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Sa.l1 Introduction

Whilst fullerene and related materials are the most inserted molecules in carbon nanotubes
(CNTs), other molecular species including Zn-diphenylporphyrin (i.e. Zn-DPP) [1], ortho-
carborane [2,3], metallocenes [4,5], octasiloxane [6] and squarylium dye [7], among others
have been encapsulated within either single-, double- or multiple walled carbon nanotubes
(SWCNTs, DWCNTs and MWCNTs, respectively) and directly imaged by either high
resolution transmission electron microscopy (HRTEM) or related techniques. In tandem
with these studies, one-dimensional (1D) nanowires of a wide variety of materials including
multiplets of polymeric iodine chains [8,9], pure metals [10-15], metal oxides [16—18],
metal carbides [19-21], 2 X 2 X o or 3 X 3 X « atomic layer thick KI crystals [22,23],
polyhedral chains of lanthanide trihalides [24,25], twisted 1D Co,I, double chains with
tetrahedral Co?* coordination [26], a new trigonal tubular form of HgTe [27], reduced
coordination polymorphs of Pbl, [28], alloys [29,30] and semiconductor liquid-metal
heterojunctions [31] have also been encapsulated within CNTs. Further, ab initio theory
has been used to either predict or explain the formation of some of the above and several
other encapsulated species, for example, silver atoms [32], hydrogen molecules [33] and
ice crystals [34,35].

Carbon Meta-Nanotubes: Synthesis, Properties and Applications, First Edition. Edited by Marc Monthioux.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



226 Carbon Meta-Nanotubes

2.26

la

Figure 5a.1 Structure models (a) a (29,0)@(38,0)@(47,0)@(48,13) MWCNT; (b) a (10,10)
SWCNT; (c) a (9,9)@(14,14) DWCNT; (d) a C,, molecule (white spheres) inside a (10,10)
SWCNT (dark spheres); (e) a 2 x 2 Ki crystal inside a (10,10) SWCNT (white spheres =
iodine, black spheres = potassium).

The extent to which a nanotube can accommodate a species may be considered, to a first
approximation, to be a function of the overall diameter of the encapsulating nanotube,
partly specified by the (n,m) structural conformation of the nanotube, which dictates the
nanotube diameter [36] and by the twofold contribution of the 0.17 nm van der Waals radii
of the wall carbons which constrains the internal volume still further [37]. In Figure 5a.1,
we can see how these factors influence the available free internal cross-section of a selection
of nanotubes, including a MWCNT, a SWCNT and a DWCNT. With regard to the size of a
species which may be accommodated, this will be specified by the internal diameter of the
innermost SWCNT of a multi-walled nanotube (i.e. as in the case of a MWCNT or a
DWCNT) or of the SWCNT itself (which consists of one graphene tubule only). Thus the
MWCNT in Figure 5a.1(a) has an internal cylinder of 1.93 nm in diameter specified by the
innermost (29,0) SWCNT, while the corresponding dimension for the (10,10) SWCNT in
Figure 5a.1(b) is just 1.02nm. The inner tube in the DWCNT specified in Figure 5a.1(c) is
a(9,9) SWCNT which has a corresponding internal diameter of 0.89 nm which is narrower
than for the (10,10) SWCNT in Figure 5a.1(b). The size of the inner surfaces of the narrower
SWNTs and DWNTs correspond to the external dimensions either of single molecules, as
exemplified by the encapsulation C,; molecule in Figure 5a.1(d) or of integral numbers of
atomic layers of crystalline materials, as exemplified by the encapsulated 2 x 2 KI crystal
shown in Figure 5a.1(e).

The dimensions of the nanotubes specified in Figure 5a.1 (and, by extension, nanotubes
of both larger and smaller sizes) determine the available space within a nanotube for
encapsulation although this does not tell the whole story. Beyond the simplistic consideration
that a minimal inner diameter for the nanotube to fill could be merely required [38], we
also have to consider the ‘wetability’ of the interior surface of the nanotube [39,40] in
terms of the carbon and also in terms of the surface tension properties of the introduced
liquid or solution and also whether or not the nanotubes are open at one or both ends (or
contain sufficiently large voids in the graphene walls forming the nanotubes to permit
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filling). If we are considering a species introduced from the vapour phase, we need to think
in terms of the diffusion characteristics of the gaseous species and the relative permeability
of the nanotube in terms of wall and tip holes. In order to be more rigorous, we may also
need to consider more subtle structural features of the encapsulating nanotubes, such as:
(1) defects which may take the form of gross structural defects, for example, bends and
internal caps; (ii) the effective pitch of the nanotube, specified by the relative (n,m) helical
conformation of a particular nanotube; (iii) the effect of relative rigidity on the nanotube
when the tubule comprises two or more shells, which can sometimes cause differences in
crystallization behaviour; (iv) the possible influence of the wall corrugation on encapsulate
behaviour which may play some role in terms of fixing species into place or providing a
register which can either assist or inhibit crystallization (i.e. in the Burger’s vector sense);
(v) the physical size and shape of the filling material, especially if it is molecular; and
finally (vi) probably the most significant interaction, that is, the electronic interaction
between nanotube and filling which can be defined either in terms of a mutual interaction
(i.e. between either a semiconducting or metallic nanotube and a filling with different
electronic properties) or in terms of the effect that confinement can have on a particular
material. Both can potentially cause significant effects on the band structure of the nanotube
itself or on the corresponding electronic structure of the filling material as well.

The desire to synthesize meta-nanotubes consisting of encapsulated materials within
carbon nanotubes (which we shall abbreviate here ‘X@CNT’ where X is the introduced
material and CNT is the collective term for all kinds of carbon nanotubes) consists of a
multiplicity of motivations, including, among others, (i) to ‘see’ and study low dimensional
crystals, single molecules and even functional groups attached to the latter, protected
from the environment by the carbon sheath, with their mobility hindered by the interaction
with it; (ii) to observe the formation of low dimensional crystal structures and, in so
doing, occasionally observe new ones; (iii) to modify the physical properties of the
encapsulating nanotubes and of the encapsulated materials; (iv) to use the obtained species
as a means for both testing and exploiting the very latest in nanoscale characterization
methodologies; (v) to correlate structural and electronic behaviour on materials formed
on such a scale as to be tractable to the most rigorous computational methods (including
both molecular dynamics (MD) and density functional theory (DFT)); and, ultimately,
(vi) to satisfy that most fundamental of solid state science objectives, in other words to
synthesize useful new materials or devices with useful applications on the nanometre
scale. The goal of this chapter is therefore to evaluate the progress made so far in realising
these objectives and perhaps give some idea of the work still remaining to be done
although hopefully the reader will be pleasantly surprised with the amount of progress
that has already been made.

5a.2 Synthesis of X@CNTs

5a.2.1 A Glimpse at the Past

The story of filled nanotubes started in 1993, where four papers were published that
reported filling of MWCNTS with various metals and compounds (PbO [16],Y,C and TiC
[19] Bi,O; [41] and Ni [42]) in attempts to obtain encapsulated inorganic nanowires.
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Figure 5a.2 (a) The first HRTEM image of a C,@SWCNT (peapod) nanocomposite
(reproduced with permission from [46] Copyright (1998) Macmillan Publishers Ltd).

(b) Corresponding structure model. (c) The first example of a metal @SWCNT (reprinted
from [10] Copyright (1998) The Royal Society of Chemistry); in this case, the metal is Ru and
was initially introduced as RuCl; and then was chemically reduced. (d) HRTEM image
simulation. (e) Schematic structure model.

However, inner diameters of MWCNTs [43] are comparatively large (in general in the
range 5-50nm) and the filling of the much smaller inner diameter SWCNTS (in general in
the range 1-1.5nm) that were discovered in 1993 [44,45] therefore appeared more
challenging. It actually took five years following the reporting of filled MWCNTs for the
first two definitive examples of filled SWCNTs to be reported (Figure 5a.2). One was the
incidental discovery of the ability of fullerenes to diffuse and pack into SWCNTs, thereby
forming the so-called ‘peapods’ [46]. The other, involving the hydrogen reduction of RuCl,
introduced into pre-opened SWCNTs from solution was reported in the same year [10].

By analogy with the accepted notation for endofullerenes, SWCNTs filled with fullerenes
were symbolized as C,; @ SWCNTs [47], which rapidly became the overall notation for any
kind of X@CNT, where X is the chemical symbol of the filling material (or, sometimes, an
accepted abbreviation for a chemical compound) and CNT is the nanotube type, as
described previously.

5a.2.2 The Expectations with Filling CNTs

In a similar fashion to the preparation of decorated nanotubes, in which the latter are
essentially considered as a substrate, nanotubes can be considered with respect to their
inner cavity, that is, an empty volume that can be used as a template or ‘nanomould’, and/or
as a ‘nanoreactor’ (i.e. for the chemical transformation of an inserted material) for the
synthesis of nanomaterials. Due to the immense length/cross-section aspect ratio of
nanotubes, inserted materials are forced to adopt a nearly one-dimensional morphology,
especially when considering SWCNTSs whose internal cavities are consistently smaller
than those of MWCNTSs and whose aspect ratios are considerably longer. The host
nanotubes may also act as nanocapsules protecting the contained materials from any
reaction with the surrounding medium, typically (though not exclusively) oxidation by
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contact with the atmosphere, as well as dissolution of the filling material in aqueous or
nonaqueous solvents. Nanotubes may therefore make possible the synthesis of nanowire-
like materials that could never exist if not encapsulated. Indeed, metallic nanowires of 1 nm
in diameter would rapidly turn into oxide nanowires or would even possibly collapse, as
recently demonstrated by attempts to remove the carbon sheath from filled SWCNTs [48].
In both cases, chances are high that any peculiar property is lost. Generally speaking,
growing phases within a very confined volume allows for the formation of new nanomaterials
to be expected because of the possibility opened to enforce and stabilize new combinations
of chemical elements, to enforce and stabilize novel crystal structures for regular chemical
phases and to deform and stress lattices within regular structures.

Of course, new nanomaterials are mainly valuable if they come with new, altered or
enhanced physical properties. The latter are expected from the stabilization of otherwise
impossible new chemical compositions, structures, or morphologies. Typical examples are
(i) the ballistic transport behaviour from the one-dimensional structure, which prevents
electron scattering; (ii) the very unusual surface-atom to core-atom ratios, which may
even reach an infinite value, (e.g. all the atoms of the structure can effectively be ‘surface
atoms’), and (iii) the protection by the carbon sheath from the surface adsorption of
disturbing molecules. Typical anticipated and realized benefits regard nanowires made
from magnetic elements or compounds and charge-transfer electronic interactions with the
encapsulating graphene lattice and the guest materials.

Finally, should encapsulated phases not exhibit new structures, chemical composition
or physical properties, encapsulation may provide external reactants peculiar access
conditions to the filling materials, thereby controlling the behaviour of the latter by
controlling the interaction kinetics with the surrounding medium. Of course, this could
occur in a negative manner, for instance, regarding the filling material chemical reactivity
that may be more or less inhibited in spite of the nanosize because of the presence of the
carbon sheath. On the other hand, this modified behaviour regarding chemical reactivity
may be useful to some applications, for instance, slowing down diffusion kinetics and/or
chemical reactivity may be very valuable in fields such as chemical catalysis, drug or
pesticide delivery, and so on.

Hence, encapsulating materials in CNTs is likely to promote new phases, new structures,
new properties, and/or new behaviours. However, any of these features will be more likely
as the tube cavity diameter is smaller. Filling nanotubes whose inner cavity is below ~2nm
wide, as is encountered in most of SWCNTs and DWCNTs, will therefore be preferably
considered below. Detailed review papers specifically dealing with filling MWCNTs may
be found in the early literature [49,50].

