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Abstract. The state-of-the-art methods for filling single-
walled carbon nanotubes (SWNTSs) are analyzed systemati-
cally. In situ and ex situ approaches for filling SWNTs are
addressed. They are based on both intercalation of inor-
ganic substances from the gas phase, solution or melts
inside SWNTs and the formation of nanocrystals inside
the channels as a result of chemical reactions. A com-
parative evaluation of these methods is performed, and
major requirements for successful formation of
‘1D-crystal @SWNT’ nanocomposites are formulated. The
functional properties of the intercalated single-walled nano-
tubes and their possible applications in modern nano-
technologies are discussed. The bibliography includes 150
references.

1. Introduction

Single-walled carbon nanotubes (SWNTSs) obtained for the
first time in 1993 by graphite arc-discharge evaporation in
the presence of a catalyst -2 are currently among the most
exciting and promising nanostructures. They generate huge
interest of researchers all over the world due to their unique
atomic structures (SWNTs feature maximum geometric
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anisotropy factors among the known nanostructures) and
unusual chemical, electronic (thermal and electric conduc-
tivity), also mechanical properties (high values of Young’s
modulus, tensile and compressive strengths, high cracking
resistance, efc.). The unique properties of carbon nanotubes
(CNTs) are governed by not only their unusual tubular
structures, but also by the virtually total absence of struc-
tural defects.3~5 All this makes CNTs potentially useful as
elements of nanoelectronics (logical gates, memory devices,
emitters, nanowires), nanoelectromechanical systems, nano-
composite fillers (for strengthening and functionalizing bulk
materials), probe tips for scanning probe microscopy, etc.
SWNTs found one of the major technological applications
in the development of a new generation of field-effect
transitors.°

Single-walled carbon nanotubes constitute one-atom-
thick graphite sheets (called graphene) wrapped into seam-
less cylinders that are from 0.4 to several nanometers in
diameter and up to several tens and even hundreds of
micrometers in length. The orientation of the hexagonal
lattice of graphene relative to the longitudinal axis of a
nanotube determines the nanotube chirality (the chiral
vector of the graphene sheet).

The electronic properties of defectless SWNTs are
extremely sensitive to their geometric structures and are
determined by nanotube chiralities.*7 Depending on their
structure, carbon NTs can exhibit both metallic and semi-
conductor conductivities.®~ 19 The dependence of the
electronic properties of SWNTs on the chiral vector (parti-
cularly, on the diameter of a nanotube) can be regarded as
both an advantage and a serious drawback of carbon
nanotubes, since so far there are no efficient methods for
the preparation and isolation of SWNTSs bearing a desired
chirality.!!-12 In this connection, much attention is given to
development of methods for separation of a whole array of
SWNTs into semiconducting and metallic nanotubes and
also for the methods of modification of electronic properties
of SWNTs that would not require their separation by
chirality.!3- 14

Currently, there are two techniques for the separation of
NTs, viz., burning off carbon NTs with a metallic conduc-
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tivity by current-induced oxidation while retaining the
semiconducting tubes and ultracentrifugation using surfac-
tants, resulting in separation of NTs according to the
conductivity type and nanotube diameters.!>

Modification of nanotube structures forms the basis for
directed changes in their electronic properties. Back in 1996,
possible development of the electronic p-—n-junction
between SWNTs having different chiralities was conside-
red;'® 17 such a transition has recently been implemented
experimentally in a single SWNT.!2 18 Since the conductiv-
ity type is dependent on the chirality of a nanotube, one
should change the nanotube structure on a certain segment
in order to form the electronic p—n-junction. Such a change
is possible due to creation of paired defects as five- or seven-
membered rings in the graphene layer.!7-18 In this case, two
segments of an NT will have different chiralities and differ-
ent electronic structures, which will result in electronic
transitions of the type ‘metal —metal’, ‘metal —semiconduc-
tor’ or ‘semiconductor—semiconductor’. A carbon nano-
tube with ‘metal—semiconductor’ junction possesses the
properties of a molecular diode.!® In addition to the diode,
more complex systems such as logic gates can also be
developed.!'$-29 To date, prototypes of diodes, transistors
and simplest logical schemes based on carbon NTs have
already been created.?! 2> However, the controlled incor-
poration of defects into an NT structure is an unattainable
goal yet.

A simpler way of the controlled modifications of SWNT
properties is filling the nanotubes with appropriate sub-
stances followed by their electron beam-induced local dein-
tercalation.?¢-27

Intercalation of a substance into a nanotube can result
in either a complete change in its band structure (for the
effective interaction of the intercalated substance with the
nanotube walls, as, for instance, in the case of fluorination
of the tubes),?® or only a shift of the electron density in the
approximation of a rigid band structure,?®-3° which leads to
the shift of the Fermi level of the tube.?

In the simplest case, intercalation of an electron donor
with the Fermi level higher than that of an SWNT into
metallic nanotubes leads to an increase in electron density
on the tube walls, which results in an increase in the
nanomcomposite conductivity, whereas incorporation of
an electron acceptor with the Fermi level lower than that
of an SWNT can bring about the nanocomposite transition
into a semiconducting state.!®32-33 Thus, this approach
based on electron transfer upon the introduction of elec-
tron-donor or electron-acceptor compounds (metals, semi-
conductors, dielectrics) into single-walled nanotube
channels enables control of the electronic structures of
SWNTs and appearance, in the case of partial filling of the
channels (for example, if a nanotube is half-filled), of
p—n-junctions inside a single nanotube.

The chemical design of SWNTs by filling them with
appropriate electroconductive, optical or magnetic materi-
als enables the development of a new class of functionalazed
on nanotubes, which have prospects as active elements of
electronic devices and circuits. The small internal diameters
(starting from 0.4 nm) of nanotubes make them exception-
ally attractive as templates in the formation of one-dimen-
sional nanocrystals incorporated in nanotubes — ‘one-

T A shift in the Fermi level in SWNTs filled with CrOs, Ag or Ceo was
detected by the Raman spectroscopy. 43031

dimensional crystal@SWNTs’ (from this point on, ‘1D-
crystal@SWNTSs’).3* The formation of nanocrystals inside
nanotubes results from slow crystallization of a substance
drawn into NTs from the gas or liquid phases by capillary
forces.??

On crystallization of compounds inside a nanotube, the
reaction zone is restricted by the NT walls, which creates
conditions similar to those for the synthesis in a one-
dimensional nanoreactor.'* Thus, it becomes possible to
directly influence the structures of nanoparticles that crys-
tallize and control their shapes and anisotropy.34-36.37

A section of a one-dimensional nanocrystal can be
represented as a polyhedron. Its incorporation into the
internal cavity of an SWNT results in a local distortion of
the graphene layer of the nanotube (the nanotube surface
conforms to the nanocrystal shape).’® Intercalation of a
crystal having the section larger than the internal diameter
of a nanotube will lead to certain stretching of the nanotube
walls and the reduction of the crystal lattice parameter of
the nanocrystal, and conversely, the intercalation of a
crystal having the section somewhat smaller than the
diameter of the channel will result in the compression of
the nanotube (provided that the crystal effectively interacts
with the graphene layer).

Taking into account that the mechanical properties of
nanotubes (for instance, tensile strength and elastic modu-
lus) depend on interatomic distances in the graphene layer,
the mechanical properties of the produced nanocomposites
can be varied by incorporating one or another crystalline
inorganic compound into SWNTs.?°

Synthesis of nanocomposites based on SWNTs by filling
them with conductive, optical or magnetic materials opens
up the way to creating a new class of nanostructures with
properties not characteristic of unfilled SWNTs [for exam-
ple, the intercalation of fullerides or magnetic nanoparticles
(Fe, Co) into SWNT channels yields superconducting or
ferromagnetic nanocomposites, respectively].!43°-42 The
incorporation of functional materials permits the control
of the conductivity of the produced nanostructures with the
aid of external impacts, for instance, a magnetic field or
illumination.

The original article on the synthesis of filled nanotubes
was published by Ajayan and Iijima in 1993,%3 who for the
first time used multi-walled nanotubes as ‘molecular con-
tainers’ for lead. This experimental work confirmed the
conclusions made on the basis of theoretical calculations 4
that sufficiently strong capillary forces exist in carbon
nanotubes, which retain gases and liquids inside the chan-
nels. Later the idea of the controlled filling of carbon
nanotubes with a wide variety of molecular compounds,
nanoclusters or nanoparticles including fullerenes,
metals (Pd, Pt, Ag, Au), metal oxides (ZrO2, MoO>, NiO,
CdO, LaOs3, Sm03) or metal halides (KI, AgCl,
ZrCly, CdCly, TbCls) was developed by other resear-
chers. 13- 14. 30, 31, 34,36, 37, 45,46

Currently there are several methods for filling carbon
nanotubes, which can be divided into two large groups:!'4
filling nanotubes during their growth (in situ methods) and
intercalation of compounds from the gas or liquid phases
into cavities of pre-formed carbon nanotubes (ex situ meth-
0ds).*” Various methods for filling carbon nanotubes with
inorganic compounds are presented in Fig. 1.

The present review is primarily focused on the nano-
composites based on single-walled nanotubes in which the
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Figure 1. General scheme of the methods of carbon nanotube filling

with various inorganic compounds.
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Figure 2. HRTEM images of SWNT bundles filled with bismuth by
arc-discharge synthesis.>!

The lattice spacing d = 0.33 nm corresponds to the interplanar spacing
d(o12) in the bulk bismuth crystal.

role of intercalated compounds can be seen more clearly
(as compared to multi-walled nanotubes).

I1. Filling single-walled carbon nanotubes during
their growth (in situ)

Filling SWNTs during their catalytic growth (in situ) is the
simplest of all the known approaches. To date, there are two
methods for the fabrication of nanotubes that use the in situ
strategy for the intercalation of inorganic compounds into
nanotubes, viz., catalytic chemical vapour deposition
(CCVD) of hydrocarbons and arc-discharge synthesis.!4

It should be noted that the overwhelming majority of
studies on filling nanotubes using the in situ methods deal
with multi-walled nanotubes (MWNTSs), whereas SWNTs
are reported only in a few instances.!* Normally, pyrolysis
of a carbon source with simultaneous sublimation or
decomposition of metal-containing compounds (for exam-
ple, metal oxides, metal carbonyls or metallocenes) is
employed for filling channels of multi-walled nanotubes by
CCVD.14.48.49 Most often, nanotubes filled with transition
metals (Fe, Co, Ni) that are used as catalysts in the
syntheses of SWNTs are obtained in this way;** however,
examples of filling multi-walled nanotubes with Cu and Ge
particles are known.>® The use of CCVD for the preparation
of ‘1D-crystal@SWNT’ nanocomposites is limited due to
the need of strict temperature control. The intercalation can
occur only at the temperatures that are close to the melting
points of intercalated compounds, while the sublimation
(decomposition) temperatures of precursors must be close
to those at which growth of SWNTs takes place. This
altogether restricts the scope of carbon sources and com-
pounds that can be intercalated.

