elucidation of local interactions between the atoms of
encapsulated substances and nanotube walls. Evaluation of
their influence on SWCNT electronic properties. As shown
above, if the interaction between an inserted substance and
the nanotube wall is emerging, for example, through the
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Figure 12. (Color online.) RS maps under electrochemical charging in the G-region for pristine SWCNTs (a) and CuCl@SWCNT nanocomposite (b),
illustrating the shift of the Kohn anomaly upon filling SWCNT channels with copper chloride. The maps were normalized to maximum intensity in the

1450-1650 cm™! region to improve image quality.

formation of local chemical bonds, then the modification of
the SWCNT electronic properties cannot be considered in the
framework of the rigid band model. The local interaction was
reported to exist in nanotubes filled with erbium chloride
[359], silver [345], and copper halogenides [362]. However,
this does not mean that it is absent in all other aforementioned
filled nanotubes simply because this matter was not dealt with
by the authors of the cited works.

As mentioned above, the Cls XAS spectrum of silver-
filled SWCNTSs contains an additional peak between n*- and
c*-resonances, which the authors of Ref. [345] attributed to
hybridization of the valence orbitals of carbon and silver and
suggested the possibility of charge transfer from silver atoms
to the wall of SWCNTs. The appearance of additional
components in the Cls XAS spectrum of erbium chloride on
the low-energy side of m* resonance gave evidence of
hybridization between 5d-orbitals of erbium and m-orbitals
of carbon [359]. A rise in intensity of these components
related to the enhancement of the degree of hybridization
and charge transfer was observed during annealing of the
sample with the formation of Er clusters in an SWCNT
channel. This observation was confirmed by resonant UPS
for the 3d and 4d levels of erbium.

Based on the results of XAS and XES studies of SWCNTSs
filled with copper halogenides, the authors of Ref. [362]
postulated the formation of chemical bonds between the
nanotube and the encapsulated salts by means of hybridiza-
tion between 2p. m-orbitals of carbon and 3d-orbitals of
copper. This inference was supported by the appearance of
additional peaks in Cls and Cu2p XAS spectra and modifica-
tion of the Cu KBs XES spectrum as a result of the formation
of a new localized level in the band structure of SWCNTs. The
energy position of this level was practically independent of the
type of halogen atoms, whereas the efficiency of charge
transfer from nanotube walls to this localized level increased
in the Cul-CuBr—CucCl series.

5.1.3 Determination of the shift of the SWCNT Fermi level
upon filling of nanotube channels. Methods devised for study-
ing the modification of SWCNT electronic properties at the
qualitative level have been described in Sections 5.1.1 and
5.1.2. Determination of the Fermi level in filled nanotubes
and its shift from the initial position are performed using RS
under electrochemical charging, the measurement of SWCNT
work function, UPS, and XPS.

Raman spectroscopy under electrochemical charging. As
was mentioned in Section 4.5, electrochemical charging
permits intentional modification of the electronic properties
of nanotubes and control of the doping level [277]. The
combination of electrochemical charging and RS enabled
the authors of Refs [361, 362] to accurately determine the shift
of the Fermi level in SWCNTs filled with silver iodide [361]
and copper halogenides [362]. In the case of Agl, the shift was
—0.6 eV [361], whereas for copper iodide and copper chloride
it was —0.3 and —0.75 eV, respectively [362]. In both studies,
charging was performed in a three-electrode electrochemical
cell with an SWCNT-coated platinum electrode using a 0.2 M
LiClOy solution in 1,2-dimethoxymethane as the electrolyte
and applying potentials in the range of —1.5to 1.5V.