5a.2.3 Filling Parameters, Routes and Mechanisms

5a.2.3.1 Filling Strategy
Various ways of filling nanotubes may be considered, depending on the physical properties
of the material being inserted, the cavity diameter to be filled, the cost issues (if for
commercial purposes) and the capabilities of the methods themselves, with all parameters
being more or less interdependent.

Materials can be inserted into CNT cavities as a solid, liquid, or vapour. Hence, relevant
physical properties of the materials filling the nanotubes are primarily solubility, melting
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point, boiling point and of course, decomposition temperature, which should not be reached.
When liquids are involved (i.e. as either a molten or dissolved material), a subsequent prop-
erty of the utmost importance to consider is surface tension. It was experimentally observed
that the surface tension (y) of liquids should be below 100-200mN m™ in order to wet
MWCNTs [40] while supporting the idea that the capillarity-driven mechanisms for filling
nanotubes with liquids are obeying the Young-Laplace law and equations. Later on, this
surface tension threshold was more precisely defined as 130-170 mN m™' for SWCNTs [39].
In addition to surface tension, the viscosity of the liquid material is also interesting to
consider as a parameter presumably important in the filling event, at least regarding the
filling kinetics. In addition, it might also be interesting to know the vapour pressure of the
material to be inserted to estimate, if needed, whether some vapour was introduced along
with the liquid. These aspects will be discussed further in the following sections.

The nanotube inner diameter is obviously an important parameter because, in the first
instance, it will determine the ultimate diameter of the basic entities (such as molecules, as a
vapour or in solution, or the cross-sectional diameter of any included crystals) able to enter
the nanotube cavity. On the other hand, it is also quite important when filling with liquids
because it will contribute to the determination of the respective filling efficiency. Previous
studies have actually proposed that a minimum inner diameter for the nanotube to fill is
required [38]. Because this cut off value depends on the surface tension of the liquid involved,
it does not correspond to a single value, hence, no ‘magic’ number for the nanotube diameter
can be provided. For instance, threshold nanotube inner diameters were calculated to be 0.7
and 4nm for molten V,O, (y=80mN m™) and molten AgNO,, respectively [38,50].

In addition to the intrinsic cost of the starting materials, product recyclability and energy
supply for thermal steps, an important feature for cost issues is the number of steps included
in the filling process. The latter aspects may drive the selection of the filling process but
may also drive the nanotube synthesis process because some may allow in situ filling, that
is, these are able to fill nanotubes while they form.

5a.2.3.2 In Situ Filling Processes

Filling nanotubes in situ is interesting because it is a single-step synthesis procedure; it
leaves the nanotube sheath intact and, depending on the synthesis process, closed (for arc-
prepared nanotubes) or opened at one end only (CCVD-prepared nanotubes), thereby
protecting as far as possible the encapsulated material from any contact with the surround-
ing post-synthesis atmosphere and it allows nanotubes to be filled with elements whose
surface tension is high enough to prevent filling by wetting methods (see next).

In situ filling was one of the two early ways that foreign materials were introduced into
MWCNT-type nanotubes simultaneously with their synthesis. Two techniques permit this:
one is the electric arc process [51] and the other is the CCVD process (Figure 5a.3) [52,53].
The latter is rather limited because it most often corresponds to specific conditions for
which the excess metal catalyst that is needed to grow the nanotubes is trapped and
encapsulated inside them. Therefore, filling nanotubes this way is basically restricted to
materials that are catalysts for carbon formation, typically transition metals such as Ni, Co,
and Fe, although examples of other types of materials encapsulated this way can be found
in the literature (e.g. Cu and Ge in [53]). Because catalyst metals for carbon are mainly
ferromagnetic materials, it is actually quite a convenient way to produce ferromagnetic
nanowires encapsulated in nanotubes [52,54,55] otherwise difficult to obtain (see next).
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Figure 5a.3 (a) Low-magnification TEM image of in situ filled MWCNTs obtained via a
CCVD-related process. The filling material is pure o-Fe (bcc Fe crystals). (b) High resolution
of one of the FeF@MWCNTs in (a). The perfection of graphenes from the surrounding carbon
nanotube is shown. Lattice fringes of the contained iron crystal are not seen because of the
high Z number of Fe that makes it barely transparent to electrons. The material was prepared
by P Watts (University of Sussex) following the procedure reported in [52]. (c) High
resolution TEM image of an in situ filled MWCNT obtained via an electric arc plasma process.
The filling material is a single crystal of pure chromium [57]. Modified with permission from
[13] Copyright (2006) Cambridge University Press.

The electric arc plasma process consists in drilling a coaxial hole within the graphite
anode and filling it with the ground, desired element (or a mixture of it with graphite
powder). Once the electric arc is run using conditions (current, voltage, pressure, and
atmosphere) similar to that used to produce fullerenes, the MWCNTs that usually grow as
a cathode deposit are found partially filled with the desired element. However, the efficiency
and control of the filling process is lower than for the CCVD-related method, probably
because of the huge temperature gradients that are typical of the plasma zone in arc-related
processes, and that are also responsible for the heterogeneity in the diameter distribution of
the MWCNTs synthesized that way. A specific requirement for achieving successful in situ
filling in arc plasma processes is that some sulfur is present, added or naturally contained
as an impurity (e.g. originating from the pitch used as a binder) within the graphite anode,
otherwise the filling mechanism may fail [56,57]. As opposed to the CCVD-based method,
the electric arc method is hardly able to form hybrid MWCNTSs encapsulating transition
metals such as Fe, Ni, or Co, although some rare exceptions may be found (e.g. with
Co [51]). The reason is that as soon as such a metal is introduced into the system (i.e. by
doping the graphite anode with it), it forms C-metal solid solution droplets that are
encapsulated as carbides within the MWCNTSs growing at the cathode, or that escape the
plasma zone to subsequently promote the growth of (empty) SWCNTSs from them. That is
actually how SWCNTs were incidentally discovered, that is, as by-products of attempts to
fill MWCNTs with transition metals (i.e. Fe [44] and Co [45]).

The CCVD method and the electric arc method conveniently complement each other
because the former is mainly able to produce transition metal-filled MWCNTSs, whereas the
latter is not but is mainly able to produce MWCNTs filled with many other elements [51-57].
On the other hand, both methods exhibit severe limitations. One is that only single elements
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Figure 5a.4 Sketch of the various experimental routes that are possible for the ex situ filling of
carbon nanotubes. The rectangles indicate obtained materials while ovals indicate treatment
steps. Modified with permission from [13] Copyright (2006) Cambridge University Press.

or carbides, as stated above, are able to be inserted because of the requirement of being
a carbon catalyst for the CCVD process or because of the high temperatures involved (for
the electric arc plasma process) that do not allow oxides or salts to form. Typically, inserting
multi-element compounds is not possible, nor is inserting labile materials. Another major
limitation is that synthesizing filled SWCNTs this way is nearly not possible and when it
is, it comes with very low yield, in the range of a few percent of the obtained product.
Examples in the literature are very scarce and involve the electric arc process only. One
involves the spontaneous formation of peapods obtained during arc experiments designed
to grow SWCNTSs [58,59] and the other is the encapsulation of Bi in SWCNTSs grown with
Co as catalyst [11], both Co and Bi having previously been introduced into the graphite
anode, as described here.

The severe limitations related to in situ filling, specifically regarding SWCNTSs, have
therefore promoted the development of ex situ filling processes, as we shall see in the
next section.

5a.2.3.3 Ex Situ Filling Processes

Ex situ filling is the most versatile route because it makes possible the ability to insert
nearly any kind of material into nearly any kind of nanotube. This basic principle was
acknowledged long ago when the first fillings of MWCNTSs were achieved [20,49-51].
Figure 5a.4 summarizes the various ex situ filling pathways that will be described in the
subsequent sections. Ex situ filling can be carried out following one-, two-, or three-step
procedures, not mentioning a final cleaning step, which is needed for any of the ex situ
methods to remove any extraneous material, by means of washing or dynamic vacuum
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heating (the latter may be preferred for avoiding a liquid phase step that often comes with
residuals, and the filtration step that compacts the filled SWCNT material obtained).

5a.2.3.3.1 Previous Opening of the Tubes Except for single-step filling procedures,
and unless starting nanotubes are naturally opened because of the specificity of the
nanotube synthesis process (e.g. templating), the first step for ex situ filling of nanotubes
is dedicated to the prior opening of the latter, which can be achieved in two main ways,
documented since the early days of filling MWCNTs [16,19,60]. These consist of (i) thermal
treatments in an oxidizing gas phase (air or O,) [41] or (ii) reaction with liquid reactants
that are oxidizing for polyaromatic carbon materials, typically, acids such as concentrated
nitric (preferred) or sulfuric acid [60] or a mixture of both. The latter can also include
oxidants such as hydrogen peroxide, potassium permanganate, fluoric acid/bromine
fluoride mixture, osmium tetroxide, and so on [61]. Gas or liquid phase oxidation
procedures are efficient in opening MWCNTSs or SWCNTs, although conditions have to be
more severe for the former because of the higher number of graphene walls to penetrate.
However, liquid phase oxidation tends to generate residuals that may more or less coat the
nanotubes, thereby hindering subsequent treatments (including filling) or investigations
(such as TEM). In this respect, gas phase oxidation is generally preferable and is the
dominant technique for opening SWCNTSs. For instance, subjecting raw SWCNTSs obtained
from arc process to a 380°C thermal treatment (including 1 h of isothermal) in air within
an open tubular furnace allowing natural convection was proven in our laboratory to be
able to create openings as wide as 0.7nm or more in SWCNTSs from the arc method with
an overall weight loss in the range of 40%. This mass loss was not only from the nanotubes
and varied according to the amount and type of carbon impurities and catalysts (if any)
employed. Such a treatment allows SWCNTs to be subsequently filled with fullerenes
with a filling efficiency that may reach ~90-95%. Interestingly, because purification
procedures that are carried out on SWCNTSs to remove carbon by-products (and catalyst
remnants) are oxidizing treatments as well, purified SWCNTSs available from commercial
suppliers (e.g. Nanocarblab in Russia) may exhibit openings that are sufficient to allow them
to be filled with high efficiency without needing any further treatment but the filling step.
Considering the comparatively high inertness of the graphene lattice toward chemical
oxidation, opening occurs at the location of structural defects (typically five- or seven-
membered rings) whatever the tube type. Pentagons are obviously found at the tips of
nanotubes as a requirement to curve and close the graphenes involved, making nanotubes
naturally able to be opened from the tips. However, a major difference regarding the
behaviour of MWCNTSs versus SWCNTSs upon oxidation is that the former are able to
open from the tips only, whereas SWCNTSs are able to open from the tips and the side
walls. Indeed, as discussed earlier [62], several experimental results such as TEM
investigation, behaviour under electron irradiation, and titration of acid-treated SWCNT's
have shown the presence of side defects to be very likely (typically, heptagon-pentagon
ring pairs or double pairs, the latter corresponding to the so-called Dienes defects), with
an average proportion of one chemically attackable site every 5nm along a given SWCNT
wall. Filling of SWCNTs by this route was further supported by calculations and modelling
[63]. In contrast, even should every graphene tubule making up the composite wall of a
MWCNT be defective, the chance for the defects from each graphene to superimpose at a
given location of the wall to create a site for side opening is nil, except in the MWCNT
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tip region where pentagons obviously superimpose from reasons related to geometric
constraints at the sites of the nanotube closure.