Arc-discharge synthesis of carbon nanotubes filled with
various compounds is carried out with graphite rods elec-
trodes, the anode containing the compound to be interca-
lated (usually a metal) and a catalyst (Fig. 2).°! It was this
approach that allowed the preparation of single-walled
carbon nanotubes for the first time.!-2 To date, a wealth of
works on the application of arc-discharge synthesis to
obtain filled multi-walled nanotubes has been published.

Most often, in the arc-discharge synthesis the selected
substance is incorporated into NTs as a carbide (Cr, Mn,
Fe, Ni, Pd, Y, Gd, Dy, Yb, La, Ce). However, under certain
conditions or by using compounds that do not tend to form
carbides, the intercalation of elemental compounds (Se, Ge,
Sb, Cr, Mn, Co, Cu, Re, Au, Sm, Gd, Dy, Yb) is also
possible.>?-33 The presence of catalytic amounts of sulfur in
graphite anodes plays a key role in the formation of filled
nanotubes (in the absence of sulfur, no filled MWNTs are
obtained).’* This is due to the necessity for wetting the
surface of nanotube channels to allow the intercalation of
the selected substance into the cavities of NTs, i.e., there is a
need for a liquid phase (in this case, a metal—sulfur
eutectic).? A disadvantage of this method is that it is
impossible to control the filling process due to a large
temperature gradient in the cathode area, which results in
heterogeneous filling of nanotubes.!> In addition, the arc-
discharge technique does not enable the preparation of
nanotubes filled with transition metals due to the formation
of solid solutions metal —carbon and carbides with various
compositions.!* For their syntheses, CCVD is used. Thus,
CCVD and arc-discharge synthesis are complementary in
terms of the choice of starting compounds.'%3435 The
in situ approaches do not allow formation of unstable
species and complex chemical compounds (metal oxides,
metal salts) inside nanotubes due to relatively high temper-
atures and reductive atmosphere maintained during nano-
tube syntheses, which is referred to as their disadvantage.
As has already been mentioned, only a few works are
known that address the filling of single-walled nanotubes
during their growth.'%46-51 In these studies, the arc-dis-
charge technique was used for generating composites ‘one-
dimensional crystal@ SWNT .14 In 1999 SWNTs were filled
with bismuth nanoparticles (see Fig. 2) possesing interplane
distances of 0.33 nm (this value corresponds to the inter-
planar spacing di2) in the three-dimensional crystal of
bismuth),’! in 2000 single-walled nanotubes filled with full-

1 The majority of phase diagrams metal—sulfur have an eutectic the
melting point of which is considerably lower than that of the pure metal.
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Figure 3. HRTEM micrographs of bundles of SWNTs filled with Cgo
fullerenes manufactured by arc-discharge technique.*¢

erenes Cgo were obtained (the so-called ‘nanopeapods’)
(Fig. 3).4¢ It should be noted that the major drawback of
the in situ strategy for filling single-walled nanotubes is its
low efficiency: the yields of filled SWNTSs are not more than
several percent. These shortcomings of the in situ methods
encouraged the development of ex situ approaches to filling
SWNTs.

I11. Filling pre-synthesized single-walled nanotubes
(ex situ methods)

The most universal approach to obtaining filled nanotubes
is the filling of pre-synthesized nanotubes (the ex situ
method). This technique makes it possible to fill single-
walled nanotubes with virtually any chemical compounds
from the gas or liquid phases (depending on the aggregate
state of the compound that is intercalated at the moment of
contact with carbon nanotubes).!* This approach is imple-
mented in several steps the first of which is the opening of
SWNT ends.}

Filling NTs from the liquid phase is often referred to as
the capillary method. It is used for the introduction of
suspensions, solutions or melts of low-melting compounds
into nanotubes. The capillary effect requires a liquid (sus-
pension, solution or melt) to interact with the solid surface
of the nanotube walls, i.e., the liquid phase must wet well
the channel surface. Important parameters of the ex situ
methods are the solubilities, melting points and decomposi-
tion points of compounds to be intercalated as well as the
diameter of an SWNT. In addition, experiments should be
carried out in vacuum since nanotubes are as a rule filled
with absorbed gas molecules.!#

1. Opening nanotube ends

The first step of the ex situ methods for filling carbon
nanotubes is usually opening their ends, which can be
carried out in two main ways,'4 3% viz., thermal treatment
of NTs in an oxidative gaseous medium (dry air or oxygen)

§ In most cases, SWNT ends are closed with hemispherical caps (fullerene
hemispheres) that contain, along with six-membered carbon rings, five-
membered rings in which the configuration of carbon atoms is less stable.

and treatment with liquid oxidants, such as concentrated
acids (HNOs, H»SO4, HNO3—H»SOy4), hydrogen peroxide,
potassium permanganate, osmium tetroxide or a mixture
HF — BF;.43:48.56-59 Concentrated acids are also used for
removing catalytic particles and various contaminants
(amorphous carbon, polyaromatic compound and graphite
particles).

It is known that the graphite hexagonal lattice is
extremely stable against chemical treatment. Only the car-
bon atoms of five-membered rings of fullerene hemispheres
undergo oxidation, while the carbon atoms of six-membered
rings of nanotube walls remain nearly unaffected. Thus,
oxidants initiate the destruction of nanotube ends in the
first step and then oxidize NTs from the opened ends with
concomitant shortening of the nanotubes.

Actually, not only the ends, but also the walls of nano-
tubes undergo oxidation. Thus treatment of single-walled
nanotubes with an acid resulted in the formation of lateral
defects (one defect per 5 nm of the nanotube length).33
Unlike multi-walled nanotubes, single-walled nanotubes
form ‘hole’ defects upon partial oxidation, which allows
penetration of a substance into the tubes not only through
their ends, but also through their side surfaces.

A comparison of various methods for opening SWNTs
showed that the opening of nanotubes occurs more effi-
ciently on thermal oxidation than on treatment with acids.?®
Given that reduction products of acids can react with
carbon atoms of SWNTs, the use of gaseous oxidants for
nanotubes is preferrable in order to avoid the material
contamination.!#3¢ Oxidation in air at 300-500 °C for
~30 min can be regarded as the optimum conditions. In
this case, virtually complete opening of nanotubes takes
place. This process is accompanied by ~40% loss of the
sample mass.?> A number of investigators believe that the
oxidation of NTs requires a strictly constant temperature,
namely, 420 °C. Smith and Luzzi® employed heating in
vacuum at 225 °C for 63 h for opening NTs before their
filling with fullerenes. However, the efficiency of this
method for opening SWNTs proved to be very low as
regards introduction of other compounds into nanotubes.
Oxidation of single-walled nanotubes with a mixture of
concentrated H,SO4 and HNO; (in the ratio of 3:1)

Figure 4. Single-walled nanotubes with opened ends after annealing
at 400 °C for 10 h under vacuum («) and the same tubes with closed
ends after additional thermal treatment at 800 °C for 1 h ().%!
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followed by thermal treatment at 400 °C for 10 h at
5x 10~ Torr leads to efficient and homogeneous opening
of both ends of nanotubes (Fig. 4a). Additional annealing
of the obtained NTs in vacuum at 800 °C for 1 h results in
the closure of the NT ends with fullerene hemispheres
(Fig. 4b).0!

2. Filling single-walled nanotubes from the gas phase
Abundant examples of filling multi-walled nanotubes from
the gas phase are known, while the data on filling SWNTs
are scarce.!# 92 Filling carbon nanotubes from the gas phase
is performed, as a rule, in vacuum at high temperatures.!'* A
sealed tube is heated up to the vaporization (or sublimation)
temperature of an introduced material or somewhat
higher.'* The syntheses of ‘1D-crystal@ SWNT> nanocom-
posites should be carried out at the lowest possible temper-
atures to minimize the reverse process (deintercalation).
During annealing of the NTs, drawing (capillary condensa-
tion) of vapour of the compound to be intercalated into the
nanotube takes place and its crystallization occurs on
subsequent cooling of the system.

The two-step technique described is most often used for
filling carbon nanotubes with fullerenes (for instance, Cro,
with the sublimation temperature ~ 1520 K, Fig. 5), which
have high affinities for nanotube surfaces and high vapour
pressures (of the order of 3 x 10—% Torr at 500 °C).60-63
According to the literature data, the intercalation of full-
erenes occurs through the ends and wall defects of SWNTSs.
The intercalation process is strongly dependent on the tem-
perature and time of NT treatment and to a lesser extent on
the partial vapour pressure of the introduced compound.®®
This process is lengthy (~2 days), but enables homogene-
ous and complete (virtually 100%) filling SWNTs.

e A

o

Figure 5. HRTEM micrograph of SWNT bundles filled with Cyg
fullerenes from the gas phase at 500 °C (24 h).%°

Filling SWNTs from the gas phase is successfully
applied to intercalate not only fullerenes, but also endoful-
lerenes (M.@C,) or doped fullerenes.!#- %465 Endofuller-
enes are, as a rule, preliminarily synthesized by the arc-
discharge method with addition of a metal to the graphite
anode (for instance, Gd for the preparation of Gd@Cs»).%>
Then a mixture of open SWNTs and endofullerenes is

4/ In order to open SWNT ends, it is necessary to oxidize SWNT at 450 °C
for 30 min in a flow of dry air.

annealed at 400 —500 °C in an evacuated tube at 200 °C for
several days.®5 Using this method, SWNTs filled with a
variety of fullerenes (Ceo, C70, Cso0, Csa, C7s, Coo), doped
fullerenes (Cs, K, FeCl3) or endofullerenes (N@Ceo,
Lac@Cso, ScsN@Cgo, Er.Scs (N@Cgo, DysN@Cso,
Gd@C32 5 La@ng s Laz@C32 5 Dy@ng 5 Sm@C82 5
Sco@Cgs @ Gdr@Coy) were obtained. !4 66-67

The filling mechanism of nanotubes with compounds
that do not possess high affinities for graphite, for example,
Se, ZrCly or Re,O,, is somewhat different from that
described above. In this case, intercalation occurs according
to the mechanism of capillary condensation of material in
small-diameter pores (Figs 6 and 7).26-92.68 Therefore, the
compound to be introduced should possess high partial
pressure at the synthesis temperature so that the compound
vapour condensed in pores of nanotubes (channels) on
cooling the system. Such a process is of small duration.
The efficiency of filling SWNTs with materials with high
vapour pressures (for instance, Se) is by far higher than that
with fullerenes.

Figure 6 depicts transmission electron microscopy
(TEM) image of a single-walled nanotube bundle contain-
ing small clusters of Re,O, . Non-uniform filling of SWNTs
with Re,O, particles is seen, they are no more than 2—3 nm

Contents (%) b

12

Size /nm

Figure 6. HRTEM image of a bundle of SWNTs filled at 250 °C with
Re,O, clusters (a) and their size distribution (5).%®
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Figure 7. HRTEM images of SWNTs filled with ZrCly chains («) and
individual ZrCl, nanoparticles (b) ~1 nm long after 4 min irradiation
with an electron beam;?® (¢) an idealized representation of cluster
formation within SWNTSs depicted on microphotographs 7 a,b.

long. A procedure for filling single-walled nanotubes with
chains of ZrCly formed upon ZnCly sublimation at 350 °C
was reported?® (Fig. 7a). It was demonstrated that on
irradiation with an electron beam the lengthy ZrCls nano-
particles gradually disintegrate into discrete clusters of up
to 3 nm length, which upon exposure for 4 min are segre-
gated into ZrCl, nanoparticles that are ~1 nm long
(Fig. 7b,¢).