Raman spectroscopy maps showing the two-dimensional
dependence of the intensity of G-mode peaks on the Raman
shift and the applied potential for pristine and copper
chloride-filled SWCNTs are represented in Fig. 12. The
dependence of the G-mode peak position of pristine
SWCNTs on the applied potential is characterized by the
presence of two branches (Fig. 12a), one of which is displaced
to the higher-frequency region at potentials greater than
—0.35V, and the other of which is independent of the
applied potential, as is typical of armchair nanotubes [433].
Thus, the Kohn anomaly in the case of pristine SWCNTs is
located at —0.35 V, and its shift toward negative potentials
(from zero position) is attributed by the authors of Ref. [362]
to the interaction between SWCNTs and electrolyte mole-
cules.

The Raman spectroscopy map for copper chloride-filled
SWCNTs presents a somewhat blurred picture along the
direction of the applied potential (Fig. 12b). Nevertheless,
the position of the Kohn anomaly is still possible to determine
as —1.1 V. Its shift by —0.75 V was interpreted by the authors
of Ref. [362] as the respective change in the position of the
Fermi level in SWCNTs.

Measurement of the work function of filled SWCNTs. The
shift of the Fermi level can be directly determined by studying
the spectra of secondary electrons, i.e., SWCNT electrons
that received sufficient energy from photoelectrons to escape
into the vacuum (in excess of the work function), measured by
photoemission spectroscopy.

Some papers describe the secondary electron cutoff
spectra of SWCNTs filled with copper [362] and zinc [368]
halogenides as sharp peaks having the maxima in a kinetic
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energy range from 4.5 to 5 eV. The authors defined the work
function as the kinetic energy at half peak height. According
to Ref. [362], it was equal to 4.6 eV for pristine SWCNTs, and
4.8, 5.2, and 5.25 eV for nanotubes filled with copper iodide,
bromide, and chloride, respectively. The work function
variation being directly related to changes in the Fermi level
position, the data obtained were used to calculate the shift of
the Fermi level for filled SWCNTs; it proved to be —0.2, —0.6,
and —0.65 eV using Cul, CuBr, and CuCl molecules,
respectively, as the encapsulating materials [362].

Ultraviolet photoelectron spectroscopy. UPS approach
allows studying the modification of the nanotube valence
band associated with their filling. The valence band spectrum
has a shape typical of all allotropic carbon modifications with
sp>-hybridization; it is characterized by the presence of two
main peaks, n- and o-resonances. One of them is located at a
binding energy of 3 eV and corresponds to photoelectron
emission from the n-band of nanotubes, while the other lies at
8 eV and is related to photoelectron emission from the o-band
(Fig. 13a) [434]. High-resolution spectroscopic measurements
for a high-purity SWCNT sample with narrow diameter
distribution revealed three additional peaks on the low-
binding energy side of m-resonance near the Fermi level,
which correspond to individual SWCNT van Hove singula-
rities [195, 435] (S, S are the first and second singularities of
semiconducting SWCNTs, respectively, and M, is the first
van Hove singularity of metallic nanotubes in Fig. 13b).

Modification of valence band spectra (viz. a shift of n- and
o-resonances, as well as van Hove singularity peaks, changes
in their intensity or disappearance, and variations of the
density of electron states at the Fermi level) may indicate an
alteration of SWCNT electronic properties. There are reports
in the literature on recording the valence band spectra of
nanotubes encapsulated with Gd@Cg, molecules [301],
erbium chloride [359], copper [362] and zinc [368] halogen-
ides, cerocene [331, 332], C4p molecules [288], ferrocene [324,
326, 328], and europium [358] (see Table 2).

In the case of nanotubes filled with Ce(CsHs), [331, 332]
or Eu [358] and samples obtained by thermal treatment of
SWCNTs with previously encapsulated Gd@Cs, [301] or
ErCl; [359] molecules, the authors observed a rise in the
density of electron states at the Fermi level presumably due to
charge transfer to the SWCNT walls. For nanotubes filled

with copper [362] and zinc [368] halogenides, they found a
shift of m-resonance toward lower binding energies and
interpreted it as a result of a downward displacement of the
nanotube Fermi level.