5a.2.3.3.2 Filling by Means of Gas Phase Processes Filling nanotubes via the gaseous
phase consists in putting in contact the previously opened nanotubes (i.e. MWCNTs, DWCNTs
or SWCNTs) and the vapour of the material to insert in them, for instance, in a Pyrex or quartz
vessel that should be evacuated (primary or, preferably, secondary vacuum) before being
sealed, and then heated up to the desired temperature which will typically be either the vapor-
ization or sublimation temperature of the filling material, or slightly above. This is the way
peapods (e.g. C,; @SWCNT) are usually prepared [64]. For a filling material such as fuller-
enes, which exhibit high electronic affinity with the graphene lattice (i.e. the nanotube surface)
insertion into the SWCNT cavity was proven to be a surface diffusion-driven mechanism [64].
Hence, it is highly dependent on temperature and time, but weakly dependent on the partial
pressure of filling material vapour. Therefore, operating at a not-too-high temperature is nec-
essary to minimize temperature-induced stochastic movements of the filling molecules and to
give them a sufficient residence time on the nanotube surface to enable them to find the entry
ports. A long processing time, in the range of several hours to two days, is therefore necessary
to achieve high filling rates (sometimes close to 100%) provided a sufficient amount of filling
material is supplied. For other types of materials to insert that do not exhibit the same affinity
for the graphene lattice (e.g. ZrCl, [65], Se [66], or ReXO)_ [67]), the filling mechanism is there-
fore slightly different and relates to capillary condensation. In the latter, a high partial pressure
of the material to be inserted has to be developed at the vaporization/sublimation temperature
or above, and the vapour condenses into the capillary porosity (i.e. the tube inner cavity) when
the system is cooled down. High filling efficiencies, along with shorter processing times
(e.g. with respect to peapod synthesis), are therefore expected for materials exhibiting high
vapour pressure (e.g. Se [66]). Examples of quantitative filling are provided in Figure 5a.5.

The gas phase route has many advantages: its relative simplicity (basically two steps,
i.e. opening and filling), its potentiality for a high filling rate and high purity/homogeneity
of the filling material, and also the absence of the requirement that the material meet the
threshold surface tension requirement (see the next section). It is applicable to SWCNTs
and MWCNTs, although examples for the latter in literature are scarce [66,68,69].
Conversely, a major drawback of the method is the need for the filling material to exhibit
vaporization or sublimation temperature below ca. 1000°C-1200°C, to minimize the
chances for healing the nanotube openings and/or for possible reactions with carbon.
Inserting compounds this way is limited as well because candidate materials such as oxides
are often high temperature refractories or, on the contrary, compounds such as salts are
barely able to vaporize or sublime without decomposing.

5a.2.3.3.3 Filling by Means of Liquid Phase Processes The major characteristic of the
liquid phase methods is their close dependence on the physical interaction between the
filling liquid and the encapsulating solid, typically via the Young-Laplace law for capillary
wetting. As soon as a solvent is involved, as for the suspension and the solution methods (see
next), wetting is not supposed to be a problem because surface tensions of the usual solvents
are below 80mN m™'. However, viscosity is certainly another parameter assumed to play a
leading role, yet it has been scarcely considered in the literature dealing with the topic.

The suspension method is dedicated to filling nanotubes with nanoparticles. Although
examples (thus far involving MWCNTSs only) are still limited because quite recent [70,71],
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Figure 5a.5 Examples of hybrid SWCNTs with high filling rates obtained via the gas phase
route. (a) Low magnification of C_ @SWCNT (peapods) material prepared by the sublimation
method (450°C, 24 h). The periodically dashed contrast of the bundles is due to the overall
presence of the fullerene molecules aligned within the SWCNT inner volume. High resolution
images of such peapods are given in Chapter 5b (image credit: M. Berd, CEMES-CNRS).

(b) Low resolution, high magnification images showing two examples of a full filling over
lengths longer than 60 nm with a sample of Se@SWCNTs prepared by capillary condensation
(800°C, several hours). Modified with permission from [13] Copyright (2006) Cambridge
University Press.

filling rates can be fairly high. This is not very surprising considering the large diameters
of the MWCNTs being filled in comparison to the small particle size of the introduced
material (Figure 5a.6). In related experiments, open nanotubes were put into contact with a
suspension of nanoparticles in a liquid at room temperature, the latter being evaporated
during the experiment and/or afterward. Low volume concentrations of particles in the
suspending fluid were used to maintain a low viscosity. The high filling efficiency is attrib-
uted to the combination of capillary forces [71] possibly added with the effect of the con-
comitant fluid evaporation [70], the latter being assumed to drive a continuous flow of fresh
suspension from the outside to the inside of the tube.

The method is interesting because it is quite simple (two steps, opening and filling)
and efficient but it comes with severe limitations related to geometrical constrains and
the morphology of the filling material feedstock. Indeed, nanotubes to be filled will be
limited to MWCNTs, unless clusters less than 1 nm large in diameter can be produced to
fill pre-opened SWCNTSs. One related example has actually been reported already in
which nanohorns (nanohorns are short, tapering single-wall nanocapsules [72]) were
partially filled with 1nm or less Gd-containing clusters [73]. On a more positive note,
obtaining encapsulated nanowires using this approach will be possible once nanoparticles
will be inserted and aligned within CNTs whose inner diameter matches that of the
nanoparticles, while the chemical nature of the nanoparticles would allow them to melt
and coalesce upon annealing at a temperature range that does not damage the CNTs.
Generally speaking, the trickiest part of the procedure is the need to be able to prepare
nanoparticles of the desired materials before the filling step. This is not common
knowledge yet. However, some are now commercially available (e.g. Sigma-Aldrich), even
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Nanoparticle

Figure 5a.6 Examples of MWCNTs filled with nanoparticles via the suspension method
(liquid route), taken from pioneering works. (a) Polystyrene nanobeads initially suspended
in ethylene glycol (reprinted with permission from [53] Copyright (1996) Elsevier Ltd).

(b) Fe,O, nanoparticles initially suspended in water- or organic-based solvents, the whole
making so-called” ‘ferrofluids’ (reprinted with permission from [54] Copyright (1998)

The Royal Society of Chemistry).

as aready-to-use suspension (e.g. so-called ferrofluids, as supplied by Ferrotec Corporation,
Japan, for instance). At any rate, this field is just starting, and interesting developments
are anticipated. Smaller diameter MWCNTs or large-diameter SWCNTSs should be able to
be used, annealing post-treatments should possibly be able to transform the packed
nanoparticles into single nanorods in MWCNTSs with narrow inner cavity, and so on.

The solution method is quite similar to the latter and consists of putting into contact a
concentrated solution of the desired materials with the previously opened nanotubes. This
generally requires considering soluble derivatives of the materials ultimately wanted to fill
the nanotubes (MWCNT or SWCNT), such as salts (halides or nitrates, usually). It is the
compulsory method to use when the desired filling material does not present the appropri-
ate physical constants for inserting itself via the gas phase route (see Section 5a.2.3.3.2) or
the molten phase method (see next), both of which should be preferred for their higher
filling efficiency and fewer number of steps. Examples where the desired filling material is
directly inserted into nanotubes via the solution method are actually seldom, and post-
treatments (most often calcination as in [74] or reduction as in [10,11,75] but also other
treatments such as photolysis or electron irradiation, as in [65,67]) are most often necessary
to obtain the hybrid nanotube with the desired chemical composition (Figures 5a.7(a) and
5a.7(b)). This method was actually the very first one used to deliberately fill SWNTSs with
Ru from RuCl, [10] and has been widely used since then.

An interesting feature of the solution method is that it is can be operated at either room
or colder temperatures. This allows nanotubes to be filled with thermally unstable materials
(e.g. fullerenes grafted with organic functionalities [76,77] or N@C_ endofullerenes [78]).
A valuable alternative is to keep operating at mild temperature conditions (50°C) but use
high pressure (150 bars) to be able to replace regular solvents (water, acids, chloroform,
toluene, etc.) with supercritical CO, [79,80]. The latter is a very powerful solvent and
exhibits a high penetrability in nanopores thanks to its very low viscosity and low surface
tension. Although operating times as long as several days might be necessary [79], the
method is to be considered as being applicable to a large range of compounds.
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Figure 5a.7 (a) Example of CCVD MW(CNTs partially filled with Ag via the solution
method (liquid route): nanotubes were soaked in a water solution of silver nitrate upon
stirring for 48 h at room temperature and then calcined at 300°C in vacuum. (b) High
resolution detailed portion of the nanotube filled in (a), showing that each of the
encapsulated Ag rods seen in (a) are monocrystals (reprinted with permission from [13]
Copyright (2006) Cambridge University Press). Electric arc SWCNTs were also able to be
filled using the same procedure [13]. (c) High resolution TEM image illustrating the high
filling rate obtained for KIQSWCNT using the molten phase route combined with thermal
cycling, by showing a bundle of SWCNTs, most of them being highly filled with elongated
K1 single crystals.

Finally, although the solution method is intrinsically multi-stepped to generally account
for opening, filling and post-treating the nanotubes, it could also be made into a single step
in some specific cases which allow raw nanotubes to be opened and then filled during the
same process. For instance, when considering filling in solution, this requires the solution
to be able to contain the dissolved filling material as well as to be oxidizing toward the
nanotubes. This was achieved in [18] by soaking raw SWCNTs from arc within a super-
saturated solution of CrO3 in concentrated HCI. Both reacted to form CrO,Cl,, which is
known for being highly oxidizing for polyaromatic carbon, including graphite [81], hence
resulting in opening the SWCNTs. The excess CrO, was then able to enter the SWCNT
cavity, thereby forming CrO @ SWCNT hybrid nanotubes.

To summarize, the solution method is quite useful as an alternative when other routes
(i.e. the gas phase route described in Section 5a.2.3.3.2 and the molten phase method
described below) are not possible because of the inappropriate physical properties of the
desired filling materials. Thanks to the large variety of compounds that can be found
soluble in some solvent, the method appears widely applicable. Except for very specific
cases, the method has to be multi-stepped (three steps), which can be a drawback.
Nevertheless, the main limitation lies in the concomitant filling with the solvent molecules
(along with the dissolved desired material), which cannot be avoided. As a common obser-
vation [64,66], this prevents high filling rates from being achieved.

As opposed to the solution method, the molten phase method allows high filling rates to
be achieved, was among the first methods used to fill MWCNTs (with PbO [19]) and was
subsequently demonstrated to be highly successful even for SWCNTs (Figure 5a.7(c) and
Figure 5a.8). For instance, SWCNT filling rates as high as 70% were reported for KI [82]
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Figure 5a.8 Examples of SWCNTs filled with lanthanide chlorides via the molten phase
route: nanotubes were sealed under vacuum in a quartz ampoule along with the ground
material to fill them with, and were then heat treated for 24 h. (a), (b) and (c) HRTEM image,
detail and corresponding structure model of TbCI @SWCNT obtained at 588°C. (d) GdCl,@
SWCNTs obtained at 700°C. (e) and (f) HRTEM images of HoCl, @SWCNTs obtained at
820°C. Filling materials can form continuous nanowires (bottom region in (a) and bottom
images in (d) and (e)) or short segments somewhat periodically displayed (top image in

(d) and (e)). The crystal structure of these materials is very interesting and often corresponds
to reduced fragments ‘selected” from the bulk crystal structure, as shown in by the selection
in (f). Likewise, the TbCl, fragment derived in (c) is a reduced coordination version of a
fragment derived from the regular P6 /m bulk structure shown in (g). Images (d) to (f) are
reprinted with permission from [13] Copyright (2006) Cambridge University Press.

although cumulating filling cycles were necessary to achieve it. This makes the method
almost as efficient as the gas phase route obviously because, for both methods, only the
desired filling material is entering the nanotube cavity.