The main drawback of the method considered is a
limited choice of compounds that can be intercalated.
First, its vaporization (or sublimation) temperature should
not exceed 1000 °C to avoid its interaction with carbon and
closure of the nanotube ends.!* Second, this compound (as a
rule, a volatile oxide or a salt) should be sublimed without
decomposition. Another serious limitation of the method is
the formation of discrete cluster particles, whereas the
practical use of the composites requires continuous filling
of nanotubes.

3. Filling single-walled nanotubes from the liquid phase
Filling SWNTs from the liquid phase is carried out using
the so-called capillary method, which consists of impregna-
tion of open nanotubes with solutions or melts of selected
compounds.?>4> The use of melts is preferable since this
rules out contamination of composites with the solvent and
also eliminates the filtration step leading to densification of
the formed nanocomposite. The excess of the intercalated
compound that remained on the outer surface of an SWNT
can be removed by washing the sample or heating in
dynamic vacuum.

Filling SWNTs from the liquid phase is a multi-step
process (2—4 steps). The composites obtained in this way
often undergo further modification, such as annealing at

high temperatures, photolysis, irradiation with the electron
beam, chemical or thermal reduction (or oxidation) to form
nanoparticles of metals or their oxides in SWNT chan-
nels.35-69.70

Filling SWNTs from the liquid phase is of both practical
and theoretical interest, since it allows receiving an exper-
imentally substantiated answer to the question of what are
the minimum sizes where capillary phenomena retain their
pecularities. Thus it was theoretically predicted and
experimentally proven afterwards that the capillary phe-
nomena hold not only in the micro-, but also in the nano-
metre range.’!-72 The efficiency of filling SWNTs from the
liquid phase depends on the surface tension (y) of the liquid
that fills SWNT, which determines the capillary pressure
related to curvature of surface by the Young- Laplace
equation

2ycosl

b}

AP =
r

where r is the radius of curvature, 0 is the wetting angle, AP
is the pressure difference across the liquid —vapour inter-
face. It was experimentally shown 7! that the surface tension
of liquids should not exceed 100—200 mN m~—! in order to
fill multi-walled nanotubes with diameter of 2-20 nm,
which illustrates the role of capillary forces in the mecha-
nism of substance impregnation into the channels of carbon
nanotubes. Later,”? the surface tension of liquids necessary
for wetting surfaces of single-walled nanotubes was deter-
mined as 130—170 mN m—!. The difference between the
obtained values of surface tension is, seemingly, explained
by smaller diameters of SWNTSs (1.4—2.4 nm) in compar-
ison with those of MWNTs and, consequently, higher sur-
face curvatures of single-walled nanotubes.

When using the ex situ method for filling SWNTs from
the gas phase, of great importance are (i) the viscosity of the
liquid material, which affects the kinetics of filling nano-
tubes; (ii) the vapour pressure of the liquid to be interca-
lated, which allows the assessment of the possibility of the
vapour intercalation into SWNT along with the liquid and,
finally, (ii1)) the SWNT diameter. The latter determines not
only the nanotube radius of curvature and therefore the
surface tension of the material that can be introduced, but
also the size limit of the intercalated objects. Recent inves-
tigations demonstrated that there are restrictions on the
dimensions of SWNTs (a minimum diameter) for successful
filling nanotubes with liquid phases.”* Thus for the intro-
duction of a V,0s melt the surface tension of which equals
80 mN m~! the diameter of an SWNT should be no less
than 0.7 nm, while the critical diameter for AgNO3 melt is
4 nm.74-75

Therefore, the retraction of a liquid into single-walled
nanotubes requires that a number of conditions be met.33
First, carbon nanotubes must be open from at least one end.
Second, the liquid phase must effectively wet the SWNT
surface, i.e., its surface tension should not exceed
130—170 mN m~—!. This excludes the possibility of filling
SWNTs with the melts having high surface tensions,” but
allows the use of the majority of organic and inorganic
solvents including water (y = 72 mN m~—! at 25 °C) and
benzene (y = 28.9 mN m~!). Third, the melting (decompo-

T For the encapsulation of substances with high y values (for instance,
metals), high pressures (several kbars) are to be employed in the syn-
thesis. >
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sition) points of the filling material should not exceed
1100 °C in order to prevent closure of a fullerene hemi-
sphere and SWNT destruction in the composite syntheses.
The filling temperature for SWNTs is chosen depending
on the chemical composition of compounds that are to be
intercalated, their oxidizing ability, the quality of SWNTs
used, etc. In the absence of effective interaction between the
compound to be intercalated and the nanotube, the max-
imum synthesis temperature is limited to the temperature at
which closure of a fullerene hemisphere takes place.
Depending on the quality of the tubes, the Tmax ranges
from 800 to 1200 °C. It should be taken into account that
the treatment of SWNTs at temperatures above
800—900 °C in an oxidizing medium leads to numerous
defects in carbon nanotubes and their further destruction.

a. Intercalation from suspensions or solutions

Filling nanotubes with a suspension of nanoparticles in a
liquid (solvent) implies the impregnation of open SWNTs,
usually at room temperature.!* In this case, evaporation of
the solvent occurs both during and after the impregnation
of nanotubes. This method is sufficiently efficient and
straightforward, though it has some limitations associated
with the sizes and morphologies of original nanoparticles.
The diameters of nanoparticles that are to be incorporated
should not exceed the internal diameter of a nanotube, the
particles should be spherical, and their size distribution
should be sufficiently narrow for most homogeneous filling
of channels. Currently, filling nanotubes with suspensions
of nanoparticles ¥ is only exploited for multi-walled nano-
tubes, since particles with diameter more than 1 nm are
regarded as unsuitable for filling SWNTs.7¢ It is ferromag-
netic nanoparticles that are basically employed for the
filling. Preparation of suspensions of nanoparticles with
diameter <1 nm is a sufficiently complex process. The
only known example?” of filling single-walled nanohorns
with Gd particles with diameter of 1 nm is an exception.

Filling nanotubes from solutions was developed in 1994.
For the first time, it was applied to the synthesis of NiO and
UO;7 + » nanoparticles inside multi-walled nanotubes, and
more recently to filling MWNTSs with particles of Ag, Au,
Pt, Pd , erc.37-38:59 Several years elapsed until a research
group from the University of Oxford headed by Sloan’®
employed this approach for filling single-walled nanotubes
with Ru nanoparticles. To this end, SWNTs opened in
concentrated hydrochloric acid were impregnated with a
saturated solution of RuCl; in hydrochloric acid at 35 °C
(5 h), then dried at 60 °C for 12 h and reduced in a stream
of Hy at 45 °C (3 h). Micrographs obtained by HRTEM
and data from energy dispersive X-ray microanalysis of the
composites confirmed the formation of ruthenium nano-
particles and elongated partially oxidized Ru clusters inside
the SWNTs. The d(101) lattice fringes of ruthenium nano-
particles were oriented parallel to the SWNT axis.

At present, aqueous solutions of metal chlorides or
nitrates (for instance, RuCls or AgNO;3) are used most
often for filling SWNTs from the liquid phase by the ex situ
method.?-37-45 Nitric acid having low surface tension
(43 mN m~1!) is also used as a solvent,>! which allows one
to avoid the step of nanotube opening.?3-7° Hydrochloric
acid and chloroform were used as solvents for the introduc-

1 Tt should be noted that commercially available suspensions [for example,
ferrofluids (Ferrotec, Japan)] contain nanoparticles with an average size of
10—-100 nm.

tion of CrOz and Ru’%-8% and of MoCls and FeCls,!4-45
respectively. In the second step, SWNTs filled with metal
salts undergo as a rule thermal treatment or hydrogenation
in a stream of hydrogen at 150—450 °C for several hours in
the course of which nanoparticles of metals or their oxides
are formed inside SWNTs.

Over the last decade, the approach described has suc-
cessfully been applied to filling SWNTSs with Bi, Ag, Au, Pt,
Pd, Ru and Ru,O,, Fe nanoparticles that are 2 to 100 nm
long on average.!3- 144551 Figure 8 shows micrographs of
single-walled nanotubes filled with Bi, Pt and Au nano-
particles that are manufactured upon impregnation of
SWNTs with solutions of Bi(NOs3)3, H,PtClg-6 H>O and
HAuCly - x H>O, respectively, followed by their reduction at
350-450 °C.4%51 According to the data from HRTEM, the
lattice spacing in the obtained Bi nanocrystals is equal to
0.33 nm, which corresponds to the interplanar spacing do12)
in the bulk bismuth crystal (Fig. 8a4), while in the Au
nanoparticles d = 0.23 nm, which is in good agreement
with the interplanar spacing d(i11) in the bulk gold crystal
(Fig. 8¢). Such a coincidence provides evidence for the
absence of considerable deformations of the nanocrystals
in the SWNT channels (see Section 1V).43-51

Figure 8. HRTEM micrographs of SWNT bundles of filled with
single-crystalline Bi particles from the liquid phase with the lattice
spacing d12) = 0.33 nm and length of filling ranging from a few
nanometers to a few hundred nanometers (@),>' with polycrystalline
Pt particles with length in the range 3—20 nm (b) and with single-
crystalline Au particles with d(;11) = 0.23 nm and length in the range 2
to 70 nm (¢).»

An original technique for filling SWNTs with chromium
oxide CrO, was reported by Mittal er al.8% As-prepared
nanotubes (the arc-discharge method) were treated with a
mixture of HCIl and CrOs (in the molar ratio of 1:2) in open
air for a long time (from 3 h to 1 month). Examination of
the obtained samples by TEM and energy dispersive X-ray
microanalysis after washing and drying demonstrated the
presence of not only elements C, Cr and O, but also some CI
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in the nanotube bundles. Therefore, the following mecha-
nism of filling nanotubes was suggested. Presumably, a
strong oxidant CrO,Cl, is formed first, which oxidizes
nanotubes and opens their ends. This enables the chromium
oxide CrOj3 (together with CrO,Cl,) to enter the SWNT
channels.

CrO; + 2HCl ——> CrO,Cl, + H0,
2CrOCl, + Cl, + 2C ——> 2CrCl3 + 2CO».

(The appearance of Cl, is associated with the photolytic
decomposition of CrO,Cl,.)

According to the data from HRTEM, ~25% of the
channels are filled with nanoparticles that are 4 to 20 nm
long and devoid of a pronounced -crystal structure
(Fig. 9 a,b). However, a TEM image of a cross section of a
filled nanotube shown in Fig. 9 ¢ permitted the authors to
assume the formation of three linear chains of the CrOs
tetrahedra with threefold symmetry that are bound by van
der Waals forces and located parallel to the SWNT chan-
nels.