Modification of van Hove singularity peaks was studied
for nanotubes filled with europium [358] and ferrocene [326,
328]. Figure 13b presents valence band spectra of pristine and
Eu-filled nanotubes. In the latter case, the peaks were shifted
into the high-energy region by 0.1 eV, which corresponded to
a comparable elevation of the Fermi level, i.e., donor doping
of SWCNTs, and agreed with a rise in the density of electron
states at the Fermi level (Fig. 13b). The estimated number of
transferred electrons was 1.79 per Eu atom [358].

Van Hove singularity peaks in the ultraviolet photoelec-
tron spectrum of nanotubes filled with ferrocene molecules
(Fig. 13c) were also shifted toward higher binding energies,
which suggested charge transfer onto the SWCNT walls.
Heating the sample resulted in ferrocene decomposition
accompanied by a shift of van Hove singularity peaks in the
opposite direction down to the values below those character-
istic of pristine SWCNTs; in other words, donor doping
changed to acceptor doping. The evaluated charge transfer
density was 0.0067e~ A~! for ferrocene-filled SWCNTs,
and 0.001e~ A~' for a sample annealed at 600°C for
8 hours [326].

X-ray photoelectron spectroscopy. Investigations of Cls
XPS spectra of filled nanotubes, corresponding to the
emission of photoelectrons from the carbon core level, may
provide information on the modification of SWCNT electro-
nic structure. A change in the peak position, shape, or width
may reflect an alteration of the electronic properties of
SWCNTs. The authors of Ref. [429] undertook an analysis
of Cls XPS spectra of pristine nanotubes with a mean
diameter of 1.37 nm. The spectrum was shaped like a narrow
peak with the maximum at an electron binding energy of
284.65 eV; its width at half height was 0.4 eV, slightly greater
than the value of 0.32 eV for graphite due to the presence
of nanotubes with a certain diameter distribution in the
sample [429].

The literature describes results of studies on Cls spectra of
nanotubes filled with Gd@Cg, molecules [301], ferrocene
[324, 326], cerocene [331, 332], europium [358], erbium
chloride [359], silver [361], copper [362], iron [369], nickel
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Figure 13. (Color online.) (a) Valence band spectra of SWCNTs with metallic (upper curve) and semiconducting (lower curve) conductivity [434], (b) UPS
spectra of pristine and Eu-filled nanotubes [358], and (c) valence band spectra of pristine SWCNTs (A), ferrocene-filled nanotubes (B), and a sample (B)
annealed in a vacuum at 600 °C for 2 h (C), 8 h (D), 54 h (E), and 212 h (F), and at 1150 °C for 1 hr (G) [326].
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[366], manganese [367], and zinc [365, 368] halogenides,
cobalt bromide [379], cadmium chloride [365], terbium
chloride [365], tin telluride [397], silver [347, 348], and copper
[347, 353] (see Table 2).

The authors of Refs [301, 324, 326, 331, 332, 358, 359]
carried out qualitative analyses of the Cls peak; they related
broadening of the spectrum, its increased asymmetry, and the
shift of the maximum to a possible presence of charge
transfer, which was confirmed by other methods as well.
Individual components were distinguished in the spectra of
SWCNTs encapsulated with silver [361], copper [362], iron
[369], nickel [366], manganese [367], and zinc [365, 368]
halogenides, cobalt bromide [379], cadmium chloride [365],
terbium chloride [365], silver [347, 348], and copper [347,
353]. Cls XPS spectra of nanotubes filled with silver
halogenides [361] were fitted by three components
(Fig. 14a), one of which corresponded to pristine nanotubes
(I in Fig. 14a), and the other two of which corresponded to
filled ones (IT and III, respectively, in Fig. 14a). The second
component shifted by —0.38 eV with respect to the first one
in AgCl, by —0.3 eV in AgBr, and by —0.30 eV in Agl
appeared as a result of a change in the work function of
nanotubes after encapsulation of silver halogenides due to
the decreased Fermi energy and the respective shift of the
spectral components of filled SWCNTs toward lower
binding energies. Thus, the peak shift corresponded to the
displacement of the Fermi level. The appearance of the third
component was related to possible local interactions between
the SWCNT wall and atoms of the doping compounds
(Fig. 14a) [361].