The procedure is similar to that for the solution method of the gas phase route, that is
putting together the previously opened (or not, see next paragraph) nanotubes and the
material to fill the latter within a quartz vessel sealed under vacuum, and then heating up the
whole. The temperature has of course to be above (~30-100°C higher) the melting temperature
of the filling material and maintained for long times, in the range of 1-3 days (see [82—-84],
among others) although this may be shorter for some low viscosity materials. Such long
times are necessary to account for the high viscosity that the molten materials may exhibit
and that slows down the filling kinetics (specifically within SWCNTSs), and also to account
for cycling (Figure 5a.7(c)). Cycling does not require repeating the whole procedure and,
provided a sufficient amount of the material to fill is supplied as a feedstock in the starting
sealed ampoule, repeatedly operating within a limited temperature range (e.g. £ 30°C)
bracketing the filling material melting temperature was shown to be enough [82]. Again,
when high-melting-temperature materials, for example, metals, lanthanides, and so on, are
the ultimate filling materials envisaged, compounds such as salts are the preferred materials
for the filling steps because they usually exhibit lower melting points (see Table 5a.1). Hence,
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Table 5a.1 Surface tensions (and temperatures for state changes) of some elements and
compounds (mostly halides and oxides) that have been investigated in the literature dealing
with filling or wetting carbon nanotubes with molten materials (references to the respective
data for a filling material are included within this section) (modified from [13]).

Material Surface tension (mN/m)  Melting temperature (°C) Filling temperature (°C)
AgCl 113-173 560 660-560
AgBr 151 432 532-590
Agl 171 455 555
Al 860 660

Bal, 130 740 840
Bi,O, 200 825

Cal, 83 784 884
Cs 67 29

Csl 69 627 727
Ga 710 30

GdCl, 92 609 659
Hg 490 -38

K 117 336

KCl 93 771 870
Kl 70 681 781
LaCl, 109 860 910
Lil 94 449 549
Nal 81 661 761
NdCl, 102 784 834
Pb 470 327

PbO 132 886

Rb 77 39

Rbl 70 647 747
S 61 112

Se 97 217

Te 190 450

ucl, 27 590 690
V,0, 80 690

ziCl, 13 437 487
HF 117

HNO 43

post-treatments for reducing the intermediate compounds into the desired filling materials
are needed. However, interesting observations regarding the behaviour of one-dimensional
crystals were already possible on such intermediate hybrid materials (see next).

A valuable alternative proposed by the Oxford Group as early as in 1999 [85] and which
has been applied thoroughly since then in most of their filling experiments is to use the
chemical activity of the halides toward polyaromatic carbons to get the nanotubes opened
within the filling step, thereby making needless a preliminary, separate nanotube-opening
step. However, this is mainly valid for SWCNTs only (and DWCNTs), for the reasons
related to the number of walls already discussed above. Interestingly Grigorian et al. [86],
in their early attempt to dope SWCNT bundles with iodine using the molten phase method,
did not realize that this procedure could open SWCNTs. Had they demonstrated in their
first paper that iodine was actually partly filling the SWCNT cavities as they showed
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later [8] this work would have been cited among the pioneering studies on filling SWCNTs
with foreign materials.

To summarize, the molten phase method is the second method to be preferred for filling
nanotubes because of the possibilities for high filling rates, simplicity (1-3 steps, depending
on the goal and the material to fill), and versatility. Its main limitation is its requirement for
selecting the materials to fill (or their compounds) among those exhibiting the convenient
surface tension (i.e. < 130-170mN m™' [40]) when molten at the filling temperature.

Finally, the assisted filling methods are worth considering because they correspond to
attempts to develop original and/or simpler and/or more efficient ways to synthesize filled
nanotubes. Two examples will be reported here. One by Mittal et al. [88,89] who proposed
to use solutions of halides (FeCl3, MoClS, and I) in chloroform subsequently irradiated with
UV at room temperature. Chlorine moieties are thereby created that are able to attack the
SWCNTs, allowing the filling to proceed from the dissolved material. Filling rates were
actually low but the procedure was not optimized and might have included cycling, for
instance. The method should be applicable to, but also limited to, any compound soluble in
chloroform or other UV-sensitive appropriate solvent. The method is dedicated to filling
SWCNTs (and possibly DWCNTSs) only, for the same reasons as developed above for the
opening by molten halides. The other example was proposed by a Japanese consortium and
consists of using collisions of accelerated atoms or molecules from a plasma generated
between a grounded electrode and a stainless steel plate on which SWCNTSs were previously
deposited. Nanotubes were filled with fullerenes [90,91] and Cs [91] this way. Oxidized
and therefore opened SWCNTSs were used for purity purposes only, and the method should
work with raw (i.e. closed) SWCNTs as well. The kinetic energies involved are in the range
of ~150eV (for alkali metals) and filling rates can be fairly high (~50% for C,, @ SWCNTs)
with respect to the short duration of the run (~1h). However, damaging to the nanotubes by
the energetic bombardment was suspected, yet the extent of this damage was not estimated.
This method is likely to be dedicated to filling SWCNTs only, considering the tremendous
energy that would be needed to enter a nanotube through a multi-graphene wall.

5a.2.4 Materials for Filling

Virtually every type of material (i.e. atoms, molecules, and phases) has now been inserted
into SWNT cavities. This section will provide a thorough listing of various filled nanotubes
whose preparation was reported in the literature but references dealing with virtual fillings
via modelling will not be provided here and whether the filling claimed in the papers cited
was actual will not be discussed either. Indeed, direct evidences for filling, such as TEM
imaging, were not always provided in the related papers and the successful syntheses of
filled nanotubes were sometimes reported on the mere basis of spectroscopic investigations,
which may be mistaken. Because the literature has become particularly abundant, citing all
of the related papers was impossible and citing selected references (for example, the
pioneering papers) is preferred here.

S5a.2.4.1 Atoms (Isolated, or as Chains)

Encapsulating atoms so that they remain isolated is difficult because of their relative
instability and demonstrating the presence of isolated atoms in SWCNTs is experimentally
challenging. When not forming elongated crystals as nanowires (see next), encapsulated
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Figure 5a.9 (a) The first example of SWCNTs filled with a double-helix chain of iodine
atoms (I@QSWCNT), as evidenced by means of high-resolution Z contrast TEM. (b) Side view
of a model for the image in (a) considering a (10,10) tube as the containing SWCNT.

(c) High- resolution TEM image of a I@QSWCNT, identified as a triple-helix chain of iodine
atoms. The bar is ~1.5nm. (d) Top view of a model for the image in (c). Reprinted with
permission from [87] Copyright (2000) American Physical Society (a and b) and from [9]
Copyright (2007) American Chemical Society (c and d).

atoms tend to gather as single atom wide chains, although examples of this are scarce. The
first example was iodine [87], which was demonstrated to be able to adopt a beautiful
helical chain structure, either single, or as double (Figure 5a.9) or even triple [9] assemblies
within the same tube, presumably from commensurability situations between the I-I
distance in the chain and some peculiar periodicities of the graphene lattice [87]. Based on
this pioneering work, a similar structure was assumed for encapsulated Cs chains prepared
later [91]. However, the formation of chains may be prevented and Cs atoms may remain
as isolated, observable atoms if the latter are encapsulated along with large and low-
reactivity molecules such as fullerenes, which sterically obstruct the filling pathway and do
not favour the bonding or adsorption of the Cs atoms to their surface [92]. Isolated K atoms
were observed similarly, that is, in SWCNTSs concomitantly filled with both fullerenes and
potassium [93,94].

5a.2.4.2 Molecules (Isolated, or as Chains)

Except for some rare examples whose motivation was more related to typology issues
(e.g. filling BN- or C-MWCNTs with fullerenes [68,69]), filling nanotubes with molecules
was and still does principally involve SWCNTSs. For most of the following filling materials,
the goal was generally to introduce electron donor or acceptor molecules, and thereby to
tentatively modify the electronic structure of the subsequent hybrid nanotubes to obtain
peculiar electronic behaviours via band gap modulations and charge transfers. The first
molecules ever inserted into SWCNTs were C,; fullerenes [46,64] thereby forming the
so-called nanopeapods [Figures 5a.2(a), and Chapter 5b]. Many fullerene-related filling
materials have then followed, including higher fullerenes until C,; [95], endohedral fuller-
enes such as N@C_ [78], Sc,N@C,  and Er Sc, N@C, [96], Dy N@C, [97], Gd@C,,
[95,98], La@C,, and La,@C,, [99], Dy@C,, [95,100], Sm@C,, [101,102], Sc,@C,, [102],
and Gd,@C,, [103,104], functionalized fullerenes such as [cyclopropa-C, -dicarboxylic



242 Carbon Meta-Nanotubes

acid diethyl ester (abbreviated as C (COOEt),@SWCNT [79]) and fullerenes grafted
with a retinal chromophore [77].

Regarding the former category (i.e. higher fullerenes), C is the largest (empty) fullerene
deliberately inserted in SWCNTs so far [95], while Gd@C,, endofullerenes were the
largest such species encapsulated in this category [103,104]. Elongated capsules obtained
from the in situ coalescence of encapsulated C,; upon various processes (see Chapter 5b)
may also be considered higher fullerenes (for example, consider the formation of C , from
the coalescence of two C,  molecules). In this regard, the ultimate higher fullerene possibly
encapsulated is an inner capped SWCNT, thereby making the whole become a DWCNT
(that could also be abbreviated as SWCNT@SWCNT!).

Although fullerenoids are the most popular filling molecules, several other organic
molecules have been recently inserted in SWCNTs, including metallocenes [4,5,12,96,
105-108], octasiloxane [6], ortho-carborane and related molecules [2,3], fulvalenes [109],
Zn-diphenylporphyrin [1,110], Pt-porphyrin, rhodamin-6G, and chlorophyll [110], and
squarylium dye [7].

In addition, some of the works deal with filling SWNTs with molecules that are gaseous
at room temperature, as opposed to those listed above which exist in the solid phase. However,
except for hydrogen, whose adsorption by SWCNTs, MWCNTs and carbon nanofibres was
extensively investigated for reasons related to the perspective of a new era based on hydrogen
economy [111], gaseous molecules investigated are still scarce, but include Xe [112], OZ, and
N, [113], and so on. Even more critically than for any other filling material, filling SWCNTSs
(or MWCNTs) with gaseous molecules whose physisorption is the main interaction
mechanism with the nanotubes makes highly questionable the actual location of the adsorbed
molecules. Considering SWCNT bundles, the inner nanotube cavity is only one of four distinct
adsorption sites identified from their various adsorption energy potential (see Figure 1.20
in Chapter 1, and [114]). In addition, the demonstration of the actual adsorption of some
gaseous molecule onto or within any material, including CNT, is generally indirect, via
so-called gravimetric or volumic methods, with which the only evidence for gas adsorption
is obtained from the weight gain of the nanotube sample or the measured consumption of a
known volume of feedstock gas, respectively. This opens wide the door for misinterpretations
from various sources or errors independent from the tested material (e.g. leaks, HZO traces,
impurities, buoyancy effects, etc.), which are likely to contribute significantly (or even
prevalently) to the demonstration of an adsorption phenomenon onto nanotubes. That is why
the supposedly ~7 wt.% filling of gaseous H, in SWCNTs reported as early as 1997 [115] has
to be considered with caution, first because it was later on demonstrated that the high amount
of H, claimed for being trapped in the SWCNTSs resulted from a misinterpretation [116], and
also because there was no demonstration of the effective filling, that is, the insertion of H,
molecule gas into the SWCNT inner cavity was not demonstrated, meaning that the H,
molecule adsorption could have occurred in one of the other three adsorption sites mentioned
above as well. It was demonstrated only far later that the inner cavity of the SWCNTs does
contribute as an adsorption site for H, [117], yet the total amount of adsorbed hydrogen
molecules remains low (less than 1wt.%) at least at room temperature. The adsorption of
permanent gases in nanotubes will not be considered further in this chapter.