Figure 9. HRTEM micrographs of
SWNTs (d=1.4nm) filled with
CrO, nanoparticles 4 to 20 nm long
(the impregnation time is 2 days) (a,
b), and a cross section of a filled
SWNT (c).80

The arrows point to filling sites, the
thick straight lines indicate the
nanoparticle lengths.

Subsequently, the insertion of inorganic compounds
into nanotubes from solutions was applied for the prepara-
tion of nanoparticles of more complex compositions.3’

For this purpose, MWNTs were impregnated with
Fe(NO3)3, Cd(NOs3)2 or AuCls solutions, after which the
composites obtained were treated with a solution of
Bi(NO3); or H»S to yield FeBiOs, CdS or Au.S, nano-
particles, respectively. The polycrystalline nanoparticles
obtained in this way were 3 to 6 nm thick (corresponding
to the internal diameters of MWNTs) and 3 to 30 nm long.
Examples of filling single-walled nanotubes with complex
compounds are unknown.

Other versions of the intercalation of substances into
NTs from solutions are solvothermal synthesis and filling
nanotubes from supercritical media. Both methods were
successfully applied to the formation of nanoparticles of
metals (Pd, Ni, Cu, Rh, Ru, Pt, Au), alloys (PtRu, PdRh,
RuSn, CoSbs), metal oxides (Eu,O3, Al,O3, Co3z04, CoO,

Fe,03, Mn304, ZrO2, TiO2, RuOs3), and also some poly-
mers inside or on the external surfaces of multi-walled
nanotubes.8! ~8¢ However, attempts to intercalate inorganic
compounds into SWNTs by these methods usually ended in
failure.®* The only instance of filling single-walled nano-
tubes from supercritical media is the intercalation of full-
erenes and endofullerene ErsN@Cso into SWNTs from
supercritical CO, or C,H4 at ~150 bar.?”

From the examples cited above, one can see that the
insertion of inorganic compounds into SWNTs from sus-
pensions or solutions offers a broad range of possibilities
for filling SWNTSs with a wide variety of substances (metals,
oxides, chlorides, fullerenes and endofullerenes). However,
this method suffers from many shortcomings.?® First, dur-
ing the synthesis, contamination of the SWNT channnels
with the solvent or its interaction products with the nano-
tube walls or with the intercalated compound is possible.
Second, intercalation from solutions results in a heteroge-
neous distribution of a substance in an NT channel, and in
addition, in incomplete (not 100%) filling of SWNTs, which
pertains to the intercalation of solvent molecules into
SWNTs. Indeed, the removal of the solvent or the forma-
tion of gaseous products in the thermal treatment leads to
individual cluster particles 2 to 100 nm long, whereas the
maximum filling yield is normally 25% —30% (the lower the
solution concentration of the compound to be intercalated
the lower the degree of filling of the channels).?> Let us also
note that nanoparticles obtained by this method are most
often polycrystalline, while of greatest practical interest is
the formation of single-crystalline nanoparticles inside
SWNTs.

b. Intercalation from melts
The problem of the continuous and uniform filling of
SWNTs was successfully solved by the ex situ method of
filling nanotubes from melts. This technique allows the
filling yield of NTs to be 2—3 times larger as compared to
the filling from suspension and solution.!434:3¢ The inser-
tion of melts into single-walled nanotube channels due to
capillary forces forms the basis of the method. The filling
process is usually carried out in vacuum at temperatures
that are 10— 100 °C higher than the melting point of the
material to be introduced, after which the filled NTs are
slowly cooled down in order to crystallize the intercalated
particles.?3 Metal halides and oxides as well as low-melting
substances are used as a rule as the starting compounds,
since they meet all requirements for materials to be interca-
lated, namely, they possess comparatively low surface
tensions (below 170 mN m~—!) and melting points lower
than 1100 °C (Table. 1).14.26

For the first time, the ex situ insertion of melts into NT
channels was used by Ajayan and lijima (1993)43 for filling
multi-walled carbon nanotubes with PbO particles. They
could reach a 90% filling yield, which is apporimately twice
as high as the filling yield achived by other methods.*?
Later, Ajayan have demonstrated that this approach can
succesfully be applied to fill SWNTs omitting the step of the
preliminary opening of nanotube ends.®* In 1999, Sloan
et al.%® employed the capillary technique for filling single-
walled nanotubes with eutectic mixtures (KCl)(UCly), and
AgCl.Br, with three different compositions:
x:y=73.2:26.8,50:50 and 39.33:60.67 for (KCI),(UCls),
and x:y =100:0, 20:80 and 0:100 for AgClBr,. The
halide mixtures were ground together with an SWNT and
sealed under vacuum in an ampoule, which was heated for
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Table 1. Surface tension values and melting points of intercalated materials, synthesis temperatures of ‘1D-crystal@ SWNT’ nanocomposites

(intercalation from melt), and also filling yields of nanotubes. !4 252688

Material y/mMN M~ Thmer /°C Tintercal /°C Filling Material y/mNm—! Ty /°C Tintercal /°C Filling
yield (%) yield (%)

AgCl 113-173 560 560—660 40-50 KCl 93 771 870 —
AgBr 151 432 532590 4050 (KCD, (UCLy), 4465 335,562 435,662 <10
AgBro.Clps 173 410 510 40-50 KI 70 681 781 60—80
Agl 171 455 555 80-90 LaCl; 109 860 910 20-40
Al 860 660 — — Lil 94 449 549 20-30
Bal, 130 740 840 <10 Nal 81 661 761 10-20
Bi>O3 200 825 — — NdCl; 102 784 834 20-40
Cal, 83 784 884 <10 Pb 470 327 — —

Cs 67 29 — — PbO 132 886 — 80-90
Csl 69 627 727 30-40 Rex03 32 220 250 50-60
CuCl — 430 530 30-50 Rb 77 39 — —
CuBr — 492 590 60—80 Rbl 70 647 747 60—70
Cul — 606 705 >90 S 61 115 165 20-30
EuCl; — 850 860 20-40 Se 97 221 320 20-40
FeCl, — 674 774 — Te 190 450 520 20-40
FeBr» — 684 784 — TbCl3 — 588 638 20-40
Fel, — 587 687 50-60 SmCl; — 686 706 20-40
Ga 710 30 — UCly 27 590 690 <10
GdCl; 92 609 659 20-40 V105 80 690 — —

Hg 490 —38 — — YbCl; — 854 904 20-40
K 117 336 — — ZrCly 1.3 437 487 50-70

30 min at the temperatures about 100 °C higher than the
liquidus or melting points of the filling material. The
obtained samples were cooled at a rate of 3—5 deg min—!
and examined by HRTEM (Fig. 10). The TEM micrographs
of the (KCI)(UCly), samples point to the formation of
single-crystalline nanoparticles (KCl)(UCly), in SWNT
channels (Fig. 10 ). Obtaining high-quality images of the
AgClBr,@SWNT samples was complicated by the fact
that silver halides are both light and electron beam sensitive
(Fig. 10 ). The authors note an increase in the filling yield
of nanotube channels from 20% to 50% in the series
AgCl < AgBI‘ < AgClo,zBI‘o,g .

In single-walled nanotubes of large diameters (2—4 nm),
spontancous photolytic decomposition of AgCl was

Figure 10. HRTEM images of SWNTs filled with a (KCI),(UCly),
eutectic mixture (x:y = 73.2:26.8) (a), AgBr particles (b) and Ag
nanoparticles formed by photolytic decomposition of AgCl (c).%°

The (KCI),(UCly),@SWNT nanocomposite was obtained by filling
the SWNT with a melt of KCI and UCly at 662 °C for 30 min, followed
by cooling for 3 h. The AgBr@SWNT nanocomposite was obtained by
filling the SWNT with a melt of AgBr at 527 °C for 30 min followed by
cooling for 3 h. The Ag@SWNT nanocomposite was obtained by
filling the SWNT with a melt of AgCl at 560 °C for 30 min, followed
by cooling for 3 h and photolytic decomposition of the salt.

observed to form nanoparticles of metallic silver having a
lattice periodicity of 2.04 A (Fig. 10 ¢), which corresponds
to the interplanar spacing do0y in bulk silver (for compa-
rison, AgCl is characterized by d20) = 2.774 A). At the
same time, the value of 2.04 A agrees sufficiently well with
the interplanar spacing d20) = 1.962 A in bulk AgCl. In
smaller-diameter nanotubes AgCl did not decompose; in
this case crystalline particles of the AgClBr, composition
were produced in SWNT channels, which was confirmed by
the data from energy dispersive X-ray spectroscopy.
A possibility of filling SWNTs ex situ from a melt without
a preliminary step of opening their ends was also pointed
out, which can be accounted for by a selective interaction of
carbon atoms of fullerene hemispheres with melts.

By using the ex situ introduction of inorganic substances
from a melt, SWNTs filled with nanoparticles of various
metal halides [M!'T (M! = Li, Na, K, Cs, Rb, Ag), M'I,
(M!' = Ca, Cd, Co, Sr, Ba, Fe, Pb, Hg), M'!'Il; (M!'l = La,
Ce, Pr, Nd, Gd), (Te/Sn)ls, Alls, AgClBr,l., MICI
(M! = Na, Cs, Ti), M'"'Cl, (M" = Cd, Fe, Co, Pd), M"'Cl;
(M = La, Nd, Sm, Eu, Gd, Tb), MVCl, (M!V = Hf, Th,
Zr, Pt), AlxCls, (Th/V)Clg], elements (S, Se, Te, 1>, Cs, Re,
Bi, Pt, Au, Ru, Fe, Ag), fullerenes (Cgo, C70, Cso), endo-
fullerenes (Gd@Cs>), a mixture (KCl)«(UCly),, oxides
(Re O,, V305, Sb>O3, CrOsz, PbO, UO,), hydroxides
(KOH, CsOH) and chalcogenides (SnSe, HgTe and
CdBr,_,Te,) were synthesized.!4 25 34,36,45.69,71.88,90-97
HRTEM images of some SWNTs filled with inorganic
compounds are provided in the Supplement (see the elec-
tronic version of this review at the journal’s web-site http://
www.uspkhim.ru).

Table 1 lists surface tension and melting points of some
substances intercalated into SWNTSs, and also filling tem-
perature and filling yields.'# 25.26.8% The conditions of fill-
ing nanotubes vary in different studies: thus heating rate
ranged from 3 to 10 deg min—', the time of a sample
exposure at the maximum synthesis temperature changed
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within the limits 20 min to 6 h, whereas cooling rate did not
exceed 1-5deg min—!. In some instances, in order to
achieve a high filling yield, nanotubes were exposed to
contact with substances to be intercalated at the synthesis
temperature for 20 h, and cooling was performed at the rate
0.1 deg min—! to increase the crystallinity of nanopar-
ticles.*>-°7 According to the data from TEM, the filling
yield of SWNT channels with inorganic compounds was
50% to 90% (see Table 1).