The authors applied the same line of reasoning to the
analysis of Cls spectra of SWCNTs filled with copper
halogenides [362]. However, higher-resolution studies of the
spectra made it possible to distinguish components corre-
sponding to metallic and semiconducting nanotubes. Indeed,
it was shown in Ref. [429] that the Cls peak of SWCNTs
unsorted by conductivity type may contain components of
metallic and semiconducting nanotubes with the maxima
positioned at binding energies of 284.60 and 284.70 eV,
respectively, and the widths at half height equal to 0.31 and
0.39 eV. The shift of the metallic nanotube component by
0.1 eV toward lower binding energies was attributed to the
difference in the work functions between SWCNTs with
different types of conduction. In a later study [434], Cls
XPS spectra of nanotubes sorted by conduction type were
recorded. Peak maxima of metallic and semiconducting
SWCNTs were found to lie at 284.43 and 284.48 eV, while

their high-height widths equaled 0.26 and 0.32 eV, respec-
tively (Fig. 14b). The peak of metallic nanotubes was
characterized by the asymmetry parameter o = 0.11 [434].

Bearing in mind the above differences between Cls XPS
spectra of nanotubes with different types of conductivity, the
authors of Ref. [362] fitted the spectra of SWCNTs filled with
copper halogenides with five components. Figure 14c pre-
sents Cls spectra of SWCNTs filled with copper bromide and
fitted with five components of pristine metallic and semi-
conducting nanotubes (I and II, respectively, in Fig. 14c),
filled SWCNTs possessing metallic and semiconducting
conductivity (IV and V, respectively, in Fig. 14c), and a
component corresponding to local interactions between the
SWCNT wall atoms and the encapsulated copper bromide
(VI in Fig. 14c) [362]. The shifts of the components of the
filled metallic and semiconducting SWCNTs relative to those
of the pristine ones were —0.57 and —0.375 eV, respectively,
for CuCl, —0.60 and —0.365 eV for CuBr, and —0.35 and
—0.255 eV for Cul.

5.2 Simulation of the electronic properties of filled
SWCNTs

Investigations of the electronic properties of filled nanotubes
by experimental methods can be supplemented by quantum-
chemical simulations. Literature publications report on basic
research concerning the simulation of the band structure of
filled nanotubes with different chiral vectors, their density of
electron states, the dependence of the electronic properties on
nanotube diameter, and the correlation between the structure
of doping compounds and their influence on the electronic
properties of SWCNTSs.

Simulation of electronic properties of filled SWCNTs was
first reported by Russian researchers in 1993 [436]. They
calculated the band structure of filled [Li@Cy], and
[K@Cj36], nanotubes in which charge transfer from the
SWCNT walls to encapsulated metal atoms was observed.
Later on, the electronic properties of armchair and zigzag
nanotubes filled with Cgy [437-442], C7, Cys, and Cg, [439—
441] molecules, and La@Cg,, K@Cgp, Ca@Cgp, and Y @Cgo
endofullerenes [437—439] were also investigated (see Table 2).
It was shown that the influence of Cgy fullerenes on the
electronic properties of SWCNTSs depends on their diameter.
Encapsulation of molecules into SWCNTs more than 1.18 nm
in diameter results in a nanostructure with a small charge
transfer from the tube walls, whereas filling SWCNTs less
than 1.18 nm in diameter leads to a detectable charge transfer
from the Cgy molecules to the nanotube walls [442]. As shown
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Figure 14. (Color online.) Cls XPS spectra of silver bromide-filled nanotubes (a) [361], pristine metallic (upper curve) and semiconducting (lower curve)

SWCNTs (b) [434], and copper bromide-filled nanotubes (c) [362].
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in Ref. [437], the effectiveness of charge transfer from the
SWCNT walls to the doping agents in the case of endohedral
K@Cgp, Ca@Cg, and Y@Cg fullerenes is higher than for
Cgo molecules.