Discrete molecular anions were also introduced and imaged within DWCNTs [118]. The
type of anion observed is a Lindqvist ion which belongs to the family of inorganic poly-
oxometalate (POM) ions which are effectively ordered oxide clusters built up of metal
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Figure 5a.10 (a) A sequence of HRTEM images (left) obtained from a single [W O, J*~ anion
locked into position within the capillary of a DWCNT shown with Fourier-filtered images
(right). (b) Line profiles produced through equatorial spots corresponding to pairs of W atoms.
(c) Structure models of the [W, O, J* anion with oxygen included (left) and excluded (right).
Selected bond distances are included for the unrelaxed anion (in brackets) and the relaxed
anion (from MD). (d) HRTEM image simulations produced at ideal defocus from the structure
models in (c) showing the effect of including oxygen in the image simulation calculation.
When the oxygen atoms are included (left simulation), the centre of the spot contrast in the
equatorial W atom pairs are distorted outwards towards the three terminal oxygen atoms on
each side of the anion. When the oxygen atoms are not included (right simulation), there is
relatively little distortion of the W positions (red crosses = O; green crosses = W). For a better
understanding of the figure, please refer to the colour plate section. Reprinted with permission
from [118] Copyright (2008) American Chemical Society.

oxide polyhedra in various face, edge and corner sharing configurations. As a result of the
corresponding oxidation states of the heavy metal cations and charge balancing with the
surrounding O*~ atoms, these anions almost invariably have a net negative charge which is
counterbalanced, typically, by organic counterions, for example [NBu,]*, or more complex
counterions, such as dendrons. The resulting anions are nonspheroidal (cf. the fullerenes or
endofullerenes) and are comparable in size to the inner diameter of the containing nano-
tube. As a result of this external morphology, the anions can ‘lock in’ to position within
sterically matched nanotube capillaries and this has the advantage that the structure of the
anion can be studied with greater clarity than other more mobile species not rigidly fixed
in position including, for example, the metallocenes, carborane, fulvalenes, and so on,
mentioned above and also many of the fullerene and endofullerene examples mentioned in
this section and Chapter 5b, in particular when the included species is not sterically matched
with the encapsulating nanotube (i.e. consider the inclusion-nanotube spatial relationships
in Figure 5a.1(b)—(e)). In the recent example, a Lindqvist ion of the form [W O " (i.e. a
‘super-octahedra’ comprised of six WO, octahedra fused together at their faces) was
inserted into DWCNTSs and then imaged by HRTEM (Figure 5a.10). As a result of the
locking-in it was possible to study the separation between two atom columns each contain-
ing just a pair of W atoms. Once the contribution of the HRTEM image contrast due to the
oxygen atoms was taken into account, it was possible to verify that a small expansion had



244 Carbon Meta-Nanotubes

taken place in situ, possibly associated with an electronic interaction between the nanotube
and the encapsulated anion. The nature of this interaction is currently the subject of
ongoing theoretical investigations.

5a.2.4.3 Pure Elements (as Nanowires or Nanoparticles)

As opposed to encapsulated iodine or caesium atoms, which were demonstrated to gather
as monoatomic chains (e.g. Figure 5a.9), other elements may form wires when encap-
sulated in SWCNTSs, most often crystallized metals (e.g. Figures 5a.2(b) and 5a.8(c)).
SWCNT- (or DWCNT-) encapsulated elements include Ru [10], Bi [1311], Co [15], Se
[66], Ag [74,75,85,119,120], Au [75], Pt [75], Pd [75], and Fe [12,121,122] among
others. The Bi and Se fillings are distinct from the other pure element fillings because
they were inserted either from the liquid phase or the vapour phase, whereas the other
fillings were inserted as intermediate compounds (e.g. salts) in a first step, and then
formed in situ via post-treatments (e.g. thermal treatment and/or hydrogenation). The
reasons why, upon encapsulation in SWCNTSs, some atoms such as Bi and Se form several
atom-large nanowires while other atoms such as I and Cs form single atom chains have
not been fully discussed. The reasons do not lie in discrepancies in the respective, average
diameters of SWCNTs, because the latter mainly originate from the regular electric arc
method that provides SWCNT diameter distributions in the 1-2 nm range with a median
diameter of ca. 1.4 nm. The reasons neither lie in the respective filling processes because
that used for I (i.e. molten phase filling [85]) is very different from that used for Cs (ion
bombardment [90]), whereas the former is similar to that used for Bi [11] and Se [14,66]
among others. The existence of some commensurability between the atom chain
periodicities and the surrounding, curved graphene lattice was first proposed in [8] that
could provide the driving force for generating the helical, single atom chains as the
configuration of lesser energy. This was, however, not confirmed by further studies [9]
and the aspect has not been investigated for Cs chains. The commensurability-related
explanation should therefore be reasonably considered as a mere possibility so far. For
untwisted periodic crystallites formed within MWCNTSs, they cannot be directly
commensurate with the innermost SWCNT if the conformation of the latter is chiral
(i.e. not zigzag or armchair) [49] and can only be truly commensurate if the crystal
periodicity matches that of the encapsulating armchair or zigzag nanotube or is some
integral multiple of them.

5a.2.4.4 Compounds (as Nanowires or Nanoparticles)

Filling SWCNTs with compounds is a very important topic likely to provide successful
alternatives when filling with chemical elements is not possible, typically because of too
high a melting point and/or surface tension of the considered elements at the molten state
(see Table 5a.1). Considering compounds may also give access to filling via solutions, as
an alternative when a low-temperature filling process is needed or when the elements con-
sidered are poorly soluble. Compounds are typically salts, among which halides are the
most popular, for the several advantages they offer such as high versatility (many types of
halides are possible, that is, involving Cl, I, Br, or F, thereby offering a wide range of
melting temperatures and solubilities); suitable range of melting points (i.e. not too high,
e.g. < 1000°C) in many cases; good solubility in usual solvents (chloroform, water, etc.);
and high chemical reactivity toward carbon that allows the nanotube to be opened and then
filled by the molten halides all at once.
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One of the most active groups involved principally in filling SWCNTSs with inorganic
materials has been based in Oxford although this is now been carried out by many other
groups around the world. First, based on previous works on filling MWCNTs [60],
SWCNTs have been filled with many kinds of halides and other compounds since 1998
[10], mainly using the melting method, but also using the solution method and, in a few
instances, the gas phase route. The following list mostly corresponds to the materials
inserted in SWCNTs (or DWCNTS) as reported by this group in the references provided
(including review papers [37,123—125]), and includes an increasing number of materials
inserted by other groups also. The list is likely incomplete, but provides an idea of the
extensive work carried out in the field: HgTe [27], MnTe2 [126], (Na/T1/Cs/Ag)Cl
[37,125,127], (Cd/Fe/Co/Pd)Cl, [37,61,125,127], Ln(La to Lu)Tb/Ru/Ho/Gd/Auw/Ag/Y/
Fe]Cl, [10,20,25,61,83,88,121,127, 129], ALCI, [37], (Hf/Th/Zr/Pt)Cl, [65,75,124,127],
MoCl [88], WCI, [37], (KCI) (UCl,) [82, 85] CsBr [37], AgCl Br I_[48,82,85,130,131],
(L1/Na/Cs/K/Rb/Ag/Cu)I [18, 23 48, 123 131,132,133], (Ca/Cd/Co/Sr/Ba/Pb/Hg)I [26,28,
123,127,134] (Te/Sn)I, and Al I, [37,129].

From 2001, oxides were also directly inserted into SWNTs, starting with CrO, [18,119]
and Sb,0, [135,136] and then followed by others such as PbO [84], Re O, [67] and UQO,
[137] (although the latter was obtained from the primary filling of uranyl acetate) and
hydroxides (KOH and CsOH [137]), sometimes with a fairly high filling rate (e.g. 80-90%
for PbO). Although oxides can be interesting alternatives as intermediate compounds or
can exhibit interesting intrinsic properties on their own (e.g. CrO, is electrically conductive),
they will never become as popular as halides because oxides with high solubility in harmless
solvents or reasonable melting temperatures are not many. Other popular compounds that
were attempted for filling SWCNTs are typically nitrates, for example, silver nitrate
[75,119,120], bismuth nitrate [11], uranyl nitrate [137], and so on.

Figures 5a.7 and 5a.8 provide examples of filling achieved with or via such compounds,
respectively. In the case of Figure 5a.7, elemental Ag was initially introduced as the
corresponding nitrate dissolved in water, while GdCl, and HoCl, (Figure 5a.8) were
inserted from the corresponding molten salt.

5a.2.5 Filling Mechanisms

Data regarding physical properties of hybrid SWCNTs have now started to be reported,
which is the most exciting part of this research field (see Section 5a.3). This should not
suggest that synthesis mechanisms are well understood yet, specifically regarding filling
via liquid routes although the work by Dujardin et al. [39,40] clearly indicates that the
surface tension of the liquid used to fill nanotubes is as a key determinant for successful
filling. However, because the pressure difference that makes a liquid enter and proceed
within a tube is proportional to the liquid surface tension and inversely proportional to the
tube diameter, according to a relation obtained by combining Young-Laplace’s laws and
Jurin’s law [138], narrow tubes should fill over a longer length range than large tubes,
meaning higher filling efficiency. However, this is not consistent with the conclusions from
early works dealing with filling nanotubes with liquids, while comparing MWCNTs with a
narrow and wide inner cavity, respectively. Indeed, until 1999, the filling of SWCNTSs was
estimated to be inefficient [39,139], and Ugarte et al. [38] actually stated that ‘there appears
to be a preference for the wider cavities to fill compared with the narrower cavities.” This
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suggested that the laws (such as Young-Laplace’s laws) driving regular (macro)wetting
phenomena that were established for sub-millimetre capillaries could not apply to
capillaries in the nanometre range (‘nanowetting’). This was further supported by early
predictions [140] who calculated that increasing the tubule radius decreases the incarceration
energy and the overlap repulsion activation barrier at the mouth of the tube, from which it
was deduced that material encapsulation in narrow SWCNTS via liquid or gas routes should
be not be favoured with respect to larger MWCNTs.

However, actual experiments carried out on SWNTs were found to contradict such early
statements based on MWCNTs. We did observe that filling efficiency appeared often better
for regular SWCNTs (inner cavity ~1.4nm on average) than for MWCNTSs (inner cavity
~30-40nm on average, herringbone type) for molten materials such as GdCl, and Col,.
Likewise, condensation of Se was found to occur first in the narrowest nanotubes [66] and
filling with Bi via the gas and liquid routes was found to be more efficient in SWCNTSs than
in MWCNTs ‘as a result from stronger capillary forces’ [11]. Generally speaking, SWCNT
filling rates as high as ~70% (Pbl, [28] and KI [82]) or even 80-90% (for PbO [84]) were
observed and we can therefore conclude that nanowetting is a reality.