In most cases, the intercalated nanoparticles constituted
one-dimensional nanocrystals (1D-crystals). Based on TEM
images (Fig. 11 @), models of one-dimensional nanocrystals
(Fig. 11d,e) were developed, and also simulated TEM-
images (Fig. 11 b,c) were obtained that were in good agree-
ment with experimental ones. Nanocrystals differ substan-
tially from bulk crystals in both their symmetry and bond
lengths and bond angles. The distortions of geometric
parameters are governed by steric limitation of a one-
dimensional nanocrystal that is formed with nanotube
walls and by adjustment of nanoparticle structures to the
internal diameter of an SWNT channel. For example, in a
nanocrystal of KI (2 x2 atoms) interplanar spacing along
the nanotube axis d(200) = 0.35 nm (which corresponds to
this distance in bulk KI), while in the direction that is
perpendicular to the axis, it increases by 14% reaching the
value of 0.4 nm (Fig. 11a.,d).3* %8

Depending on the SWNT diameter, incorporated com-
pounds (for instance, KI, Pbl>, HgTe) can produce distinct
structures that differ in the number of atoms in a cross
section of the tube or in symmetry.34 20-97

Nanocrystal structures simulated in several studies were
compared with experimental HRTEM images of nanocrys-
tals, which made it possible to verify the accuracy of the
proposed models.?%-°7

In conclusion, it should be noted that the major advan-
tages of ex situ filling from melt, apart from the possibility
of filling SWNTs with a wide range of materials, are the
relative simplicity of the method, the uniformity of prepared
samples, high filling yield of nanotubes (up to 90%) and
high crystallinity of obtained nanoparticles. A great merit is
also the fact that the ‘1D-crystal@SWNT’ systems are not
contaminated with solvents and by-products (oxides, car-
bides). Thus, the ex situ filling of single-walled nanotubes

from melt, considering all the presented parameters, is the
most efficient of all currently existing approaches, which
makes its utilization for the development of composites
based on SWNTs most promising.

Nevertheless, filling SWNTs from melt is not applicable
for compounds with surface tension values larger than
170 mN m~—! and melting points above 1100 °C. These
limitations become a serious obstacle to direct introduction
of many metals (due to high y values of their melts) and
covalently bound compounds [for instance, refractory metal
oxides (A"BVY) and chalcogenides (A'VBY))] into SWNT
channels. However, it is the intercalation of metallic nano-
particles into semiconducting SWNTs that leads to the most
significant changes in the electronic structures of single-
walled nanotubes.’% %2~ 101 The broadband small-sized semi-
conductors AUBVI and AVBV! with exciton diameter of
several nanometers to tens of nanometers (for example, the
diameter of small-sized CdS is 4.8 nm) are promising for
both studying quantum-size effects and also using them as
light emitters, sensors, solar cells, ezc.!9? Several papers are
devoted to studies on small-sized nanostructures AUBV! and
AIVBY!  obtained wusing carbon nanotubes as tem-
plates.37-102- 104

It should be noted that filling nanotubes with refractory
semiconducting materials by direct methods failed, hence it
was decided to synthesize such materials in the internal
channels of SWNTs.195 To this end, first, nanotube chan-
nels were filled with molten metal iodides (Znl>, Cdl,,
Pbl,) by the capillary method at the temperatures that were
100 °C higher than their melting points (M, = 446, 388 and
412°C, respectively). The ML @SWNT composites
obtained underwent sulfidation, selenation or telluration
by treating them with molten chalcogens:

ML@SWNT + 2X (liq) —> 0

—_—> MX@SWNT + I/2 I2 (vap) + 1/4 XnIm (Vap),
X =8, Te; Xyl = 28515 or Teals,

ML@SWNT + X (liq) —> MX@SWNT + I, (vap), o)

o.ootlltlit‘l"‘
goeobﬁﬂiqdbiiti

0.4 nm

0.4 nm

Figure 11. HRTEM image of a KI crystal (2x2 atoms) in an SWNT channel (1.4 nm in diameter) («), simulated TEM images of the
nanocomposite KI@SWNT (b, ¢) and its structural model (d is longitudinal section, e is cross section).”®

The nanocomposite KI@SWNT was obtained by capillary filling of nanotube channels with diameter 1.4 nm, which were synthesized by arc-
discharge technique, with molten KI at 651 °C for 30 min followed by cooling for 3 h.
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Slow cooling of the chalcogenides produced in SWNT
channels resulted in their crystallization to yield one-dimen-
sional crystals. It was assumed 7° that the transportation of
chalcogen atoms into cavities of single-walled nanotubes
filled with the iodides M1, and the removal of the gaseous
molecules of I, and X,I,, produced in the reactions (1) and
(2) occur through defects in SWNT walls. These data are in
good agreement with the observed destruction of one-
dimensional crystals in SWNT channels on irradiation
with a beam of high-energy electrons [irradiation brings
about escape of intercalated compounds through defects in
the nanotube walls and decomposition on their external
surfaces (see Section 1V)].?7 The effectiveness of this
approach (carrying out chemical reactions in SWNT chan-
nels) was exemplified by the synthesis of the semiconducting
compounds AUBY! and A'VBY! (A = Zn, Cd, Pb; B = S, Se,
Te) (Fig. 12), which possess high melting points (up to
1750 °C and the band gaps of 0.3 to 3.7 eV.7°
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Figure 12. TEM-Microphotographs of the PbTe.I,_> @SWNT com-
posite (two types of observed projections).”®

IV. Structures and properties
of ‘1D-crystal@SWNT’ nanocomposites

The ‘1D-crystal@ SWNT’ nanostructures are of tremendous
interest from both theoretical and applied viewpoints. This
branch of research has been developed for less than
10 years, therefore, the number of works on the unsual
‘1D-crystal@SWNT’ composites is not large.'* Even more
rare are studies that address the simulation of structures
and electronic properties of filled carbon nanotubes (see
Refs 29, 100, 101, 106). The interest of experimentalists in
such composites is associated with the possibility of altering
the band gaps of SWNTs owing to filling the latter with
electron-donor or electron-acceptor compounds and also
with the possibility of changing the atomic and electronic
structures of intercalated compounds due to forced struc-
tural deformations of material within single-walled nano-
tubes.”?

The most efficient research tool for studying ‘1D-crys-
tal@SWNT’ nanocomposite structures is high resolution
transmission electron microscopy (HRTEM). A ‘1D-crys-
tal@SWNT’ nanocomposite represents a single-walled car-
bon nanotube with a 1D-crystal inside. HRTEM images
show either crystallographically ordered arrangement of
atoms or columns of two or three atoms.

Inelastic scattering is the predominating process in the
interaction of an electron beam with carbon atoms of a
nanotube. Elastic scattering that pertains to the interaction

of electrons with the atomic nucleus occurs mainly on
interaction of an electron beam with a 1D-crystal. Radia-
tion damages caused by elastic scattering increase with an
increase in accelerating voltage and diminish with an
increase in the mass of a nucleus. In order to reduce the
radiation damages that can appear in the investigations of
‘1D-crystal @SWNT’ nanocomposites, one has to decrease
the accelerating voltage to 80 kV.§ This became possible by
virtue of the use of a corrector of spherical aberration (Cs)
and the reduction of chromatic aberration (C.) through
upgrading the electron microscope. In the study of a
1D-crystal, it is desirable that the intercalated inorganic
compound contained at least one element with a high
atomic number Z since the contrast in images of single
atoms is proportional to Z2.

HRTEM images of nanocomposites are categorized,
analyzed and compared with the 3D-atomic structure of
an intercalated compound. The comparison is used to
choose crystallographic directions that presumably coincide
with the SWNT axis. Of these directions those are selected
that correspond to the images on micrographs in perio-
dicity, cross-sectional dimensions and a structural motif.
Then, taking into account atomic coordinates and scanning
mode, a simulated image is obtained that is compared to the
HRTEM image.

Historically first nanocomposite studied by HRTEM
was the ‘ID-KI@SWNT’ composite.?®- 197 It was found
that KI crystals (3x3 atoms) are formed upon filling
1.6-nm-diameter nanotubes, while in nanotubes of a smaller
diameter (1.4 nm), KI crystals (2 x2 atoms) are incorpo-
rated. An increase in the parameters of the KI crystal lattice
in the direction that is perpendicular to the tube axis was
noted.

The simplest ‘1D-crystal@ SWNT’ nanocomposites are
nanotubes filled with fullerene molecules (the so-called
nanopeapods).'%® Depending on the ratio of the fullerene
and NT internal diameters, a variety of 1D-crystals based
on Cgo are formed. If the internal diameter of an NT is less
than 1.45 nm, linear chains of C¢y molecules are formed, if
the diameter is 1.45—2.6 nm, zigzag or spiral structures are
produced, in tubes of a larger diameter up to four fullerene
molecules can be accommodated in a tube cross sec-
tion.66- 109

Examination of C,@SWNT nanocomposites by trans-
mission electron microscopy showed that fullerene mole-
cules in SWNT channels move along a channel and
coalesce. These observations initiated development of a
whole branch of research on structural conversions of
SWNTs filled with fullerenes, endofullerenes, doped or
functionalized fullerenes.!4- 6465 Thus electron beam irradi-
ation of Cgo fullerenes close-packed in SWNT channels
(accelerating voltage of 100 kV) first induced their dimeri-
zation followed by coalescence in the course of which an
elongated capsule from Cgo molecules is formed in the
nanotube.'%® The coalescence is also observed on high-
temperature (700—1200 °C) treatment of such structures.
As a result, the formation of the second (internal) channel
occurs in an NT and a double-walled carbon nanotube
(DWNT) is produced.'?®

It should be noted that not only intercalated fullerenes
undergo electron beam irradiation-induced transforma-

§ At the accelerating voltages 300—400 kV, both the nanotube walls and
the one-dimensional crystal itself are destroyed.
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Figure 13. The behaviour of Re,O, clusters inside SWNT under the influence of the electron beam and a model representation of the clusters that

demonstrates their rotation.®

Different projections of one cluster (¢—e¢) and its image ( /), which illustrates partial disintegration of nanotubes and the exit of the substance onto

the surface, are shown.

tions, but also intercalated inorganic compounds. Thus
dynamic behaviour of the ZrCls, Re.O, and Cul nano-
particles in SWNT channels on electron beam irradiation is
reported.?6-98. 110 The ZrCly nanoparticles are clusterized
(see Fig. 7b,c), the Re.O, clusters evenly rotate inside
single-walled nanotubes (Fig. 13), while one-dimensional
crystals of Cul exit to the surface of a nanotube and
decompose to yield metallic copper (see Fig. 17).

It is known that crystallization of a substance within
single-walled nanotubes substantially changes its crystal
structure and properties, and the structure of the one-
dimensional nanocrystal formed proves to be metastable.!#
This was exemplified by nanoparticles of metal halides
(AgBr, Agl, CoCly) that are nanowire-shaped within
SWNT. After removal of the carbon shell, these particles
lose the nanowire morphology.!!!