The authors of Ref. [443] demonstrated that the encapsu-
lation of electrophilic organic molecules (TCNQ and
F4TCNQ) into SWCNT channels results in acceptor doping
of nanotubes, whereas the insertion of nucleophilic organic
(TTF and TDAE) and metallo-organic (cobaltocene) mole-
cules causes donor doping of nanotubes. The donor influence
of other metallocenes on SWCNT electronic properties was
studied in Refs [326, 444, 445] for M(CsHs), compounds,
where M =V, Cr, Mn, Fe, Co, and Ni.

Moreover, the literature contains reports on donor
doping of SWCNTSs by encapsulating such metals as Ti,
Zn [446], Co, Ni [447], Fe [446, 448, 449], Mo [450], Gd
[451, 452], Eu [451], Cu [453], and Ag [454, 455] (see
Table 2). Calculations of the band structure of filled (8, 0)
nanotubes in Ref. [454] allowed the influence of Ag and
CrOj; on their electronic properties to be compared. Figure 15
depicts the band structures thus obtained, suggesting that
silver exerts a donor effect apparent from the appearance of
the half-occupied level in the SWCNT band gap (Fig. 15b),
whereas CrOj; has an acceptor effect (Fig. 15c). These data
agree with the experimental findings described in paper
[350].

There are also publications on the simulation of
electronic properties of SWCNTs filled with potassium
iodide [456], incorporation of which was accompanied by a
very small charge transfer from the nanotube wall to the
nanocrystal. Mercury telluride was also used as a filling agent
[394, 395] with the result that the electronic properties of one-
dimensional HgTe nanocrystals were drastically different
from those of three-dimensional crystals. Calculations
showed that a 1D crystal of HgTe is a semiconductor with a
~ 1.2-eV bandgap, whereas a 3D crystal exhibits semimetallic
properties.

6. Applications of filled SWCNTs

The possibility of encapsulating substances with a wide range
of chemical and physical properties into SWCNT channels
opens up good prospects for the use of resulting nanostruc-
tures in various fields. Filled SWCNTs may find application
in nanoelectronic devices, for the fabrication of electrodes for
supercapacitors, and as catalytic agents, sensors, and auto-
electron emitters. Also, they may be employed for processing
quantum information, for targeted drug delivery, or as
radiographic markers in the course of studying living
organisms (Fig. 16).

The use of filled nanotubes in nanoelectronic devices is a
most promising application of these nanostructures [273,
287, 296, 307, 311, 413, 414, 457-466]. By way of example, it
was shown that SWCNTs filled with Cg, fullerenes can serve
as channels of p-type field-effect transistors [465]. Simulta-
neously, the studies reported in papers [460, 463, 465]
demonstrated that nanotube channel filling with Gd@Cg,
endofullerene narrows the bandgap of SWCNTs from ~ 0.5
to ~ 0.1 eV, which enables such nanostructures to be
utilized as channels in transistors with ambipolar conduc-
tion.

References [296, 457] first reported the temperature
dependence of conduction in SWCNTs filled with Dy@Cg,
endofullerenes. Specifically, such structures behaved as p-
type materials at room temperature but exhibited n-type
conduction when the temperature dropped to 265 K. High-
temperature superconductivity of fullerene-filled SWCNTs
was predicted in Ref. [464].