However, chances are high that discrepancies may occur in nanowetting with respect to
regular macrowetting. For instance, it is reasonable to admit that there should be a minimal
tube diameter below which filling is no longer possible. In macrowetting, molecules from
the liquid located at the liquid/solid interface go slower than molecules from the liquid
core, somehow inducing a convection-like effect at the progression front where friction-
affected molecules are continuously replaced by unaffected molecules, which thereby
feed the liquid/solid interface as the liquid progresses within the tube. In nanowetting,
there should be a nanotube diameter below which the friction forces may affect all of the
molecules of the liquid because they all can be considered as surface molecules, thereby
preventing convection-like effects from occurring, thereby hindering filling. However,
giving such a threshold value cannot be given because it also depends on the surface
tension of the liquid material used to fill the nanotubes, for example, 4nm for molten
AlO, and 0.7nm for molten V,O, [38]. This might explain why extensive filling studies
on SWCNTS have demonstrated that there is no direct relation between surface tension
and filling efficiency [82]. In addition, as opposed to macrowetting, gravity is certainly
not to consider in nanowetting because of the tiny volumes of liquid involved that make
related weights negligible with respect to capillary forces. On the contrary, the role of
viscosity, which is independent from surface tension (Hg provides a good example of a
low viscosity liquid, 1.53 cP, with high surface tension of 490mN m™), is likely to be
enhanced in nanowetting. In macrowetting, viscosity is considered to only affect the
wetting dynamics. The reason is, whatever the tube diameter, friction forces increasingly
oppose the wetting forces because the tube/liquid contact surface where the friction forces
take place increases as the liquid proceeds in the tube, while the gas/liquid/solid contact
line where the capillary forces take place remains constant. This may ultimately cause the
liquid progression to stop.

It is likely that viscosity and/or nanowetting are not the only criteria to consider for
controlling the filling of nanotubes. The size of the atoms or molecules in the liquid, for
instance, certainly matter for nanotube cavities below ~1 nm, specifically considering the
solution method where the molecules to fill the nanotube with are surrounded by solvating
molecules. In addition, the intrinsic saturating vapour pressure value of the desired filling
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materials is likely to be important when using the molten phase method. Despite the filling
temperature being maintained below the vaporization temperature of the filling material,
some vapour pressure actually develops in the sealed ampoule. This pressure is likely to
help the molten material to enter the SWNT cavity, with the consequence that materials
with higher saturating vapour pressure should provide higher filling rates (considering that
other parameters are equal). Such an aspect has not yet been investigated. Finally, local
conditions may play an important role as well, as probably the only reason why, within the
same filling experiment, some nanotubes are found extensively filled, whereas neighbour-
ing ones are found empty, yet obviously wide open (Figure 5a.7(a)).

5a.3 Behaviours and Properties

As reminded above, the synthesis of X@CNTs, specifically involving SWCNTSs, has a
rather young history and examples of experimental measurements showing the peculiar
properties of filled SWCNTSs are still relatively few. Likewise, little theoretical work to
tentatively predict the electronic properties of X@CNTs (excepting peapods) has been
carried out thus far and expectations are mainly based on the anticipated possibility to
modulate the SWCNT band gap thanks to the filling material, or to modulate the band gap
of the latter thanks to the enforced structural deformations. Yet a variety of filled SWCNTs
have been modelled (e.g. filled with materials as varied as KI [141], (Sc,Ti,V),C,
carbohedrenes [142], water [143], DNA [144], Cu [145], Ag and CrO, [32], acetylene
[146], Ge [147]), a majority of theoretical works mostly concerns transition metal filled
SWCNTs, more specifically Fe, and aims at predicting the related magnetic behaviour with
respect to the iron wire structure [148,149-152].

5a.3.1 Peculiar in-Tube Behaviour (Diffusion, Coalescence, Crystallization)

Thanks to the unidirectional feature of the inner cavity in carbon nanotubes, specifically in
SWCNTs, a variety of peculiar in-tube behaviours of the filling materials can be observed,
which occur either spontaneously upon filling, or under the effect of an external stress
(annealing, irradiation...).

Several interesting examples can be found with peapods, whose some are given below,
that will be further commented in Chapter 5b. When subjected to an electron beam in a
TEM, fullerenes encapsulated in SWCNTs have actually shown a series of peculiar
behaviours including diffusion [153], dimerization [46,153,154] and coalescence [154].
Such behaviours were specifically permitted by the encapsulated situation of the fullerenes
because no such behaviour was observed for fullerenes in bulk fullerite (i.e. nonencapsu-
lated) when electron irradiated. The former (fullerene diffusion) requires the filling of the
SWCNTs to be partial only, in order to leave the room for observing the phenomenon. It is
illustrated in Figure 5a.11. Another example can be found in [13].

On the contrary, the two latter (dimerization and coalescence) require the fullerenes to
be densely packed. They are illustrated in Figure 5a.12. Briefly, irradiated fullerenes tend
to first get closer to each other in pairs, assuming dimerization (Figure 5a.12(b)), and then
to coalesce into elongated, somewhat distorted capsules (which may be regarded as higher,
elongated fullerenes).
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Figure 5a.11 Sequence of high resolution TEM images (100kV, ~10 seconds between
images) illustrating the irradiation-promoted diffusion of the encapsulated fullerenes within a
SWCNT (the ‘nanoshuttle’). (a) Starting situation, showing an ensemble of five fullerenes.
(b) The five fullerenes suddenly split into an ensemble of three fullerenes which move to the
right, leaving behind an ensemble of two fullerenes. (c) One fullerene from the ensemble of
three moves back to join the former ensemble of two and leaves another ensemble of two.
Meanwhile, both the ensembles of two have slightly moved to the right. All the moves are
presumed to be ionization-driven, explaining why they are random and either repulsive or
attractive (depending on whether electrons are captured by or taken from the fullerenes).
Modified with permission from [103] Copyright (2003) American Physical Society.

Chapter 5b will show that fullerene coalescence may also occur upon several other kinds
of treatments, including thermal annealing [103,155], combinations of thermal annealing and
electron irradiation [56,156,157] and photon (laser) irradiation [158,159]. Thermal annealing
goes in the direction of thermodynamic stability and ultimately can result in the destruction
of the tubular morphology then transform the whole peapod material into a graphite-like
material. On the other hand, irradiation combines thermal energy supply and ballistic
damaging which ultimately can be destructive to the tube. Hence, depending on the amount
of energy supplied and the way it is supplied (e.g. by temperature, or situations of resonance
upon laser irradiation), the coalescence process can produce elongated capsules, an inner
SWCNT (thereby making a DWCNT), a polyaromatic material, or amorphous carbon.

Low-dimensional crystals formed within SWCNTs do not undergo quite the same types
of structural transformations which are described in the previous section for peapods.
Related dynamic behaviours upon electron irradiation have however been reported for
other materials encapsulated in SWCNTs such as clusterization of ZrCl, crystals [65] and
the observed steady rotation of RexOy clusters [67]. The former (clusterization) is distinct
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Figure 5a.12 Sequence of high resolution TEM images (100kV, ~300s between images)
showing the progressive coalescence of C,, molecules to higher fullerenes as elongated,
distorted capsules under the effect of electron irradiation, starting from a regular C,, @SWCNT
peapod. (a) Starting situation, exhibiting a well periodic display of the fullerenes.

(b) Dimerization occurs first, making the C, get closer by pairs. (c) Coalescence starts, yet
not uniformly. (d) Coalescence proceeds, which may make the formerly formed elongated
capsules merge as well. Modified with permission from [154] Copyright (2000) Elsevier Ltd.

from the progressive agglomeration that was described for fullerenes, as instead we see an
effective breaking down of a local crystal structure, whereas the latter (cluster rotation) is
commonly observed for both types of encapsulates formed within SWCNTs.

In addition, the mere fact that encapsulating crystals in SWCNTs enforces a nanowire
morphology that is generally unusual for most of the filling materials tested thus far is
intrinsically a peculiar behaviour, as demonstrated by attempts to remove the carbon sheath,
which resulted in the loss of the nanowire morphology for several halide crystals [48].
Moreover, a second major behaviour that is specific of the encapsulation in SWCNTs is to
frequently generate often profound structural modification for a material with respect to the
same material as it is observed in the bulk state. Structural crystallographic peculiarities
actually include preferred orientation with respect to the nanowire elongation axis,
systematically reduced coordination, lattice expansion and/or contraction, and, occasionally,
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Figure 5a.13 (a) and (b) High-resolution TEM images of a tip of a SWCNT filled with Pbl,
for two different focus values of the objective lens. (c) Enlarged image of the area framed in
(b). (e) Corresponding calculated image, based on the model in (d). Although bulk Pbl,
structure is a two-dimensional layered type, encapsulation in SWCNTs enforces it to become a
one-dimensional polyhedral chain. (f) and (g) Ball and stick models of the structure modelled
in (d), as a side and a cross-section views respectively. (h) High-resolution TEM image of a
cross-section of a SWCNT filled with CrO.. The filling material structure exhibits a three-fold
symmetry in which each lobe is assumed to be the projection of a chain of CrO, tetrahedra
(reprinted with permission from [18] Copyright (2001) Elsevier Ltd). (i) High-resolution TEM
image of a cross-section of a SWCNT filled with HoCl,. The filling material structure exhibits a
somewhat five-fold symmetry, yet is deformed. Based on the observed structural similarities
with NdCl, [24], each dark spot is assumed to a projection of a single 1D chain of HoCl,
polyhedra. For a better understanding of the figure, please refer to the colour plate section.

new crystal structures. Preferred orientation may originate from the need to maintain the
stoichiometry as far as possible, in the case of binary or higher order compounds [123].
Reduced coordination is obviously a consequence of the sterically confined space in which
the encapsulated crystals have to grow, which may also be the cause for the lattice expansion
in the radial direction as observed for CrO_ [18] and KI [22]. Lattice distances along the
wire axis are less likely to overcome distortions because the confinement is relatively nil in
this specific direction but numerous examples of a lattice contraction in this specific
direction can be found, for example, KI, [23] Sb203 [135,136] and even fullerenes because
the Inm C-C, distance in fullerite was found to become 0.97nm for C  chains in
peapods [160]. Such lattice contraction behaviours correspond to the Poisson effect, which
is well known in bulk material mechanics. Such lattice distortions are significant, and may
reach 14% or more. Despite the crystallization of binary halides may adopt different
structures (three-dimensional, layered, chain and molecular in bulk state) [161], it is clear
that the limited space available in SWCNTSs (and DWCNTs) will not allow all of them to
develop (specifically for the three-dimensional and the layered structures), depending on
the radius of the atoms involved (Figure 5a.13 (a)—(d)). Interestingly, a recent study [162]
showed that in wide inorganic nanotubes based on WS,, not only does the layered
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iodide Pbl, introduced from the liquid phase, revert to its bulk structure type but this
distorts in order to allow the encapsulated iodide to form core-shell nanotube structures,
forming in effect tubes within tubes, inside the WS, capillaries. It is interesting to speculate
that similar structural behaviour might be observed for wide nanotubes based on carbon
although this is yet to be reported.

For a given compound, the structure type may change with respect to the available inner
space within the nanotube capillaries [28,37,124,134]. Ultimately, structural constraints can
be such that new structures are created, for example, for HoCl, [13], CrO, [18], NdCI, [24],
Col, [26], or Bal, [134], giving rise to peculiar features such as unusual symmetry (Figures
5a.13(h),(1)). Finally, it was observed that the ability of the filling material to crystallize may
depend on the available inner space on the one hand, and on the deformability of the tube
wall on the other hand. Indeed, small diameter SWCNT's were found to accommodate the
contained crystal structure (Col, [26] or Pbl, [28]) to such an extent that the host SWCNTSs
exhibit oval cross-sections. Accordingly, Pbl, was found to be amorphous when filling
DWCNTs with similar small diameter, presumably because the deformability of the tube
wall is much decreased, hence not allowing the crystal structure to develop.