Deviations of 1D-crystal structures inside SWNT chan-
nels from the structures of the bulk materials have repeat-
edly been observed. Actually, these deviations pertain to
changes in the crystallographic orientation of the nano-
crystal with respect to the nanotube axis (the long axis of a
one-dimensional nanocrystal can correspond to different
crystallographic directions of the bulk substance); to reduc-
tion in the coordination number of atoms of an intercalated
inorganic substance; to a change in the crysal lattice
parameters of the one-dimensional crystal as compared to
those of the bulk material, and also to the formation of
nanocrystals with a crystal lattice that is not characteristic
of bulk materials.!# 34

The change in the crystallographic orientation of the
nanocrystal relative to the nanotube axis arises from the
demand for the highest possible retention of the stoichiom-
etry of the intercalated compound,3® whereas the reduction
in the coordination number of atoms and the change in the
crystal lattice parameters of the nanocrystal along a radial
direction, obviously, result from the spatial confinement of
the nanocrystal by the SWNT walls.3# 3%-80 The nanocrystal
lattice parameters along the nanotube axis are less dis-
torted, since in this direction there are virtually no steric
limitations. Nevertheless, a number of studies point to the

compression of the crystal lattice of thel D- crystal along the
SWNT axis. In particular, this is typical of the Ag, Sb,03,
KI nanocrystals and (Cep), fullerene chains.!# 112,113 The
observed lattice distortion can reach 14%. The compression
(or stretching) of a crystal lattice parameter along the
nanotube axis seems to be connected with a stretching (or
constriction) of the unit cell of the SWNT channel in a
radial direction; the cell volume is retained on such alter-
ations.

Bulk metal halides are characterized by diverse types of
crystal structures (including three-dimensional, layered,
chain-like or molecular, Table 2). However, in the confined
space of SWNT channels many of these structures cannot
develop (this especially applies to the three-dimensional and
layered structures, see Table. 2).!434 Depending on the
ratio between a crystal lattice parameter of the incorporated
compound and the internal diameter of the SWNT channel,
both the degree of crystallinity and crystal structure of the
one-dimensional nanocrystal being formed in the nanotube
channel can change. Thus for the CuHal@SWNT and
AgHal@SWNT (Hal = Cl, Br, I) systems, the degree of
crystallinity of nanoparticles inside the SWNT channels
increases on going from the metal chloride to iodide,
which is assumed to relate to the increase in the radius of
the halogen ion when moying from CI to I [r-) = 1.67,
rar) = 1.82, rq-y = 2.06 A], and consequently, to the
increase in the M —Hal bond lengths in this series.!®> Thus
in the CuClI@SWNT composite the CuCl single crystal fills
the internal channel of the nanotube incompletely, resulting
in sufficient mobility of Cu and Cl atoms, which leads to a
decrease in the degree of crystallinity of the single crystal,
while in the Cul@SWNT composite the size of the Cul
crystal exactly fits the diameter of the tube, and so the
degree of crystallinity increases. It should be noted that for
some composites (for example, for Cul@SWNT and
Pbl,@SWNT) a change in the structural type of the nano-
crystal upon variation in the nanotube diameter was
observed .7 110

Let us consider the results of an HRTEM investigation
of the 1D-Cul@SWNT nanocomposite in more detail.!'?
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Table 2. Structural types of metal halides in M, X,,,@SWNT nanocompo-
sites and in bulk crystals.?*

The bulk (3D) Cul compound is an ionic conductor with
iodide ions constituting close-packed hexagonal sublat-
tice ''* in which copper cations occupy all tetrahedral
interstices and a small part of octahedral interstices.

The HRTEM examination of the 1D-Cul@SWNT
composite was initially carried out at the accelerating
voltage 300kV on a JEM 4000EX instrument
(Cs = 0.9 mm). As a result, several types of 1D-Cul images
were obtained. Noticeable electron beam-induced damage
of the SWNT walls occurs (Fig. 14 a). In the re-examination
of this nanocomposite at the accelerating voltage of 80 kV
using a FEI Titan 80—300 instrument (Cs= 0.005 nm),
destruction of the walls was insignificant (Fig. 145). Anal-
ysis of the obtained images allowed their separation into
two groups dependent on the cation positions. Within each
group, the images vary depending on the rotation angle (¢)
of the axis of a nanotube relative to the electron beam. Two
crystallograpic directions [001] and [110] along which crys-
tallizaton of Cul within the SWNTs could take place were
selected in the 3D-crystal of Cul. For these two cases,
atomic models have been constructed.

The atomic model of the 1D-Culjpo1;@SWNT composite
with arrangement of copper cations in octahedral cavities is
portrayed in Fig. 14d. A side view of the model (¢ = 0°) is
illustrated in Fig. 14 e. The suggested atomic model served
as the basis for obtaining a simulated image that takes into
consideration atomic coordinates, atomic number and scan-
ning parameters. The obtained simulated image (Fig. 14 ¢)
corresponded to one of the most typical electron microsopic
images of the 1D-Cul@SWNT nanocomposite (Fig. 145).
On the latter, dark (with the focus of the electron beam
—Af) ‘subunits’ are clearly seen that are surrounded with
white halos corresponding to projections of the columns of
two iodine atoms, whereas single iodine atoms are zigzag-
arranged. Copper cations are located in this projection near
the SWNT axis, the periodicity of the structure
dioo1) = 0.72 nm agrees well with the 3D-structure of Cul,
in which djoo1; = 0.7186 nm.!13

In the case of the location of copper cations in tetrahe-
dral interstices one should allow for the fact that the ions
vibrate in the holes, being in two possible positions. The
residence time for a copper cation in one of the tetrahedral

Halide Structural The coor-  Structural  The coor-
type of a dination type of a dination
bulk crystal number of halide in number ? of

ametalin thenano-  ametalin
the bulk composite  the 1D-crys-
crystal tal

KI 3D-halite 6 3D-halite 4,5,6

Cul " 6 " 4,5,6

AgX " 6 " 4,5,6

(X =Cl Br,1)
wurtzite 4 wurtzite 3,4
CsX 3D-halite 6 3D-halite 4,5,6
X =CLBr,1)
BCC 8 BCC 4,6,8
along [100]

Srl» 3D-frame- 7 1D-poly- 4,6,8
work hedron chain

Bal, " 7+2 the same 5,6

UCly " 8 " 6,8

ThCly " 8 " 6,8

Tely " 8 " 6,8

LnCl; " 8+1 " 6,8

(Ln = La—Tb)

Hgl> (red) 2D-layers 3 " 2,3

Pbl, " 6 " 5,6

Cdl, " 6 " 5,6

CdCl, " 6 " 5,6

LnCl; " 6 " 5,6

(Ln = Tb—Lu)

ZrCly 1D-chain 6 " 6

HfCly " 6 " 6

AlClg molecular 4 molecular 4

Znly " 4 " 4

WClg " 6 " 6

4 Observed or predicted.
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Figure 14. HRTEM Images of the 3D-Culjoo;@SWNT nanocomposite with copper cations located in octahedral interstices;!!°

(a) the first type of images (¢ = 0°) obtained at the accelerating voltage 300 kV [original (top) and filtered (bottom) images, d; = 0.72 nm]; (b) the
same type of images obtained at the accelerating voltage 80 kV [original (top) and filtered (bottom)]; (¢) simulated image for A f'= —15.6 nm; (d,
e¢) atomic model of the 3D-Culjpo1j@SWNT compsite when copper cations are located in octahedral interstices [longitudinal (d) and cross (e)

sections of the atomic model].
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positions is 10—100 ps,''® whereas the camera exposure
time is 0.25s. Accordingly, on a microphotograph Cu™*
cations appear in two tetrahedral interstices simultaneously.
Presumably, such a structure matches the image type
illustrated in Fig. 15a. The corresponding atomic model
and simulated images of the two nanotube ends for ¢ = 0°
are portrayed in Fig. 15b,c,d. Images corresponding to
other projections of the nanocomposite were also analyzed.

Figure 15. HRTEM images of the 3D-Culjgo1j@SWNT nanocomposite
with copper cations located in tetrahedral interstices.!!0-116

(a) is the first type of images (¢ = 0°, d» = 0.36 nm, d. = 0.2 nm);
(b) simulated images of the two NT ends (17,0) for A /= +10.4 nm
(on the left, the nanotube is empty; on the right, it is filled with Cul
particles; an overlap (convolution function) of the images of nanotube
walls is observed); (¢, d) atomic model [longitudinal (¢) and cross (d)
sections].

In the case where the crystallization of Cul occurs within
the internal channel along the crystallographic direction
[110], other image types are formed.!''® It appears that there
is certain correlation between crystallization direction and
nanotube diameters. Crystallization in the direction [001] is
observed in the nanotubes that are 1.324+0.03 nm in dia-
meter, while along the direction [110] it occurs in the
nanotubes that are 1.41 £0.03 nm in diameter.

In the HRTEM study of the 1D-Cul@SWNT nano-
composite, two phenomena have been discovered: (1) the
rotation and oscillation of the Cul crystal in the nanotube
channel and (2) its exit from the nanotube through macro-
defects.?” For this nanocomposite, 50 images were obtained
(selected images are depicted in Fig. 16). A small fragment
of a Cul 1D-crystal (~5.1 nm long) is seen in the nanotube.
The crystal moves and rotates. By the end of scanning, the
crystal is destroyed. It was established that the movement of
the crystal is due to the emergence of water vapour in the
microscope column. Water molecules in a high-energy
electron beam are ionized to yield O, and OH~ ions.
These ions interact with the SWNT walls to produce
defects. If the quality of vacuum is improved, the movement
of the crystals is considerably reduced.

In the case of a macrodefect in an SWNT wall (for
example, a nanotube fracture, as shown in Fig. 17 a), the
movement of a 1D-crystal is accompanied by its electron
beam-induced destruction into individual Cul molecules.
After molecules have escaped from the nanotube, iodine
vaporizes, and copper atoms form clusters on the outer side

Figure 16. The oscillation and rotation of a 1D-Cul nanocrystal within
SWNTs.?’

50 Images per 25 s were obtained (the exposure of the CCD-camera
was 0.5 s, accelerating voltage was 100 kV).

Figure 17. The exit of a Cul nanocrystal from an SWNT’s internal
channel through a macrodefect.?’

(a) the beginning of electron irradiation (accelerating voltage is
100 kV), (b) the formation of a copper cluster, (¢) the complete exit
of Cul from the nanotube, the formation of a copper nanocrystal.
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of the nanotube (conjecturally, cuboctahedra, see Fig. 17 5),
which are then transformed into copper nanocrystals
(Fig. 17 ¢). This process has been traced from the beginning
to the end, which enabled estimation of the amount of
copper ions that escaped from the nanotube and, based on
the 1D-Cul model, its comparison with the amount of
copper atoms in the nanocrystal. Good agreement was
found. Thus, having ‘metered’ just hypothetically a nano-
composite of a definite length, a required amount of the
atoms of copper or any other metals as a cluster or nano-
crystals can be transferred to the required place.

The discussed method for modelling 1D-crystal struc-
tures is not unique. More advanced is the reconstruction of
exit plane wave function from a series of shots taken with
focus variation of an electron beam (‘through focus’). Using
this method, for instance, the structure of the
HgTe@OCHT composite was determined.’® However, con-
sidering the tendency of 1D-crystals to move and rotate in
the internal channel of a nanotube, such a technique by far
not always can be applied.