Moreover, some authors have suggested using filled
SWCNTs for designing high-performance nanoelectronic
circuits [408]. Reference [461] described the design of an air-
stable p—n transition based on partially filling the SWCNT
channel with iron. The authors of a later study [408] managed
for the first time to realize an air-stable p—n transition by
means of the simultaneous filling of the SWCNT channel with
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Figure 15. Band structures of pristine (8, 0) nanotubes (a), SWCNTs filled with silver (b) and chromium oxide (CrO3) (c) [454]. The dotted line marks the
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electron donors and acceptors (caesium and iodine, as well as
Cs atoms and Cgy molecules). It turned out that the transport
properties of SWCNTs are directly related to the doping level
and can be controlled in the course of filling the nanotube
channels [273].

One of the possible applications of such nanostructures
is the fabrication of electrodes for supercapacitors. As shown
in Ref. [467], the use of chromium oxide (CrO;)-filled
nanotubes as a material for the electrodes of symmetric
supercapacitors makes it possible to achieve an extremely
high-rate charging.

The authors of Ref. [354] suggested that clusters of
transition metals distributed in the internal channels of
SWCNTs may be suitable for catalytic applications, because
nanoparticles having a smaller diameter show higher
catalytic activity and influence the rate of chemical reac-
tions. As noted in Ref. [415], if SWCNTs filled with catalytic
nanoparticles are mixed up with the components of a
chemical process, the graphene wall will prevent contact
between mixture constituents. Under specific conditions, the
wall of the nanotube breaks down, and the catalyst becomes
activated.

It was shown in Ref. [468] that SWCNTs filled with
copper iodide are characterized by a low electron work
function, which makes it possible to employ such nanostruc-
tures in fabricating autoelectron emitters for modern electro-
luminescent tubes and X-ray minitubes [414].

It was speculated that SWCNTs filled with fullerenes
containing specific functional groups may find application
in designing sensors [315]. Moreover, the authors of Ref. [469]
demonstrated that fullerene-filled SWCNTSs may be useful for
processing quantum information and creating a quantum
computer.

Finally, filled SWCNTs may also find application in
medicine, e.g., for targeted drug delivery. Medications can be
chemically attached to fullerenes encapsulated into SWCNT
channels and delivered directly to the affected organs, tissues,
or cells (in such cases, a nanotube serves as a nanosyringe)
[415]. One more application of nanotubes containing endohe-
dral fullerenes with encapsulated atoms of radioactive
elements centers around their use as markers in radiographic
studies of living organisms [415].

7. Conclusion

Breakthrough research over the past 5 years has greatly
contributed to the understanding of the effects exerted by
the materials encapsulated into channels of SWCNTs on
their electronic properties. The employment of various
spectroscopic techniques, such as Raman spectroscopy,
X-ray photoelectron spectroscopy, optical absorption spec-
troscopy, X-ray emission spectroscopy, X-ray absorption
spectroscopy, UV photoelectron spectroscopy, and photo-
luminescence spectroscopy, have made possible precision
studies on the modification of the electronic properties of
nanotubes filled with different substances at the qualitative
and quantitative levels.

The present review is focused on current status of
research on the electronic properties of filled SWCNTs.
Special attention is given to atomic structure and its
relationship with the electronic properties. Methods for
the modification of SWCNT electronic properties are
described, including chemical modification of the outer
surface of single-walled carbon nanotubes with the use of
functional groups and molecules forming no chemical
bonds, the substitution of carbon atoms in the nanotube
walls by other atoms, the intercalation of nanotube
bundles, electrochemical doping, and filling of nanotube
channels. SWCNT-filling materials are organized into a
system. The literature data concerning experimental
investigations of electronic properties of filled nanotubes
are summarized and analyzed both qualitatively (detec-
tion of charge transfer and its direction) and quantita-
tively (measurement of electron work function, determi-
nation of the Fermi level and its shift relative to the
initial position). Furthermore, the results of theoretical
research are summarized, with an emphasis on the
quantum-chemical simulation of the electronic properties
of filled SWCNTs. Possible application areas of filled
SWCNTs are described.

The author hopes that this review will be useful and
interesting to a wide circle of researchers and promote
further progress in studies of filled single-walled carbon
nanotubes.
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