Molecular dynamics (MD) simulations which are based on interatomic and
intermolecular forces rather than specific electronic interactions are also proving to be
very useful tool for both interpreting and predicting filling behaviour. Indeed, this has
been prominently applied to ab initio predictions of the crystallization of water within
nanotubes [34,35]. Wilson and Madden [141] have used such an approach to model the
crystal growth behaviour of KI in variable diameter SWCNTSs using such an approach.
The interactions between the ionic K* and I" species were described by standard Born—
Mayer pair potentials with the assumption that the ions retained their formal integer
charges. Interactions between the ions and the walls of nanotubes of varying diameters
were described by Lennard—Jones potentials, with parameters derived from potentials for
the interactions of isoelectronic inert gas atoms with the carbon atoms of the graphene
surface. Time-resolved and minimum energy simulations predicted the filling of (10,10)
SWCNTs with thermodynamically ordered arrays of 2 x 2 KI crystals starting from an
open SWCNT immersed in molten KI. Minimum energy simulations also predict lattice
distortions that were consistent with those observed experimentally. Wilson subsequently
adopted a similar approach to produce in effect a ‘phase diagram’ of minimum energy
versus observed structure type (Figure 5a.14(b)) [163]. As a result, a phase diagram could
be constructed which predicts, in an ab initio fashion, the predominant structure type for
the typical median range of nanotube diameters which form for SWCNTs. For diameter
ranges of 1.1-1.3nm and 1.6-1.8 nm, effectively 2 X 2 X 0 and 3 X 3 X oo rock salt-type
1D KI crystal structures are predicted. Outside these ranges, other 1D crystal structures
are expected. In the lowest diameter range studied (i.e. 1.0-1.1nm), a so-called T3
structure is predicted, which is a twisted crystal structure in which the cross-section of the
crystal consists of a three-membered ring (i.e. -I-K—K- or —I-I-K-). Similarly, in the
ranges 1.3-1.35nm and 1.47-1.55nm, TS5 and T7 twisted 1D crystal structures with five—
(e.g. -I-K-I-K-I-, etc.) and seven— (e.g. -I-K-I-K-I-K-I-, etc.) membered rings
formed in cross-section, respectively. In one range, from 1.35-1.47 nm, a so-called ‘hex.’
structure is formed in which the encapsulated structure can best be described in terms of
a stacked 1D array of alternating six-membered shells of the form —I-K-I-K-I-K-
and —-K-[-K-[-K-I-.
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Even more remarkably, this technique was applied by the same researcher to predict
the formation of inorganic nanotubes within SWCNTs (i.e. a tube within tubes) [164].
Similar approaches were also adopted with regard to predicting both ice phase transitions
within carbon nanotubes and also the formation of ice tunnels and crystals within the
same (see Figure 5a.15 (a)—(d)) [34,35]. In an extension to the KI modelling work, both
chiral and achiral inorganic nanotubes form within SWCNTs according to the ambient
nanotube diameter (Figure 5a.15(e) and (f)). What made this work particularly remarka-
ble is that it successfully predicted the formation of a later observed nanostructure, HgTe
in SWCNTs (see Figure 5a.15(g)-(n)) [27].

5a.3.2 Electronic Properties (Transport, Magnetism and Others)

The structural features described above provide good prospects that some hybrid SWCNTs
should exhibit quite peculiar physical properties, specifically regarding transport and
magnetism. As far as properties are concerned, the distinction should be made between
(i) the peculiar behaviours of the filling materials specifically resulting from their
encapsulation; (ii) the properties intrinsically from the filling materials that are naturally
transferred to the whole hybrid nanotube; (iii) and the peculiar properties that may result
from the nanotube/filling material interactions. With respect to filled MWCNTs, case
(iii) is not to be expected because the interaction, if any, can barely affect more than the
innermost graphene and the properties of the multi-graphene wall are dominated by that of
the polyaromatic layer stacks. Case (i) is not impossible but seldom because, as already
pointed out in the Introduction section to the chapter, the inner cavity is often too large for
the confining conditions to be significantly stressful to the filling materials, leaving little
chance for peculiar properties. Case (ii) is actually more likely and one example of it is the
filling with ferromagnetic material, making the whole hybrid CNTs ferromagnetic as well.

Hence, the investigations of filled CNT properties have focused on filled SWCNTSs
rather than filled MWCNTs. Unfortunately, such examples are still relatively few. Probable
reasons are that although high filling rates can be achieved that are suitable for structural
investigation, the whole material may remain too imperfect (e.g. impurity content) to
investigate them as a bulk in a reliable manner. On the other hand, investigating isolated,
single X@CNTs requires nanolithography facilities and specifically-designed measurement
devices that are not of common and easy access yet. In addition to possessing the related
technological knowhow, explaining and understanding the phenomena observed requires
one to be able to characterize the very same X@CNT tested to ascertain the extent of filling
and the structural features of the encapsulating SWNT, which is definitely not routine.

Again, most of the work published thus far deals with peapods and related materials and
has addressed issues related to thermal properties [165], transport and charge transfers
(between the encapsulated materials and the containing SWCNT) [95,100,165—-172]. Those
aspects will be presented in Chapter 5b.

Less abundant in literature, other interesting and promising observations have been
made on SWCNTs filled with materials other than fullerene-related. As early as in 1998,
the electrical resistivity of [@ SWNT was found to be significantly decreased with respect
to pristine SWNTs, with some evidence for charge transfer [86]. However, it is difficult to
ascertain that this result accounted for the contribution of encapsulated iodine, because
iodine intercalation (i.e. of I atoms in the interstitial spaces between hexagonally packed
SWCNTs within bundles and also in the spaces between bundles) certainly occurred as
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well. It is not a trivial issue to question whether I doping in interstitial sites and within
capillaries contribute similarly because both sites do not necessarily ‘see’ the same gra-
phene curvature and different electronic interactions may therefore result. Interactions
between foreign materials other than iodine for which the filling position is ascertained and
the encapsulating SWCNT is, however, demonstrated, resulting in, for example, charge
transfer (with Ag and CrO_[32], AgCl [128]), reduction of band gap (with MnTe, [126]),
energy transfer modifying the optical adsorption range (with squarylium dye) [7].

At this stage, it is certainly useful to consider first principles ab initio density functional
theory (DFT) calculations and, in this regard, some very useful work is starting to be done.
In the case of filled SWCNTs formed between M(n-C,H,), where M = an early transition
metal (i.e. Fe, Co), first principles density functional pseudo-potential calculations were
used to investigate the nature of interactions between ‘flat’ graphene, SWCNT, and the
intercalated metallocene complex [173]. A further variable considered was also the respec-
tive diameter and structural conformation of the encapsulating nanotube. The obtained
results demonstrated that the composites were stabilized by weak n-stacking and CH < nt
interactions, and, in the case of the Co(n-CSHS)Z@SWCNT composites there is an additional
electrostatic contribution as a result of charge transfer from Co(m-C,H,), to the nanotube.
The extent of this charge transfer was rationalized in terms of the electronic structures of
the two fragments, or more specifically, the relative positions of the metallocene highest
occupied molecular orbital (HOMO) and the conduction band of the nanotube in the
electronic structure of the composite. The study concluded that control over the electronic
properties of specific SWCNTs, which have been selected from the bulk according to
the nanotube diameter and/or chirality, might be achievable via the non-covalent modifica-
tion of SWCNTs by neutral and charge transfer molecules. Experimentally, this kind of
transfer had previously been observed by a combination of optical absorption and Raman
spectroscopy [5] so this type of synergy between theory and experiment is clearly valuable.

In this regard, modelling has certainly shown to be useful to understand hybrid SWCNTSs
well and to support experimental measurements. Such a consistency is claimed for Ag-
or CrO3-ﬁlled SWCNTs, whose modelling confirms to the donor and acceptor roles,
respectively, of the filling materials toward the containing SWCNTs in agreement with the
resonant Raman data [32]. Electron transfer was also found in bulk ferrocene @SWCNT
material upon photoexcitation [105]. However, the recent work by Carter et al. [27] can be
considered the first full demonstration of the modification of the electronic behaviour
(namely, the change from semimetal to semiconductor) from the geometric constrains
imposed on the encapsulated crystal in a HgTe@SWNT material. It was subsequently
noted [174] that the observed new structural form of HgTe in which Hg is in trigonal
coordination and Te is in half-octahedral coordination [27,174] is effectively isostructural
with the new form of inorganic nanotube predicted by Wilson (see Figure 5a.15 (e)—(n)) [164].
Recent DFT work by Yametal. [175] Sceats etal. [176] and also Christ and Sadeghpour [177]
has also been applied to the KI@SWNT system and all demonstrate a clear tendency for,
in particular, the 2 X 2 inclusion to promote metallic behaviour in the encapsulating
nanotube principally as a result of charge transfer. The recent apparent observation of
Lindqvist ion expansion in DWCNTs [118] also offers intriguing possibilities for studying
the structural response of polyoxometalates to charge transfer between the filling material
and the containing nanotube.

The magnetic behaviour of filled SWCNTs is also a fast-growing topic, although theoreti-
cal works [145,149-151] are still more numerous than experimental ones [12,121,122,178].
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Figure 5a.16 Variation of conductance versus cycling magnetic field measured on individual
Co@SWCNT bundles contacted (with Pd) following the transistor-type device, for an angle
of 25° between the direction of the outer magnetic field and the elongation axis of the
contacted bundle, and at a temperature of 40mK. (a) 90% of the devices do not show a
hysteretic behaviour, as illustrated, whatever the gate voltage. (b) 10% of the devices show a
hysteretic behaviour, as illustrated. Conductance curves indeed exhibit a hysteresis with two
conductance jumps. They correspond to the magnetic field value at which the magnetization
direction of a nanomagnet (presumably one, or several but aligned, encapsulated cobalt wire
segment(s) reverses (reprinted with permission from [179] Copyright (2011) American Chemical
Society). For a better understanding of the figure, please refer to the colour plate section.

The latter examples showed that, for iron, the ferromagnetic property is maintained in spite
of its nanowire morphology with a nanometre-sized diameter, as a good example of an
intrinsic property of the encapsulated material that is transferred to the whole hybrid
material. Interactions between the magnetic filling material and the encapsulated SWCNT
are also possible, as recently demonstrated with Co@ SWCNT materials contacted accord-
ing to a transistor-type device, which showed the occurrence of magneto-resistance effects
when operated at temperatures close to absolute zero in cycling magnetic field conditions
(Figure 5a.16) [179]. It is also worth noting that, in the same material, the main direction
of magnetization was found to be perpendicular or oblique to the elongation axis (as
opposed to what was found for large Co wires encapsulated in MWCNTs [180]), as a
direct consequence of the high proportion of surface atoms in the encapsulated Co nanow-
ire whose radial dimension is minimized due to the narrow diameter of the containing
SWCNT [179].

5a.4 Applications (Demonstrated or Expected)

5a.4.1 Applications that Make Use of Mass Transport Properties

5a.4.1.1 Filtration

Current studies on mass transport are principally concerned with using carbon nanotubes
as a filter for processing gases and molecules (i.e. either in the gas phase or in solution)
through permeable membranes in which embedded nanotubes provide the pores through
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which these species are filtered [181]. As indicated in previous sections, gas/liquid transport
is the principal mechanism whereby materials are introduced into nanotubes. In one sense,
however, this section does not really belong here as we are actually more interested in the
properties of the kind of nanocomposites that filled nanotubes actually are, rather than in
nanotube pipes through which liquids or gases transit and which obviously are not
nanocomposites. But these studies are worth noting in this context because they are useful
in terms of giving further guidance as to the limitations of nanotube inclusion as a function
of tube diameter because this is clearly both a sterically controlled phenomenon and also
one which is closely controlled by the physical smoothness (or potential energy surface) of
the host nanotubes. In practical terms, we should also note that this field has undergone
considerable development in recent years.