A series of micrographs made at 0.25 s exposure of
a CCD-camera (Fig. 18) portray fullerene molecules within
an SWNT where a 1D crystal of PbTe,l> > @SWNT is
present simultaneously.!''® The nanotube filled with full-
erenes is about 1.3 nm in diameter. Judging by distances
between Cgo molecules, individual molecules Cgo are

Figure 18. Ceo@ SWNT and PbTe,l> 2, @SWNT nanocomposites.'®
(a) original image of the Cgp+ PbTel@SWNT nanocomposite with the
focus of an electron beam +Af; (b) images of Ceo+PbTel@SWNT
(the left-hand nanotube) and PbTel@SWNT (the right-hand nano-
tube) nanocomposites after 2.5 s with the focus —Af (defects in
nanotube walls are designated with arrows). Co-motion of fullerene
molecules and the one-dimensional crystal along the channel is
observed. (¢) Image of the Cgp+PbTel@SWNT nanocomposite after
4 s with the focus +Af. Coalescence of fullerene molecules in the
nanotube channel is observed. (d) Images of the Cgp+ PbTel@SWNT
(the left-hand nanotube) and PbTel@SWNT (the right-hand nano-
tube) nanocomposites after 4.25 s with the focus —Af. The distinct
values of the focus (& Af) of the electron beam are accounted for by
vertical movement of the sample.

observed on the images (Fig. 18 a,c). The left-hand nano-
tube originally filled with fullerenes has a fracture (macro-
defect) in the middle. Out of the fracture, the nanotube is
also filled with fullerenes that have direct contacts with the
one-dimensional crystal of PbTe,l>_»,. In the course of
time, part of fullerene molecules coalesce to yield elongated
structures of two or three molecules (Fig. 185). These
molecular ensembles move along the nanotube channel
together with the one-dimensional crystal.

The right-hand tube (see Fig. 185) is filled with a one-
dimensional crystal of PbTe,l>_»,. For the introduction of
the one-dimensional crystal, a two-step method was
employed according to which a nanocomposite of
PbTe@SWNT was initially obtained and then treated with
a solution of Pbl. The crystal structure of 1D-PbTe was
studied.”” It was demonstrated that one of the modifications
of this crystal is asymmetric in section. The presence of such
a crystal in the NT channel imparts the shape of an ellipse to
the nanotube. The nanotube deformation and its electron
beam irradiation apparently contribute to the emergence of
defects in a nanotube wall.

In a number of works it was shown that the crystalliza-
tion of inorganic compounds within nanotubes depends, on
the one hand, on the nanotube diameter, while on the other,
on the ability of the SWNT wall for deformation. Indeed, it
was found that SWNT walls of small diameters adjust to a
nanocrystal structure (for example, in the Col,@SWNT
and Pbl,@SWNT nanocomposites) as much as a filled
nanotube adopts the shape of an oval in section.?>°7 It is
interesting that Pbl, particles incorporated into double-
walled nanotubes with the same diameter as the single-
walled remain amorphous. This is seemingly associated with
considerably lesser deformability of DWNT walls as com-
pared with that of SWNT, as a result of which Pbl, does not
crystallize.

Sometimes the spatial confinement of an intercalated
substance by a channel wall can be so significant that a 1D-
crystal with the structure that is not characteristic of the
3D-crystal of the same compound is produced. For
instance, 3D-AgBr has a cubic lattice,’ whereas the 1D-
crystal formed within an SWNT has a hexagonal structure
that is absent from the phase diagram of the bulk crystal.!8
In a number of cases, the formation of entirely new
structures was observed that possess unusual properties
including fivefold symmetry (see Fig. 9 b).72-80.88.92,119

It is of note that all the described structural pecularities
of one-dimensional nanocrystals are manifested only when
the crystals are formed within single-walled NTs. In filling
multi-walled nanotubes of a considerably larger diameter,
these pecularities do not appear.

V. Investigations into functional properties
of ‘1D-crystal @SWNT’ composites

The structural pecularities of ‘1D-crystal@ SWNT’ compo-
sites are manifested in their unusual physical properties,
especially in their magnetic and transporting properties.!'2°
It was demonstrated '?! that the electrical conductivity of
L@SWNT composites increases in comparison with that of
pure nanotubes virtually by two orders of magnitude, which
is presumably due to charge transfer from nanotube walls to

9 The hexagonal structure of 3D-AgBr was found only at high pressure.!!”
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iodine nanoparticles that possess electron-acceptor proper-
ties. This results in the generation of a large amount of
charge carriers (holes) in semiconducting nanotubes and a
descrease in SWNT resistance. It should be noted that in the
L@SWNT systems involved, I molecules occupied the
space between nanotubes rather than the internal channels
of SWNTs. Filling single-walled nanotubes with iodine
could be accomplished only in 2002,°3 however, the con-
ductivity of the intercalated nanotubes was not studied.

Considering the nonequivalence of positions in internal
channels of SWNTs and in pores between nanotubes, the
reported quantitative estimate of conductivity changes !?!
cannot be regarded as unquestionably reliable, although,
qualitatively, the existence of a charge transfer effect in
intercalated SWNTSs could be established. Furthermore, a
possibility of directed modification of the transport charac-
teristics of nanotubes by intercalating electron-acceptor
compounds was demonstrated.!?!

In 2002, in studying the electrical conductivity of the
Cso@SWNT composites, it was found 22 that they possess
lower conductivity than that of unfilled tubes, which
prompted a conclusion that charges are localized on the
defects of nanotubes filled with fullerene molecules.

The simulation of nanocrystal structures encapsulated
into an SWNT cavity makes a great contribution to the
understanding of the properties of ‘1D-crystal@SWNT’
composites.?® The possibility of a transition of the HgTe
nanocrystals from semimetallic to semiconductive state
upon their insertion into SWNTs, and also the possibility
of effective interaction of a nanocrystal with nanotube walls
was demonstrated theoretically.®® In this work, the effec-
tiveness of the determination of the atomic and electronic
structures of ‘1D-crystal@SWNT’ nanocomposites with the
aid of experimental research and quantum chemical calcu-
lations was shown for the first time.

Theoretical studies published so far are devoted in most
cases to the magnetism of nanocomposites [particularly,
Cu@SWNT (see Ref. 123) and Fe@SWNT (see Refs 33,
124)].7 The results of modelling demonstrate that copper
nanoparticles experience strong uniform compression in the
nanotube channel, which increases with temperature and
reaches 2.5 GPa at 800 °C.'23 For the iron clusters (Fes to
Fess) and nanowires encapsulated in SWNTs, the iron-—
carbon interaction, where charge transfer from iron to
carbon occurs, is observed.??> With the increase in the
SWNT diameters, the interaction of Fe atoms with C
atoms gradually weakens, and then completely ceases.

The charge transfer is also reduced and the magnetic
moment of an iron nanoparticle approaches that in the bulk
metal. A substantial change in the band structure of
SWNTs upon encapsulation of the Fes, Feg and Fe;s
clusters was demonstrated. 33 On the whole, the magnetic
moment of iron clusters encapsulated in SWNTs is lower
than that of free clusters: for Fe;3 within the SWNT(8,8) it
is equal to 2.30 pp.'?* For iron nanowires in SWNT
channels, an increase in the magnetic moment due to the
reduction in the coordination number of iron atoms located
on the surface is observed. The thinner the nanowire the
larger its magnetic moment.!24

To date, in the majority of experimental studies on the
properties of ‘1D-crystal @SWNT’ systems, data on the

T The Cu@SWNT and Fe@SWNT composites have not been obtained so
far.

chemical and structural changes of intercalated compounds
are primarily provided, whereas information on the physical
properties of these composites is contained merely in
isolated publications (see, for instance, Refs 14, 125, 126),
although investigations into the physical properties are
essential for the practical application of ‘1D-crys-
tal@SWNT’ composites.

The presence of an electron transfer between interca-
lated particles and nanotube walls can be determined not
only by changes in transporting characteristicts but also by
changes in the Raman spectra of ‘1D-crystal@SWNT’
composites.!3 14.30.94.97 [ndeed, recently it has theoretically
been proven that intercalation of single-walled nanotubes
with electron-donor (or electron-acceptor) compounds
results in an effective increase (or decrease) in electron
density on the SWNT walls, which increases (or lowers)
the Fermi energy (Fig. 19).127 Doping SWNTs with elec-
trons leads to filling of the SWNT n*-orbitals and, as a
consequence, to weakening of the C—C-bonds, which
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Figure 19. Charge calculation for the SWNT(9,9) (N./C is the number
of electrons that correspond to one carbon atom) as a function of the
Fermi energy (¢r) of the nanotube at 20 °C.!27

The insert is calculation of the electronic structure of the SWNT(9,9)
near the Kelvin point.

appears as a shift in the radial breathing mode (RBM, the
spectrum region <200 cm '), which corresponds to the
synchronous radial vibrations of carbon atoms (Ag), and in
the G-mode (the spectrum region between 1500 and
1600 cm —!') that pertains to the C—C-bond vibrations
(Ezg) 28129 t0 a low-energy region of the Raman spectra
(Fig. 20 a,b).3! Conversely, upon intercalation of electron
acceptors into SWNTs, a decrease in electron density on the
SWNT n*-orbitals is observed, which appear as shifts in the
RBM- and G-bands in the Raman spectra to a high-energy
region of the spectrum (Fig. 20 ¢,d)."3

A shift in the RBM-mode frequencies of the composites
can also be associated with mechanical deformations of
nanotubes in a radial direction (with their contraction or
expansion) 12%-139 caused by intercalated material. Such
spectral changes allow the Raman spectroscopy to be
utilized for the qualitative determination of structural
deformations of SWNTs and nanocrystals, and also for
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Figure 20. The Raman spectra of pure SWNTs (spectrum /), and also the Ag@SWNT (spectrum 2) and CrO;@SWNT (spectrum 3) composites
registered at the excitation energies 1.58 eV (782 nm) (a), 2.41 eV (514.5 nm) (b), 1.96 eV (632.8 nm) (¢) and 2.71 eV (457.9 nm) (d)."3

the detection of possible chemical interactions between NT
walls and an introduced substance.