Various researchers have undertaken significant investigations into the transport
properties of various gases and solutes through SWCNT membranes. Johnson and Scholl
(and coworkers) for example [181], have studied processes such as the absorption and
diffusion of CO, and N, through SWCNT membranes [182] and also the rapid transport
of H, and CH, through SWCNTs [183] Similarly, Hinds et al. [184] have produced results
on the transport of N, gas and Ru(NH,)," in solution through aligned MWCNT membranes
and Holt et al. [185] have studied the drffusron of a variety of gaseous species including
H,, He, N,, 02, Ar, CO2 and the hydrocarbons gases including CH4 (smallest) and C H
(largest) through aligned DWCNT and MWCNT membranes. The significant theoretical
work is probably that of Johnson’s and Scholl’s team which reveals that the inner potential
energy surface of carbon nanotubes, to a very good approximation, makes them behave
like atomically flat cylinders that easily permit the flow of molecules through their inner
capillary channels. Interestingly, they also comment: ‘We have considered only defect
free nanotubes in our calculations. The presence of defects in the nanotubes (heteroatoms,
holes, etc.) may have a profound effect on molecular diffusion by adding corrugation to
the molecule-solid potential energy surface.” In fact, nanotubes themselves are corrugated
even without this consideration, and it is enough to look at STM studies such as in [188]
(and references therein) to see this. Also, none of the works cited above but one [185],
addresses the limiting case where the diffusing species is sterically similar (i.e. almost the
same size) to the internal volume of the nanotube; nearly all the molecular species
addressed (i.e. CO,, ,» CH, and Ru(NH,)* etc.) are significantly smaller than the
internal van der Waals surface and are therefore ‘free’ to diffuse through the nanotubes.
The notable exception is the work by Holt et al. [185] which describes the transport of a
variety of gaseous species performed with sterically matched gold colloids and one large
molecular species Ru*(bipyr), which were used to estimate the diameter of the pores of
the nanotubes making the ‘holes’ in their permeable membranes. As the authors
themselves stated, these studies provided them with an estimate of the average pore size
(for example, their membranes fabricated with aligned DWNTs were estimated to have
pore sizes between 1.3-2nm based on the fact that they exclude most gold colloids with
a diameter of 2 nm: +/— 0.4 nm) but this study provides some very interesting insights into
how nanotubes falling within a certain diameter range can accommodate species of a
particular size.

In summary, such studies provide two useful additions to a consideration of the
properties and applications of filled nanotubes: (i) they give us very clear indications as to
the steric properties of nanotubes and therefore give us semiquantitative information on
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how they are able to discriminate and/or accommodate species of a particular size to fill
them with; (ii) in the potentially important area of drug or substance delivery (see next),
such diffusion studies give us important indicators as to how effective nanotubes are likely
to be in this role.

5a.4.1.2 Targeted Molecular Species Delivery (Biomedical Applications and Others)
Further to the foregoing discussion, several researchers have proposed filled carbon
nanotubes as vehicles for the delivery of bio-active agents for medical applications, because
of the overall biocompatibility of graphene. The related works deal with the potential of
nanotubes to be used in effect as:

1) Nanocontainers, to instil in the tissue then activate by induction, as with for example, iron
[181,189,190] for magnetotherapy, which is used for the selective heating and destruction
of diseased tissue (by the application of an inductive field). The filled nanotubes can also
be opened after instillation to release their contained agent, for example, when filled with
anticancer drugs such as carboplatin [191,192] and cisplatin [193] to initialize their medical
virtue. In both cases, however, the molecular species to deliver does not really transit
through the nanotubes but is delivered along with the nanotubes which are merely used
as a vehicle. This makes that this application better pertains to the next Section 5a.4.2 but
was placed here in order to merge all biomedical applications. Another biomedical
application that uses CNTs as nanocontainers is to instil wherever is needed in the tissues
contrast agents for medical imaging such as magnetic resonance imaging (MRI); when
encapsulated in CNTs, those contrast agents, whose most popular ones are currently
gadolinium-based compounds, have better chance of not interacting with the body as
well as better chances of being eliminated from it. Gd-filled SWCNTSs [194] as well as
Fe,O,-filled SWCNTs [195] were successfully tested, with a dramatically enhanced
imaging contrast resulting from the absence of any organic component and the enrichment
of the magnetic atom (or compound) concentration.

2) Microcatheters [196] or nanopipettes [197—199], in which nanotubes are merely used as
nanopipes. In truth, the latter was properly demonstrated only very recently [199]
whereas most of studies until now have concentrated instead on the thorny issue of the
biocompatibility of carbon nanotubes which have a tendency to promote in vivo cell
coagulation (in this respect, the review presented in [196] is a typical example).

3) Applications related to that above should follow, such as nanoprinting: connecting a
nanopipette to a reservoir of molecules whose diameter is small enough to diffuse freely
within the nanotube cavity, should allow for the controlled and patterned deposition of
the latter onto a surface. Using charge-bearing molecules and applying a potential
difference between the printing head and the deposition surface might be necessary to
actually extract the molecules from the CNT needle.

5a.4.2 Applications Arising as a Result of Filling

5a.4.2.1 Field Emission

One of the potentially most realisable applications of carbon nanotubes has been their use
as field emitters. This is in part due to the comparative ease with which 2D arrays of carbon
nanotubes can be grown on a flat or on a curved substrate. Because the nanotubes can be
formed from catalyst metal islands whose positional and size distribution can be precisely
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Figure 5a.17 (a) TEM image of a GaN@MWCNT hybrid nanotube; bottom-left inset shows the
well crystallized structure of the filling GaN (whereas the nanotexture of the containing MWCNT
wall is rather low); top-right inset shows that the GaN filling actually makes a single crystal.

(b) EELS spectrum showing that the chemical composition is only C (from the MWCNT) and N,
and Ga (inset). (c) Photoluminescence spectrum of the GaN nanowires encapsulated in CNTs.
Reprinted with permission from [200].

controlled, producing carefully grown arrays is comparatively trivial. In addition, the
atomically thin cross-sectional dimensions of nanotubes combined with their high aspect
ratio and semiconducting/metallic character (i.e. according to conformation) makes them
ideal candidates as field emitters in micron scale devices. An obvious enhancement to this
application could arise if filling the nanotubes were to produce some obvious benefit with
regard to enhancing the field emission properties. There are relatively few works describing
the enhancement of such field emission apart from a brief communication by Liao et al.
[200] describing the stable field emission from GaN filled nanotubes (Figure 5a.17)
synthesized by a combination of catalytic growth and plasma enhanced deposition [201].
A close study was carried out by Domrachev et al. [202] who have also investigated the
MOCVD synthesis and field emission characteristics of Ge-filled carbon nanotubes, but
the containing nanotubes were made of a ‘diamond-like’ carbon material instead of genuine
graphene-based carbon. At least one study has also described the field emission
characteristics of an array of nanotubes filled with iron oxide [203] but, as with the GaN
studies, this work has concentrated on filled MWCNTSs rather than filled SWCNTs
presumably due to the comparative ease of synthesis and also due to the relative mechanical
stability of MWCNTSs compared to SWCNTSs during the electron emission process.
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5a.4.2.2 Detectors

An area of considerable future potential may arise from the ability of nanotubes formed at
the lowest dimension (i.e. SWCNTs and DWCNTSs) to change or alter the crystallographic
state of the filling material, as we have described above for a variety of filling materials,
for example, CrO_ [18], Bal, [134], Col, [26], and HgTe [27] in SWCNTs, and Pbl, in
DWCNTs [28]. In particular with the semimetal HgTe (with a band gap of -0.3eV) it has
been possible to show that encapsulating this material within SWNTs forces this
structure into a new graphene-like crystallographic form which is now semiconducting
(with a band gap of +1.3eV) [27]. Similarly, Pbl, is usually a wide but variable band gap
semiconductor in the bulk (with a band gap of 2.2-2.6eV) which is useful in the X- and
v-ray detection domain. The variability of the band gap is generally attributed to
polytypism (2H, 4H and 12R stacking, etc.) which can be induced by kinetic heating of
the halide in the bulk but which can only be healed with difficulty by careful annealing.
Such a polytypism is sterically forbidden when the material is constrained within
the capillaries of SWCNTs and DWCNTSs which will similarly have the effect of con-
straining the band gap (and possibly also tuning it as a function of the encapsulating
nanotube). These properties may lead to the development of these materials in detector
applications.

5a.4.2.3 Catalyst Support

Other areas of interest have included the use of filled nanotubes as catalyst materials
[60,204] or as catalyst support [205]. In the latter case, the nanotube is not only used, as
usual, as a high surface area substrate for nanosized catalyst particles located at the
nanotube outer surface (as reported in Chapter 4) but the synergetic confinement inside the
MWCNT: of both the catalyst (Rh) and the fluids (CO + H,) to convert (into ethanol) was
shown to result into a formation rate exceeding by one order of magnitude that of the
similar reaction carried out with the Rh nanoparticles located outside, instead of inside,
the MWCNTs. This is quite promising for industrial applications, once cost issues related
with preparing the nanotubes and fill them will be ruled out.

5a.4.2.4 Electrochemical Energy Storage and Production

Their use in electrochemical energy storage and production, in point of fact, was
among the earliest suggested applications for filled nanotubes [60,204]. But related
demonstrations are seldom, specifically when involving SWCNTs as the containing
nanotubes. It is therefore worth noting the first demonstration of it, which also was
the first demonstrated application for X@SWCNT materials, which involves CrO @
SWCNTs as a material to build electrodes for symmetric supercapacitor devices capable
of unprecedented charging speeds, thanks to Faradaic reactions that occur between the
nanosized CrO_ crystals and the acidic electrolyte [206]. In this study, the material was
not optimized for reaching high capacitance values, a work still to be carried out but
Galvanometry curves was still showing the desired square-like profile even at scanning
speed of 1V s7! (Figure 5a.18).

5a.4.2.5 Future Electronics

Finally, one of the most intriguing applications put forward for filled nanotubes, particularly
those containing endofullerenes, is the idea that they may be used in single spin devices
which may partly arise from the polarizing electronic properties of the encapsulating
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Figure 5a.18 CrO @SWCNT materials were used as electrodes for a symmetric
electrochemistry cell and the supercapacitor performances were measured by Galvanometry
in either acidic or alkaline electrolyte, and compared to the same using pristine SWCNTs.

The voltage was cycled from 0 to 0.8V at various scan rates (from 0.002 to 1V s7') while the
capacitance was measured. (a) Whatever the electrolyte or the scan rate, using CrO @SWCNT
(solid lines, labelled “CrO’) instead of pristine SWCNT (dashed lines) electrodes results in a
capacitance gain. The irregular shape of the CrO @SWCNT-related curves indicates the
occurrence of Faradaic reactions, which are believed to be responsible for pseudo-
capacitance effects. The example shown is for a scan rate of 20mV s7'. (b) Remarkably, the
desired square-like shape of the galvanometric curve is maintained with the CrO @SWCNT
electrodes at a scan rate as high as 1V s™', whereas it is not with pristine SWCNT electrodes
(fish-like shape of the curve). Reprinted with permission from [206] Copyright (2007) Elsevier Ltd.

nanotubes [207] but also partly arising from the fact that SWCNTs are one of the few
species capable of isolating discrete single molecules containing single isolated spins (e.g.
N@C, ) [208]. Progress in this area is slow but, such materials could one day form the basis
of a solid state quantum computer [209].
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