The filling yield ¥ of SWNTs with inorganic compounds
can be determined from the value of a shift in G-bands,
which reaches 15—-20 cm—! as compared to their positions
in unfilled SWNTs, and also from the change in the profile
of the G-peak, i.e., its width and area.!330.94.97,127

To date, the vibrational spectra of SWNTs filled with
both electron-donor (Ag, Li, Rb, K, Cs), and electron-
acceptor compounds (Bra, I,, CrOs;, PbO, Pbl,, LiCl,
NaCl, KCI, CaCl,) have been studied.!3-30.94,97. 121, 131138
As already mentioned above, in the Raman spectra of
‘1D-crystal @SWNT’ composites significant shifts in the
RBM- and G-bands are observed, which depend on the
chemical properties of an encapsulated compound.'? Thus
in the spectra of the Ag@SWNT composite recorded at the
excitation energy 1.58 eV, shifts in G-bands to lower fre-
quencies by ~6 cm~! occur (from 1584 cm~—! for the
SWNT to 1578 cm~! for the Ag@SWNT composite), and
the intensities of the RBM-peaks at 200 and 228 cm~!
(Fig. 20 @) also change. The CrOs@SWNT system at the
excitation energy 1.96 eV exhibits shifts in G-bands to a
high-energy region by 19 cm—! (from 1585 cm~—! for the
SWNT tol604 cm—! for CrO;@SWNT) (Fig. 20¢), and

1 The filling yield is assessed by the number of electrons corresponding to
one carbon atom.

also the disappearance of the RBM-peak at 142 cm~—! and
a shift in the RBM-band at 159 cm—! (to 160 cm—!, the
inset in Fig. 20 ¢), which suggests a loss of resonance for the
nanotubes of diameter 1.71 nm (the RBM-mode at
142 cm—1) upon intercalation of an electron acceptor into
SWNTs and also testifies to a structural deformation of the
SWNT (contraction of the SWNTSs upon crystallization of
chromium oxide in their channels). These results provide
evidence for the effective charge transfer Ag - SWNT and
SWNT — CrOs;.

Note that registration of the Raman spectra at different
excitation energies makes it possible to obtain a more
detailed insight into the eletronic structure of ‘1D-crys-
tal @ SWNT’ systems with nanotubes of different chirality,
since the resonance conditions are satisfied, depending on
the laser energy, only for certain SWNT types.!29-139-142
Fig. 20 b,d depicts the Raman spectra of the Ag@SWNT
and CrO;@SWNT composites recorded at the excitation
energies 2.41 and 2.71 eV, respectively.!? Interestingly, in
the case of unfilled SWNTs with diameter of 1.0—1.5 nm
the excitation of only semiconducting nanotubes takes place
at these energies, whereas in the case of composites (espe-
cially Ag@SWNT) the excitation of only metallic nano-
tubes is observed. These results suggest strong carbon —
intercalated metal interaction, which can result in not only a
shift in the Fermi level, but also in a rearrangement of
SWNT band structure caused by charge transfer.?$
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Studies on SWNTs intercalated with electron acceptors
(S, Se, Te) demonstrated that the values of RBM- and
G-mode shifts to higher frequencies evenly increase with
the electronegativity of the introduced atoms. This is due to
an increase in the effectiveness of electron density transfer
from SWNT carbons to the chalcogens.!4? According to the
data from the resonance Raman spectroscopy, shifts in
RBM- and G-bands in the spectra of the X@SWNT
(X =S8, Se, Te) composites with various nanotube types
substantially differ, which testifies to a selective impact of
chalcogen nanoparticles on the electronic structures of
SWNTs. This assumption was justified by the data from
TEM: an increase in the degree of crystallinity of the
encapsulated compounds was observed on going from
sulfur to tellurium, which relates to the increase in the
covalent radius of a chalcogen and to the adjustment of a
one-dimensional nanocrystal structure to the diameter of an
SWNT.

A comprehensive examination of MHal@SWNT
(M = K, Cu, Ag; Hal = Cl, Br, I) nanocomposites by the
Raman spectroscopy showed that the electron density trans-
fer between intercalated crystals of MHal and and nanotube
walls is governed not only by the electron affinity of the Hal
anion, but also by the structure of a crystal as well as by the
character of the M—Hal bond.!%14 Thus in the
KI@SWNT composites the electronic interaction between
KI crystals and SWNT carbon atoms is absent, whereas in
the CuHal@SWNT and AgHal@SWNT composites a
strong interaction of copper and silver halides, which are
electron acceptors, with the SWNT carbon atoms is
observed. This results in a considerable change in the
electronic structures of the nanotubes, viz., a descrease in
the Fermi level resulting in a shift of G-bands to higher
frequencies by 18—-23 cm~—!. It was established that the
values of these shifts depend on the chemical nature of
nanoparticles to be encapsulated into SWNTs and increase
with the increase in the electron affinities of halogens in the
I - Br — Cl series, which allowed one to suppose a mech-
anism of charge transfer from nanotube walls to interca-
lated nanocrystals through halogen atoms.

Electronic interaction between SWNTs and the CuHal
and AgHal one-dimensional crystals was more pronounced
in the case of metallic nanotubes, which was also confirmed
by the data from optical absorption spectroscopy of the
Cul@SWNT and Agl@SWNT nanocomposites. The con-
clusion about charge transfer from the SWNT walls to the
halogen atoms was also confirmed by X-ray photoelectron
spectroscopy (XPS). In the XPS spectra of the nanocompo-
sites, a shift of the C;s band to lower energies (by ~0.4 eV)
was observed, which suggests the emergence of a positive
charge on the nanotube carbon atoms. However, a quanti-
tative assessment of the charge on the C atoms is compli-
cated owing to a change in photoelectric work function
upon the intercalation of a substance into the nanotube.
The descrease in electron density on walls of metallic nano-
tubes in the MHal@SWNT (M = Cu, Ag; Hal = Cl, Br, )
nanocomposites leads to transition of the metallic nano-
tubes to a semiconductive state,!05-145.146 while electron
beam-induced deintercalation of a part of material
incorporated into NT channels!!® enables a controlled
p—n-junction in a single SWNT.

In examining the Raman spectra of charged SWNTs (the
charging of the SWNTs was carried out in an electro-
chemical cell with platinum electrodes modified with the
purified SWNTs; a 0.2 M solution of LiClOy4 in acetonitrile
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Figure 21. The Raman spectra of charged SWNTs at the excitation
energy 1.92 V.47

The nanotubes were charged by applying the potential difference 0 to
—1.5 V(@) and from 0 to 1.5 V (b). In the area 0 to 0.7 V (or —0.7 V)
potential was changed with an interval of 0.05 V, while in the region
0.7 V (or —0.7 V) to the maximum potential 1.5 V (or —1.5 V), with
an interval of 0.1 V (the spectra are presented bottom to top).

was used as the electrolyte) it was found that shifts of the
G *-and G~ -components of the G-mode to higher frequen-
ces occur irrespective of the applied potential (Fig. 21).147
This fact suggests an ambiguity in the interpretation of the
electron density displacement in ‘1D-crystal@ SWNT’
nanocomposites by shifts of phonon vibrations in the
Raman spectra. The application of the given method to
the exploration of the charged Agl@SWNT nanocompo-
sites (charging was carried out in an electrochemical cell
with platinum electrodes modified with the Agl@SWNT
nanocomposite, a 0.2 M solution of LiClO4 in 1,2-di-
methoxyethane was used as the electrolyte) enabled an
exact determination of the direction and value of a trans-
ferred charge in ‘1D-crystal@SWNT’ nanocomposites by
shifts of the G™- and G~ -components (Fig. 22).14¢ Thus,
despite the complexity of a direct determination of the
direction of charge transfer in ‘1D-crystal@SWNT’ nano-
composites by Raman spectroscopy data, combined spectral
and electrochemical studies at different potentials permit
the shift of the Fermi energy upon the intercalation of
various compounds to be established.

It should be noted that D-lines in the Raman spectra
that appear in the region 13001350 cm—! for nanotubes
are also sufficiently informative. Their analysis allows one
to obtain a qualitative picture of changes in the structures of
single-walled nanotubes upon their filling. In a number of
studies, an increase in the intensity of the D-peak in the ‘1D-
crystal @SWNT’ composites as compared to that in pure
nanotubes has been revealed (see Fig. 20b—d), which is
associated with a decrease in the degree of order of SWNTs
upon their filling with nanoparticles.!3- 136

Transformations of the electronic structure of pure
nanotubes upon their filling can be evaluated not only by
changes in the Raman spectra, but also by alterations in
electronic absorption spectra. Thus changes in intensities of
the major absorption bands (up to their complete disap-
pearance) of semiconducting (E};, E5,) and metallic (E]})
SWNTs upon their p- and n-doping (for instance, with Li
atoms, Fig. 23) are reported.!35 In addition, in the Raman
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Figure 22. The positions of the maxima of the G*- and G~-compo-
nents in the Raman spectra of a pure SWNT (/) and the Agl@SWNT
(2) nanocomposite (excitation energy is 1.92 eV) obtained by in situ
charging of nanotubes by applying the potential difference in the range
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Figure 23. Evolution of the optical absorption spectra of the
Li,C@SWNT composites with different stoichiometries.!3>

x=0.04 (1), 0.14 (2), 0.17 (3). For comparison, an absorption
spectrum of pure SWNTSs is provided (4).

spectra of the composites, an increase in the background
signal, band shifts by 0.1-0.2 eV (for example, for Lig ;7C
in Fig. 23) and the appearance of new absorption bands can
be observed.!3> The majority of the observed changes can be
explained on the basis of a charge transfer mechanism
within the model of a rigid band structure. Upon n-doping

of SWNTs, electrons fill the conduction band, whereas on
p-doping, electrons are removed from that band, which can
lead to the prohibition of some optical transitions (in many
respects, this applies to the transitions between the first van
Hove singularities — Ef; and ET}). Thus gradual removal
of electrons from the populated states of SWNTSs results in
quenching of the E}-transitions.

VI. Conclusion

The intercalation of inorganic compounds into single-
walled nanotubes allows directed alteration of the electronic
properties of SWNTs. Thus the encapsulation of electron
acceptors (MHal, where M = Cu, Ag; Hal = Cl, Br, I) into
metallic nanotubes results in an electron density transfer
from SWNT walls to the one-dimensional crystal, which
gives rise to a transition of the system to a semiconducting
state. Conversely, the encapsulation of electron donors into
the channels of semiconductive SWNTs can lead to the
emergence of electronic conductivity of a ‘I1D-crys-
tal@SWNT’ composite, resulting from an increase in elec-
tron density on the nanotube walls. Such an approach
makes it possible to control the electronic structures of
SWNTs as well as to develop ground-breaking nanosystems
such as quantum threads,'?® single nanotubes with a
p —n-transition, and nanocables (in the case of the inter-
calation of a conductor into a semiconducting nanotube).'48
In this connection, nanocomposites based on single-walled
nanotubes are regarded as extremely promising for applica-
tion as elements of nanoelectronics.

One of recent studies '*° demonstrated the possibility of
creating efficient elecrodes for symmetric supercondensers
based on the CrOs;@SWNT composites that allow excep-
tionally high charging rates to be achieved owing to reac-
tions between the CrO, nanocrystals and the electrolyte.
Tubes filled with the Cul nanocrystals are characterized by
a low photoelectric work function, which can be exploited
in manufacturing field effect emitters for modern electro-
luminescent tubes and X-ray minitubes.!>® These are just
first examples of the utilization of unique properties of
intercalated SWNTs, the real scope of applicability of such
nanocomposites defies assessement as yet. Further develop-
ment of the techniques of intercalation of various com-
pounds into internal channels of SWNTs as well as of the
analytical methods for studying such nanocomposites is
required.

We expect that the data presented in this review will
encourage the development of new approaches to the
preparation, research and application of low-dimensional
nanostructures based on carbon nanotubes.
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